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Abstract

The percentage of electric vehicles (EVs) in the automotive sector is expected to quadruple by 2040,
causing concern regarding the material supply required for the production of lithium-ion batteries. Cur-
rently, a substantial part of these materials, such as cobalt and lithium, are subject to non-circular
economies, have a substantial environmental impact and are mined in countries with unstable political
situations.

Up until now, numerous companies have attempted to resolve these issues through the use of pyro-
and hydrometallurgical recycling methods. However, they are yet to meet the mandated recycling goals
put in place by the European Commision. This enhances the urgency for the development of a novel,
efficient and scalable technology for the recovery of valuable material from spent lithium-ion batteries.

In order to achieve such a development, this study proposes to incorporate Bipolar Membrane Elec-
trodialysis into the standard hydrometallurgical recycling approach. During the course of this research,
a prototype of this technology was realized and used to investigate its effectiveness. For practical
reasons, the research focused exclusively on the metal and acid recovery from leached LCO cathode
material.

Within the subsequent experimental phase of this research a critical issue was identified. Namely, the
tendency of divalent cobalt ions to precipitate in non-acidic media. The resolution to this issue required
the incorporation of Donnan dialysis into the built BPMED setup, which was used to adjust the acidity
of the solutions within the different electrolytic compartments.

Ultimately, this approach led to the respectively recovery of 14 and 22 percent of the lithium and cobalt
initially present in the feed solution. Simultaneously, the study recovered a significant amount of the
starting leaching agent in the form of 0.6 M nitric acid. Whilst additional optimizations are required
to improve the recovery efficiencies, the study successfully demonstrates a proof of concept of the
proposed solution.
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1
Introduction

1.1. The lithium-ion battery: development and prospects
Originally commercialized by Sony towards the end of the 20th century, the lithium-ion battery (LIB) has
since become an unmissable component in a huge variety of technological appliances [1, 2]. Demand
for this technology, currently at an all-time high, has increased exponentially over the past couple of
decades and is projected to continue its rapid growth far into the future. Two main factors influencing
this trend are the rapid increase in global vehicle (EV) production and the urgent call for more efficient
energy storage solutions. To put things into perspective, in 2022 EVs comprised a fraction of 14 %
of all car sales worldwide. By as early as 2040, however, this fraction could increase to a value of
58 % [3]. Furthermore, the demand for LIBs can be explained from a technological standpoint. LIBs
are known to have a high voltage and energy density, long-life cycle and low self-discharge [2, 4, 5].
Factors, that make the potential development of a competitive alternative unlikely. Nevertheless, apart
from the numerous advantages that LIBs hold over other energy storage solutions, LIBs suffer from a
number of inherent environmental, political and financial drawbacks.

For starters, LIBs aren’t easily recyclable. In fact, without an immediate and scalable improvement in
recycling technology, debris generated from LIBs use could grow to as much as 800 million tonnes by
2050. Meanwhile, the debris that LIBs produce is toxic in nature, which could potentially lead to, in
addition to other things, the production of toxic gases. Furthermore, a majority of the lithium and cobalt
used in LIBs are produced from primary resources, which typically involve energy intensive and water
demanding steps. Lithium, for example, is either extracted and leached from ores/minerals such as
Spodumene, or obtained through a series of chemical processes from brines [6]. In some places, such
as Salar de Atacama in Chile, the latter process has already led to significant water depletion [7]. As
water scarcity is often prevalent in places where brines are located, unsustainable fresh and saltwater
management can put significant pressure on local populations and ecosystems. Cobalt, on the other
hand, is produced as a by-product of either nickel or copper production and leads to a carbon footprint
similar to that of lithium, around × 106 kg of carbon dioxide equivalent [8, 9].

As for the political argument it’s worth mentioning that expensive metal material that is incorporated
into the cathode structures of LIBs are often mined in countries with unstable political situations, rais-
ing concern surrounding the stability of the metal supply. To put things into perspective, 59 % of the
global Cobalt production originates from the African Copperbelt, situated largely inside the Democratic
Republic of Congo (DRC) [10]. Whilst The United Nations peacekeeping mission in the Democratic
Republic of the Congo (MONUSCO) is currently undergoing withdrawal from the DRC, the United Na-
tions Security Council nonetheless notes that the “DRC continues to suffer from recurring and evolving
cycles of conflict and persistent violence by foreign and domestic armed groups” [11]. Meaning that the
region remains prone to escalation, which could potentially lead to disruptions in the metal supply chain.

From the economic argument, it is important to note that metal rich cathode material is typically the
most expensive component of a Li-ion battery, amounting to an estimated 70 % of the total battery cost

1



1.2. Common recycling solution 2

[12]. On top of that, Lithium-ion batteries are costly themselves, ranging up to half of the total price of
an EV. Therefore, any additional expenditures aimed at increasing the circularity of the metal material
may significantly increase the overall cost of an EV, hindering the development of recycling technology.

All things considered, the total of environmental, political and economic issues associated with the
immense popularity of the LIB technology raise a cause for concern. Immediate improvements for the
circularity of the most critical components are therefore required and act as the main motivator behind
the research conducted in this report.

1.2. Common recycling solution
In order to motivate advancements in battery recycling techniques necessary to combat the current
non-circularity of LIBs, the European Commission has set a number of quantifiable targets [13]. Some
relevant fragments of these targets, such as the desired future recovery rates for lithium and cobalt,
are summarized in figure 1.1.

Figure 1.1: Metal recovery targets from spent LIBs for 2026 and 2030, as put forward by the European Commission.

Interestingly, figure 1.1 showcases that the recovery targets set for the lithium metal are lower than
those for cobalt, implying that the recovery of some metals require more challenging recycling solu-
tions. Furthermore, the targets displayed in figure 1.1 are augmented with goals set for the fraction of
refurbished metal, that must in-future be present in newly produced LIBs. These state, that by 2035
hot of the press lithium-ion batteries should consist of 10 and 20 percent refurbished lithium and cobalt
respectively [13].

Before the recycling goals can be achieved, however, a total of economic and technological obstacles
should be overcome. As most of these obstacles stem from limitations imposed by present-day recy-
cling technology a brief description hereof is required.

To begin with, the techniques currently being implemented at an industrial scale to recycle LIBs are di-
verse in nature. The exact selection and order of these techniques is unique for every company, just as
the purity and type of material recovered is dependent on the path chosen. Therefore, to make a generic
summary of the drawbacks of present-day recycling techniques would be inappropriate. Rather, a cat-
egorization of various methods should be completed and analyzed individually. In scientific literature,
such a categorization is encountered in the form of one of the following three approaches: the pyromet-
allurgical, hydrometallurgical and direct recycling approach. An overview of how these approaches fit
into the wider context of a lithium-ion battery’s life cycle is portrayed in figure 1.2.
The pyrometallurgical approach is currently the most widespread approach to recycle LIBs. It utilizes
thermal treatment of the battery material in order to decompose it into a metal alloy and slag [5]. Whilst
the alloy, often rich in Cobalt, enables subsequent regeneration of the metal, the lithium-containing
slag requires an extra hydrometallurgical procedure in order for the lithium to be recovered. Therefore,
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Figure 1.2: LIB production and recycling routes. The upper loop refers to the pyrometallurgical recycling technique. The
middle loop, which includes the shredding and separation steps, refers to hydrometallurgical recycling. The lower loop, which

includes the dissasembly and delamination steps, refers to the direct recycling approach.

implementation of the pyrometallurgical recycling route alone is unlikely to lead to the required recycling
improvements.

The hydrometallurgical approach, used either in sequence with pyrometallurgy or implemented directly,
involves the leaching of battery material in order to produce a mixture suitable for refinement through
chemical methods. The issue with this approach is its dependence on expensive and polluting reac-
tants, the circulatory of which are poor [14].

The last category for LIB recycling is the direct recycling approach. This approach involves manual
disassembly of the LIBs and regeneration of valuable solid material through either solid-state or hy-
drothermal relithiation [15]. Whilst this technique is efficient in terms of energy consumption and allows
for the largest variety of materials to be recovered, it is highly reliant on a significant amount of human
labor. Without an immediate prospect on potential automation of this initial step, the scalability of direct
recycling will remain to be an significant drawback.

In conclusion, no approach is currently capable of recycling battery material in an environmentally
friendly, economically feasible and scalable manner. Even though some approaches have significant
advantages over others, its larger implementation is inevitably disrupted by a limitation specific to that
particular technique. Without an immediate breakthrough in one of the current recycling approaches, or
the development of an entirely new recycling strategy, the high contrast between the recycling targets
set by the European Commission and the disproportionately smaller present-day recycling capacity will
remain to be a cause for concern.

1.3. Research strategy and questions
The research strategy utilized in the course of this research consists of three main parts. At first,
a literature review is conducted into potential areas of improvement within the three main LIB recy-
cling approaches. In doing so, special attention is given to the feasibility and prospects of emerging
technologies at both industrial and laboratory scales. Eventually, the literature review identifies the
excessive and non-circular consumption of acids within the hydrometallurgical recycling approach as
the promising area for improvement and puts bipolar membrane electrodialysis (BPMED) forward as a
viable respective solution. The investigation of how BPMED can be implemented effectively is hence
regarded as the main focus for the remainder of this research.

The second part of this research focuses on the development and testing of an experimental setup
for the BPMED. In the beginning phase of this step, different design considerations are examined and
various protocols and procedures are established. In the middle stages of this part of the research
miscellaneous issues associated with a flawed initial design are solved through various troubleshoot-
ing methods. Finally, in latter stages a central technological crux, inherent to the use of BPMED in
the context of the hydrometallurgical recycling approach is identified. Specifically, this crux refers to
the tendency of divalent metal ions to precipitate non-acidic media. To counter this crux, the study
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proposed to use Donnan Dialysis as an effective method to control the acidity of the solutions within
different electrodialytic compartments, which further narrows the focus of this research.

By the third and final part of this research, the experimental design is made free of any major issues
and is primed for optimization. From this optimization, parameters required for further feasibility calcu-
lations are extracted, which in term are used to determine the extent to which BPMED can effectively
be used to recycle LCO cathode material.

In summary, the overall objective of the research presented in this report is to improve upon the current
state of LIB recycling technology. It does so by identifying potential areas of improvement in the exist-
ing recycling methods and investigates their respective solutions. Once BPMED is put forward as the
most promising candidate for this aim, the goal of the research narrows to investigate the technological
crux that would be responsible for the method’s successful implementation. A formulation of which, is
established in the following research question:

How to utilize bipolar membrane electrodialysis as a tool to recover lithium and cobalt from leached
LCO cathode material?

Accompanying the main research question are the following explicitly formulated subquestions, con-
structed to guide the development of a targeted and structured response:

• What are key challenges, associated with the utilization of BPMED for the recovery of lithium and
cobalt from leached LCO cathode material?

• How can Donnan Dialysis be utilized in a BPMED setup in order to effectively vary the acidity of
different electrodialytic compartments?

• What are key factors associated with recovery performance of BPMED in the context of lithium
and cobalt recovery from leached LCO cathode material?



2
Literature study

Having robust knowledge of the context in which the research presented in this report has been con-
ducted is crucial for a proper understanding of the motivation behind various pivotal choices realized
in subsequent stages of this study. Therefore, a literature review of the most important developments
in the area of LIB recycling technology has been conducted and displayed in the present chapter. The
review begins with a study of the structure of a LIB, its working principles and degradation mechanisms.
Next, the review investigates the most promising state-of-the art recycling technology at both industrial
and laboratory scales, whereby special focus is given to the advantages and drawbacks of each re-
spective technique.

Once the excessive consumption of acid within the hydrometallurgical recycling route is identified as a
potential area for improvement, the review shift its focus to a study of electrochemical methods, specific
to the resolution of this issue. Thereafter, the review then proposes its own solution, one that indirectly
encompasses a the use of a variety of previously identified methods. To be specific, the study notes
that standalone use of Donnan Dialysis in order to create a closed-loop cycle for the acid consumed in
hydrometallurgy is ineffective. When coupled with electrodialytic techniques, however, the downsides
of the standalone technique should be reduced, leading to the proposition of the solution presented in
the final stage of the literature review.

2.1. Lithium-ion cell
A conventional lithium-ion cell can be subdivided into three main components. As is displayed in figure
2.1. These components are a negative electrode (anode), positive electrode (cathode) and an organic
liquid electrolyte. Through what is sometimes referred to as the ”rocking chair” mechanism Lithium-
ions swing between the anode and cathode, just like a rocking chair swings from side to side [16]. In
doing so, a chemical process called intercalation is utilized, in which Li-ions are inserted into the crystal
structures of the host electrode materials.

Intercalation also gives rise to a number of electrode requirements. For instance, the anode should
have minimal volume expansion and stress associated with it during charge/discharge. Likewise, cath-
ode material should be able to react with lithium without changing host structure and contain a readily
reducible/oxidizable molecule like a transition metal [16]. The combination with other basic require-
ments, such as good conductivity and stable operation under a wide temperature range adds to the
complexity of cathode structures. An overview of the most common cathode structures are displayed
in table 2.1.

As lithium-ions flow from the anode to the cathode, electrons are driven through an external circuit,
generating an electric current. The half-cell reactions at the anode and an LCO cathode, as well as the
overall cell reaction, are expressed by Equations 2.1b, 2.1a, and 2.1c, respectively.

5
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Figure 2.1: Simplified schematic of a lithium-ion battery cell, including the following main components: anode, cathode and
separator. Lithium-ion flow and electron flow during discharge is represented by black arrows.

Table 2.1: Common cathode compositions for lithium-ion batteries, including a structural representation and summary of
primary features.

Configuration
Structure LCO LFP LMO NCA NCM

Composition LiCoO2 LiFePO4 LiMn2O4 LiAlxCoyNi1-x-yO2 LiCoxMnyNi1-x-yO2

Primary features

Good structural
stability and
high capacity
retention rate.
Structure is
often utilised in
EVs

Best cycling
stability, utilised
in Tesla
EVs.Poor
performance in
cold conditions.

Low capacity.
Viable from an
economic
perspective

High capacity,
high
degradation
rate

High capacity,
high
degradation
rate

LiCoO2 ⇌ Li1−xCoO2 + xLi+ + xe− (2.1a)
xLi+ + xe− + 6C ⇌ LixC6 (2.1b)

Combining to get the overall cell reaction:

LiCoO2 + 6C ⇌ Li1−xCoO2 + LixC6 (2.1c)

2.2. Degradation mechanisms
Degradation mechanisms in LIBs are a serious contributor to their poor circularity. The working lifespan
of batteries in EVs, as a consequence of degradation mechanisms, are estimated to be around 10
to 15 years. At present, the main causes for LIB degradation are the occurrence of the following:
”parasitic reactions, cation mixing, active material dissolution and oxygen release” [17]. Furthermore,
these causes for degradation are worsened by the presence of impurities [17]. Extensive research is
being conducted into the mitigation of the parasitic reactions, such as the inclusion of additives into the
electrolyte [18]. In addition, potential new anode and cathode structures are being investigated [19].
Nevertheless, the complex prerequisites of the electrodes and yet inevitable degradation of LIBs make
the prospect of significant improvement in circularity through means other than recycling unlikely.

2.3. LIB recycling: publication trends
The methods aimed at recycling LIBs are diverse and unique for every company. The majority of recy-
cling procedures, however, stem from similar working principles. Moreover, it is commonplace to find
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overlapping steps within the different recycling routes. As a result, recycling techniques are typically
classified into one of three main approaches: pyrometallurgical recovery, hydrometallurgical recovery
and direct recycling. In a scarce amount of cases the categorisation expanded with the mechanochem-
ical approach [20].

Furthermore, it is important to stress that some particular metals aren’t recovered through one approach
only. Rather, a combination of approaches is required, as shown by figure 2.2. In particular, the fig-
ure displays the number of publications made between 2010 and 2020, showcasing potential for the
implementation of a combination of approaches, as apposed to their singular use [21].

Figure 2.2: Number of publications associated for LIB recovery made between 2010 and 2020, categorised by metal.
Hydrometallurgical recovery is shown in blue, pyrometallurgical in yellow and the combination of the two in purple.

It should, however, be noted that figure 2.2 fails to take into account publications associated with the di-
rect recycling approach, which has also been integrated with the approached shown in other research.

2.4. The pyrometallurgical recycling approach
At present, pyrometallurgical recycling is the dominant approach for LIB recycling [22]. It has proven
to be successful in recovering a number of metals, including Cobalt. Furthermore, off-gas treatment
improvements, like those for hydrogen fluoride, have strongly decreased the environmental impact [5]
of the approach.

In basic terms, metal recovery in pyrometallurgy is achieved through the implementation of a thermal
treatment [23]. Whilst a number of different pyrometallurgical routes exist, its products primarily consist
of a metal alloy and slag. The alloy contains a majority of the transition metals originally present in the
cathode structure, whilst lithium oxide is contained within the slag. For a number of metals, including
lithium, additional hydrometallurgical recovery is required in order to achieve recovery.

Furthermore, mechanical or thermal pretreatments of LIBs are often implemented in order to increase
recycling efficiency and decrease environmental impact [2]. In a thermal pretreatment, organic binder
material and carbon is effectively removed, which would have otherwise absorbed valuable Lithium
and decreased the recovered lithium fraction in subsequent steps. Furthermore, thermal pretreatment
offers ”a controlled deactivation and safe decomposition of the combustible organic component of the
LIB” [5, 24]. Finally, thermal pretreatment can ensure safe battery discharge, which decreases the pos-
sibility of adverse chemical reactions and spontaneous combustion due to an accidental short-circuit
[5, 25–27].
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The main thermal pretreatments are incineration and pyrolysis. Whilst both approaches serve a similar
purpose, there is a significant distinction between the two. In the case of incineration, oxygen or air has
to be present throughout the burning procedure [27]. Meanwhile, the opposite condition is required for
pyrolysis [28, 29].

The main step in the pyrometallurgical approach is often referred to in literature as extractive pyromet-
allurgy. It most commonly encompasses the utilisation of one of the following techniques: calcination
or roasting, followed by smelting. In practice, these techniques can be implemented within the same
furnace, divided into different levels. A summary of the working principles of these techniques is pro-
vided next.

Calcination
A review on calcination has previously been conducted by Yin and Xing. Yin defines calcination as ”the
thermal treatment process for solid materials that involve thermal decomposition, phase transition, or
removal of volatile substance in the absence or limited supply of air or oxygen” [23]. The calcination
path tends to pursue the following reaction route:

Solid A ⇌ Solid B+Gas (2.2)

In reaction 2.2 solid A refers to the cathode structure, solid B to the desired metal oxide product. The
gas in figure 2.2 is dependent on the cathode structure used. For LCO cathode material the CO2 gas
is produced, whilst for the case of LFP more toxic PF5 is generated [23].

Roasting
Similar to the incineration process, conventional roasting involves the heating of battery material in
the presence of oxygen or air [23]. In many industrial cases, however, a variation of this technique is
implemented called reduction roasting. This technique involves the addition of a reducing agent to the
overall process, such as coal or carbon, in order to reduce cathode material to a lower valence state,
which eases subsequent separation [5, 30].

Smelting
After metal oxides have been produced in the roasting or calcination step, their subsequent conversion
is commonly achieved through smelting. Whilst there are a number of variations of this technique, such
as flash smelting, a typical pyrometallurgical process involves reduction smelting. This type of smelting
involves a reducing agent, such as natural gas, carbon or carbon monoxide, and a flux. The overall
process is represented in equation 2.3 [23].

Oxides + reducing agent ⇌ alloy + slag + gas (2.3)

Pyrometallurgy: A discussion
The goal of this section is to utilize the knowledge acquired in preceding parts of this chapter in order
to progress on the main objective of this report. Which in part is, to identify potential areas of improve-
ment in the existing recycling methods and investigate their respective solutions. These areas will be
identified through considerations of both economic and environmental arguments.

To begin with, the economic viability of the pyrometallurgical approach is strongly dependent on the
type of cathode structures that are being recovered, as concluded by Reinhart et al. [31]. This con-
clusion is in line with the previously mentioned theory, which states that some desired metals in the
pyrometallurgical approach, such as cobalt and nickel, are yielded in the metal alloy; whilst other ma-
terials contained within the slag require further separation procedures. Unsurprisingly therefore, only
cobalt and nickel rich cathode structures are suitable for pyrometallurgical recovery from an economic
perspective.

For the development of the environmental argument, it is useful to establish that pyrometallurgy by itself
is an energy intensive process, as the majority of its steps require operation at high temperatures. How-
ever, it should also be noted that the energy requirement for the recovery of cathode material through
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this approach is nevertheless significantly less than that of the production of virgin cathode material
[32, 33]. Meaning, that at least in terms of energy consumption of the physical process, pyrometallurgy
has the potential for a net positive environmental impact.
The environmental impact expressed in terms of carbon footprint is nonetheless negative.This stems
from the fact that various gases produced throughout the process, when converted to their CO2 equiv-
alent, contribute to a total carbon footprint of around 10 kg of CO2 equivalent per kg of battery material
[34]. A value similar to that of cathode production from primary resources.

On a new note, pyrometallurgy lowers water depletion and freshwater contamination. It also avoids
political issues associated with Cobalt mining, as mentioned in the introduction.

Overall, the scalability and economic viability of pyrometallurgy for a number of metals make its con-
tinued utilisation in the context of LIB recycling in the future likely. However, the approach has some
major drawbacks. Firstly, the carbon footprint of the approach doesn’t beat that of virgin cathode pro-
duction. Secondly, pyrometallurgy is unable to recover lithium. Therefore, it is safe to conclude that
pyrometallurgy may play a role in the future or LIB recycling, but only to a limited extent in the former
steps of the process.

2.5. The Hydrometallurgical recycling approach
As briefly mentioned in the introduction, the hydrometallurgical approach may be used in sequence with
extractive pyrometallurgy or be implemented as a stand alone method. In this section a brief summary
of the over process is given, followed by an overview of recent advances within the various hydromet-
allurgical process steps.

A hydrometallurgical recycling route involves the dissolving of metal, mainly cathode material, by an
acidic or basic medium, “which provides an aqueous form of raw material for subsequent separation
and purification” [20]. Most commonly these steps involve ”sedimentation, precipitation or solvent ex-
traction” [14]. On a laboratory scale a number of electrochemical methods, such as electrochemical
deposition and Donnan dialysis have also proven to be successful in recovering metallic compounds,
as will be discussed in chapter 2.7.

Leaching
The leaching of the cathode material may be achieved through the utilisation of both organic acids
and inorganic acids, as well as ammonia-based compounds [20]. In addition, the leaching step can be
divided into two categories: non-selective and selective recovery [35]. The distinction arises from the
fact that non-selective recovery targets all of the cathode, whilst selective recovery dissolves one metal
into the solution only, most commonly Lithium. An example of a selective leaching reaction is given by
equation 2.4, in which LFP cathode material is leached with sulphuric acid. Note that in this reaction
hydrogen peroxide is added as an oxidising agent in order to increase the selectivity towards lithium
recovery [35].

4LiCoO2(s)+ 12HNO3(aq) → 4LiNO3(aq)+ 4Co(NO3)2(aq)+ 6H2O(l)+O2(g) (2.4)

The leaching step is financially demanding, primarily due to the significant amounts of acid required
[12]. Furthermore, the step has a negative environmental impact due to the unavoidable disposal of
high volumes of acidic leachant. In order to decrease the ecological impact of the process various stud-
ies have been conducted into the utilization of organic acids, which strongly reduce pollution through
biodegradability. Examples of such acids are: citric acid, malic and acetic acid. However, these acids
have worse chelating ability compared to inorganic acids and are more expensive.

Recovery
In a typical hydrometallurgical process the metals are subsequently separated from its leached solution
through chemical precipitation, solvent extraction or a combination of both.
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In chemical precipitation, which is the more dominant technique, calculated alterations in parameters
such as pH and/or temperature, change the solubility of the metal salt in the leached solution. Com-
monly, however, the technique does require further addition of anions in order for the precipitation to
take place [20].

The solvent extraction technique utilises a special liquid extractant, in which the solubility of the metals
differ from the ones in their original solution. Whilst this technique omits additional use of acid, it suffers
from similar drawbacks. Namely, the extractants are costly and disposal regulations must be complied
with in order to avoid environmental pollution.

Hydrometallurgy: a discussion
Having provided the reader with an overview of the overall concept of hydrometallurgical LIB recycling,
a critical review of the effectiveness of the process may be introduced.

Starting with the financial discussion, the economic feasibility of the hydrometallurgical approach is
strongly dependent on a total of the following costs: inorganic/organic acids, reactants in the pretreat-
ment and recovery steps, and the primary metals themselves. A few studies have confirmed the eco-
nomic feasibility of the typical hydrometallurgical approach, though often omitted labour and overhead
costs. For instance, Thompson et al. established that the hydrometallurgical route involving: shred-
ding of battery material, separation of the crushed material, leaching and recovery; may lead to a 20 %
higher profit margin when compared to virgin cathode production [12]. The implications of this claim are
significant, as few other studies have confirmed that higher recovery rates, associated with shredding,
outweigh the added expenses of the increased number of separation steps.

Moving onto the environmental discussion, hydrometallurgical recovery seems to solve many issues
associated with the previously discussed pyrometallurgical alternative. For starters, hydrometallurgy
enables the recovery of all metals contained within the cathode structure, including lithium. Secondly,
the right pretreatment of battery material can decrease the production of toxic gases in the leaching step,
aiding a decrease in carbon footprint of the recycled material. In fact, for certain cathode structures,
such as NMC, the decrease can yield values around 10-20 % lower compared to pyrometallurgical
recovery. The third and perhaps most important environmental benefit of this approach, is the enabling
of lithium production with substantially lower water usage. In the context of primary lithium extraction
from brines, water usage is a major topic for discussion.

Having mentioned the advantages of this approach, potential areas of improvement may be identified.
At present, the hydrometallurgical approach has a number drawbacks, most of which stem from the
non-reuse of reagents in pretreatment, leaching and recovery steps. Examples of these instances
are leaching acids, such as hydrochloric or nitric acids, and solvent extractants, such as N-methyl-2-
pyrrolidone (NMP). Not only are these reagents hazardous and require proper disposal, they have a
major impact on overall profitability. In fact, the leaching and recovery reagents alone may amount to
as much as 50 % of the total recycling cost, depending on the exact hydrometallurgical route chosen
[12]. Looking at this critically, one may conclude that the development of an alternative solution to
these steps would contribute to major economic and environmental benefits.

One improvement to the leaching step has already briefly been introduced in this chapter under the
header ”Leaching”, which notes that environmentally unfriendly acids may be substituted by biodegrad-
able, organic acids. Whilst this would strongly improve hydrometallurgy from an environmental point
of view, the economic feasibility of this substitution demands further investigation. Nevertheless, it is
noted that leaching and recovery steps within the hydrometallurgical approach remain to be potential
areas for improvement and more alternative solutions will be presented in later sections of this report.

2.6. The direct recycling approach
Another number of recycling techniques fall into the category of direct recycling. Noteworthy, the va-
riety of these techniques is quite broad, which makes the outlining of a typical direct recycling case
challenging. Moreover, in a number of scientific articles proposed direct recycling steps overlap with
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steps in pyro- and hydrometallurgical routes. These instances are especially prevalent in the beginning
phases of LIB recycling. Contrary to the hydrometallurgical approach, direct recycling omits chemical
transformations of the cathode structures, other than the ones present in the final regeneration step.
Instead, the method encompasses the separation of cathode (and anode) material through mechanical
separation techniques and thus enables direct reuse of materials in remanufactured LIBs [36].

Nevertheless, scientific literature commonly subdivides the direct recycling approach into three distinct
steps. A simplified version of this process is portrayed in figure 2.3.

Figure 2.3: Schematic for the recovery of spent LIBs using a typical direct recycling approach.

At first, the cathode material is harvested through manual disassembly and delamination. Alternatively
a combination of direct crushing with a variety of mechanical separation techniques are imposed. Ex-
amples of such techniques are pneumatic separation, eddy current separation, floatation, etc. Whilst
direct crushing is considered to be a feasible step for large scale operation, the composition of crushed
material after crushing is often complex and contains a large number of impurities [37]. This leads to
complex subsequent separation and higher overall costs. Furthermore, in the processes gases contain-
ing electrolyte solvents and carbon dioxide are released, and thus require gas collection or treatment
[15].

The binders and carbon are removed from the mixture. At present, thermal treatment is regarded as
only feasible option for the removal of PVDF [38]. Although other techniques, such as the utilisation of
molten salt and other solvent extractants, are under investigation.
Lastly, in a typical direct recycling approach the extracted cathode material is regenerated through ei-
ther solid-state or hydrothermal relithiation. In solid-state relithiation spent LCO CAMs are calcinated
directly with lithium carbonate, lithium nitrate or lithium hydroxide. Hydrothermal relithiation on the other
hand, uses ”lithium hydroxide solution as a resource, and it is commonly followed by an annealing pro-
cess” [15].

Direct Recycling: A Discussion
From an environmental standpoint, the direct recycling approach is the most effective approach to date.
It uses neither the polluting roasting and calcination steps of the pyrometallurgical approach, nor the
leaching step within the hydrometallurgical one. Furthermore, through direct recycling high recovery
rates can be achieved of almost all battery elements, not just those contained within the cathode struc-
tures.

Nonetheless, it remains to be seen whether direct recycling will become the dominant approach in
the future of LIB recovery. The reason for this is twofold. For starters, the potential financial gain



2.7. Electrochemical methods for LIB recycling 12

from higher recovery rates needs to outweigh the increased disassembly costs associated with this
approach. Improvements of this outcome would likely stem from advancements in scalability through
robotic automation, the prospect of which strongly depends on the standardisation of a lithium-ion bat-
tery. Next, the probability of such a standardisation is strongly reliant on government organs to enforce
the required legislation.

In conclusion, whilst the direct recycling approach has the potential to become the most viable recycling
option for LIB recycling in the future from both environmental and financial viewpoints, its immediate
large-scale deployment seems improbable. Ergo, in the remainder of this report emphasis is laid onto
finding other alternatives to the previously identified technological crux. Namely, the leaching and
recovery steps within the hydrometallurgical method.

2.7. Electrochemical methods for LIB recycling
The previous chapter has layed emphasis on the drawbacks associated with the hydrometallurgical
leaching and recovery steps. Thereafter, potential solutions to these issues have been explicitly pro-
posed through the use of a direct recycling approach. Whilst this approach successfully omits the use of
expensive and environmentally harmful leachant, it suffers greatly from scalability issues. Hence effort
into other alternative solutions to the conventional hydrometallurgical recycling route is required. This
chapter explores the techniques aimed at improving the leaching and recovery steps directly through
the utilization of electrochemical technology.

Electrochemical methods for primary sources
To begin with, it is worth mentioning that electrochemical methods have applications in metal extrac-
tion from primary sources as well as secondary ones. Motivation for investigation into electrochemical
applications in the context of primary sources is twofold. Firstly, the process could generate ideas that
would translate to uses in the area of LIB recycling. Secondly, as mentioned in previous chapters, the
effectiveness of recycling technology is strongly dependent on the economics of mining battery mate-
rial from primary sources. If electrochemical methods manage to significantly improve the economic
feasibility of the mining process, assumptions about the financial targets associated with LIB recycling
need to be reevaluated.

Electrochemical methods for secondary sources
A significant amount of literature has been published on the utilization of electrochemical techniques
aimed at improving the leaching and recovery steps in standard hydrometallurgical recycling. With this,
a substantial amount of publications claim to have developed closed loop systems that completely by-
passes the generation of acidic waste.

Electrodeposition

Cerillo-Gonzales et al. proposed precipitation electrodialysis as shown in figure 2.4 to recover Li and Co.
The process utilizes a Neosepta CMX-fg standard grade cation exchange membrane. In the process
black mass is directly leached in the vessel, pumped through the stack where Li and Co is deposited
onto the cathode, and recycled back into the container [19].

However, the process way only able to extract 33 % of Cobalt and 62 % of Lithium, which isn’t in line
with the targets set by the European Comission as discussed in section 1.2. Furthermore, the process
is slow, amounting to a total of 3 days. Finally, the process is a batch process, whereby the deposited
materials require removal from the cathode. Therefore this research concludes that electrodeposition
is unsuitable for large-scale operation.

Slurry Electrolysis

Li et. al. have developed a recovery method for lithium and manganese from scrap LiMn2O4 by means
of slurry electrolysis. This method, as shown in figure 2.5, combines leaching, solution purification,
electrowinning and electrodeposition into a single step [39].
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Figure 2.4: Schematic for the electrodeposition process as proposed by Cerillo-Gonzales et al. Leaching of the LICoO2 occurs
in the vessel, after which the mixture is pumped through the cell.

LMO cathode material is suspended into an electrolyte solution mixed with H2SO4 and MnSO4. After
the application of an electric current Li+ and Mn2+ ions are transported through the filter cloth to the op-
posite electrode, where Mn is deposited as MnO2 and the lithium ions remain in solution. Subsequently,
the MnO2 is filtered out and the Li+ through evaporation after addition of Na2CO3.

Figure 2.5: Slurry electrolysis diagram, as proposed by Li et al. Leaching of the LMO cathode materials occurs at the cathode,
before it is transported through the filter cloth and deposited at the anode as Mn4O2, whilst the lithium remains in solution.

Whilst the Li et. al. correctly suggests that the process is ”economically feasibly, environmentally
friendly and has great potential for the recovery of other scrap cathode metals”, it scalability potential
remains to be investigated.

Donnan (diffusion) Dialysis

Sonoc et. al. have developed a method to recycle Lithium and Cobalt from spent lihtium ion batteries
using Donnan dialysis [40]. Donnan dialysis relies on an chemical potential gradient as the driving
force to separate ions from a solution, with a possible, often low, electric potential acting in the op-
posing direction. In the proposed approach a leachate containing Co, Ni, Mn and Li salts are pumped
through a series cation exchange membrane containing cells, each utilizing Donnan dialysis to achieve
separation.

Whilst the approach effectively simulates high recovery efficiencies for different transition metals (above
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90%), the approach suffers from a number of serious issues. Firstly, the approach is slow. The Donnan
Dialysis recycling route, as proposed by the study, requires a minimum of 2 days before it achieves the
desired separation. The second issue isn’t mentioned directly in the published study, but, to the best of
our knowledge, must be inherent to the design. The issue is that, within the proposed recycling route,
a monovalent cation exchange membrane must be utilized in order to separate lithium ions out of the
leached solution into a product compartment. In doing so, proton diffusion from the feed to product
compartment is inevitable, making efficient acid recovery practically impossible [41].

Electrodialysis coupled with chelating agents

A number of studies, such as the ones conducted by Iizuka et al. and Chan et al., have attempted
to use electrodialysis in order to separate monovalent and divalent ions, often found in different LIB
cathode structures, from each other [42][43]. The working principle behind these studies is displayed
in the form of a sketch in figure 2.6.

BPM AEM CEM BPM

M+DY−H+ OH−

Feed
cell

Feed:
M+ + DY−

First
recovery
cell

Second
recovery
cell

Figure 2.6: Separation of cobalt and lithium with by means of electrodialysis, coupled with the use of chelating agents. The
cathode is displayed by the gray vertical bar on the right side of the figure, whilst the anode is represented by the same shape

on the left. Monovalent ions are displayed as the symbol M, divalent ions as D and the chelating agent as Y.

In figure 2.6, monovalent cations, such as lithium, are represented by the symbol ”M+”. Meanwhile,
divalent cations, such as cobalt or nickel, are represented by the symbol ”D” and the chelating agents
are represented with the symbol ”Y”. Next, the figure displayed how the monovalent metal ions and the
chelated divalent ions are fed into an electrodialytic setup, where the two are subsequently separated
into their respective recovery compartments.

Both works have achieved high recovery efficiencies for the different metals, as well as successful
recovery of different chelating agents. Nevertheless, the studies suffer from a similar and substantial
drawback. Namely, that the the chelating ratio of divalent to monovalent ions is strongly influenced by
the pH of their respective solution. For instance, according to IIzuka et al., the pH of a solution contain-
ing both cobalt and lithium should remain above 4 in order for cobalt to be chelated and the lithium to
retain its monovalent form. This issue suggests, that the pH of the leached feed solution should be in-
creased before it is supplied to the electrodialytic setup, harming the prospect of efficient acid recovery.

Secondly, the solubility of chelated compounds is also strongly dependent on the pH. Chan et al. has
reported to use sulfuric acid in order to bring the pH of the chelated cobalt compound below 0.5, in order
to precipitate the compound as an inteermidiate product. In the context of hydrometallurgical recycling,
this pH is higher than the pH required to achieve efficient leaching efficiencies, as proven by Lee and
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Rhee. To be precise, their work showed that the leaching efficiency of LCO cathode material at a pH of
0.5 is about 40 % for both lithium and cobalt, a value that is almost doubled when acid with a pH value
of 0 are used instead [44].

Electrochemical methods: A discussion
The section provided an overview of recent developments in the utilization of electrochemical meth-
ods in the context of battery recycling. The main motivation for these developments was to solve the
environmental and economic issues associated with the use of leaching agents required for the other-
wise promising hydrometallurgical approach. Furthermore, electrochemical methods have historically
shown to have good scalability, suggesting that it’s integration with other pyro- and hydrometallurgical
steps could potentially outperform direct recycling solutions, discussed previously in section 2.6. These,
in turn, have also successfully omitted the leaching step, but are in need of special pre-treatment, the
scalability of which is limited by challenges in automation.

The electrochemical methods discussed in this section have, for the most part, been able to achieve
good metal recovery efficiencies. Moreover, Li et al. and Sonoc et al. have succeeded in the recovery
of leaching agent, thereby effectively solving the issues associated with its excessive utilization within
the standard hydrometallurgical approach. Nonetheless, no method has yet been able to have a total of:
good recovery efficiency, good scalability and efficient leaching agent usage. Meaning, more research
has to be conducted into alternative solutions to the crucial leaching step.



3
Proposed solution

By building on previously identified electrochemical methods in chapter 2 and carefully examining their
respective advantages and drawbacks, this chapter proposes the use Bipolar Membrane Electrodialysis
(BPMED) in combination with Donnan Dialysis as a means to improve upon the classical hydrometallur-
gical recycling route. To a small extent, the solution presented in this chapter is an incorporation of the
work conducted by Sonoc et. al., which investigates the potential use of Donnan dialysis in the context
of LIB recycling, into the works of Makuza et. al. and Chan et al., which put forward different variants
of electrodialytic setups in successful attempts to separate chelated metal ions from their respective
acidic solutions.

Having said that, the review notes that the works by Makuza et. al., IIzuka et al. and Chan et. al., on
their own, fail to provide a closed-loop pathway for the leaching acid. However, when combined into a
separate system, have the potential to be effective. As discuss is in section ??, the main technological
obstacle that the work of Makuza et al. and IIzuka et al. have proven to be limited by, is the tendency
of the chelating agents to precipitate in strongly acidic environments. Furthermore, these studies have
shown that chelating agents are likely to attach to monovalent ions instead of the divalent ions in acidic
environments. Implying, that before leached cathode material can be fed into one of the electrodialytic
setups, the acidity of its respective solution must be increased. Essentially, this makes effective recov-
ery of leaching acid impossible. Finally, the review notes that the Donnan Dialysis method, proposed
by Sonoc et al., is constrained by the unavoidable diffusion of protons from the leached feed cell into
the respective lithium recovery cell, causing the the same issue.

A sketch of the proposed solution is displayed in figure 3.1. It consists of four distinct flow channels,
separated by different ion exchange membranes. Specifically: two bipolar exchange membranes, one
anion exchange membrane and one cation exchange membrane. The center flow channel contains
the feed solution, produced in advance through standard hydrometallurgical recycling techniques. In
this research, the feed has been prepared through the leaching of pure LCO cathode material with 1
M nitric acid and 1.7 %vol hydrogen peroxide solution, as has been advised by in the study of Lee
and Rhee [44]. Once the feed is supplied into the electrodialytic setup, an electric potential is applied.
This forces cations, such as the hydrogen, lithium and cobalt to diffuse through the CEM into the metal
product compartment, where they are subsequently are recombined with a hydroxide ion provided by
the BPM. Simultaneously, the NO3 anions are forced from the feed compartment into the acid recovery
compartment, where they recombine the hydrogen ion produced by the BPM.
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Figure 3.1: Sketch of the proposed solution. The cathode is displayed as a gray vertical bar on the right side of the figure, the
anode is represented by the same shape on the left. Monovalent ions are displayed as the symbol M, divalent ions as the

symbol D and the chelating agent as the symbol Y.

Moving on, the two flow channels on either side of the feed compartment contain a 0.5 M sodium chlo-
ride solution, whilst the electrode rinse compartment contains a 0.25 M sodium sulphate solution. The
salt presence is required for the conduction of current, as well as the facilitation of Donnan Dialysis
between the feed and metal recovery compartment, as is explained schematically in figure 3.2.
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Figure 3.2: Visualization of Donnan dialysis effects through the CEM. The figure shows a section of the BPMED setup,
displayed in figure 3.1. In the showcased process, Na+ ions from the metal product compartment are interchanged with the H+

ions from the feed compartment, effectively increasing the pH of its respective solution.

In figure 3.2, hydrogen ions diffuse from the feed compartment into the metal product compartment,
decreasing the pH within the metal product compartment. Parallel to this, sodium ions diffuse from the
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metal product compartment into the feed compartment, effectively conserving electroneutrality.

Apart from the pH adjustments, which result as a consequence of the Donnan Dialysis displayed in
figure 3.2, other combinations of ion migration may occur, resulting in different pH changes. Four
of these combinations are displayed explicitly in figure 3.3. Firstly, the figure shows how the pH in
the acid recovery compartment may decrease due to simultaneous migration of both the NO3 anion
through the AEM, as well as leakage of H+ ions. What is most important in figure 3.3, is the diffusion
mechanism shown within the top right circle. As OH− ions get produced by the BPM during operation,
these combine with H+ ions, that diffuse through the CEM from the feed. As this happens, the pH
within the metal product compartment stays constant. This poses an important optimization challenge,
associated with the proposed solution. The Donnan Dialysis through the CEM, shown in the lower
circle on figure 3.3 and in more detail in figure 3.2, should to some extent outweigh the diffusion of the
H+ and OH− ions, displayed of the top right of figure 3.3. In an ideal scenario, the combination of these
processes would lead to a pH within the metal product compartment of around 0.2. A condition, which
allows for good cobalt salt dissolution.

BPM AEM CEM BPM

OH−H+

H+

Na+

H+

NO3

Figure 3.3: Visualization of the possible proton migration within the BPMED setup, sketched in figure 3.1. The dotted circles
represent how the proton migration between compartments are counteracted by other charged ions in order to reserve

electroneutrality. The ion migration in the top right ellipse showcases the effects of electro-osmosis. The bottom circle shows
the effects of Donnan dialysis, mentioned in figure 3.2

3.1. Alternative solution
The electrodialytic methods, proposed by IIzuka et al. and Makuza et al. seemed to omit the potential
precipitation of metal material in their designs. Whilst the authors haven’t stated the reason for this
explicitly, it is reasonable to assume that the authors were caustious of a number of issues, associated
with the precipitation.

Firstly, the precipitation could get stuck within the stack. If a particular entrance or exit is blocked, pres-
sure can build up in the system, posing an immidiate danger. Secondly, without filtration or another
separation method, small solid particles can irreversibly damage any pumps utilized during the experi-
ment. Finally, to allow for the metal salts to precipitate, the flow compartments, stack inputs and outputs
would have to be made bigger, decreasing the Faradaic effiency of the system due to increased ohmic
losses. All in all, this review notes that the construction of an electrodialytic system, which allows for
metal precipitation, is possible and deserves further investigation. However, for the purposes of this
research, the focus is shifted completely to the solution proposed earlier in this chapter.

3.2. Design strategy
Complex technology can be developed through the use of different design strategies. A popular method
is the so called ”scrum” method, whereby the complex design is subdivided into smaller parts. Subse-
quently, these smaller parts are tested individually, before integrated together into the larger complete
system.
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Alternatively, the complex system could be build directly, without the preliminary testing of individual
components. Instead, this method relies heavily on troubleshooting solution of issues encountered in
the final build.

Whilst the former method may, at first glance, seems like the safer and perhaps more promising option,
the research conducted in this report follows the latter strategy. The reason behind this choice, is the
fact that the proposed solution relies heavily on complex interaction between all of its subdivided parts.
Apart from a verification of the healthy condition of the components, the scrum method would not act
as a proper stepping stone to the final functioning of the setup.

Therefore, in the course of this research the BPMED system is build to completion early in the design
process. Subsequently, initial design flaws are eliminated through rigorous troubleshooting methods,
before a further optimization of the setup is performed.



4
Experimental design

4.1. Setup configuration and material selection
In this chapter the final equipment specifications are displayed, as well as an in-depth explanation as
to how the various equipment choices have been realized. The goal of this chapter is to not only aid
the reader in reproducing the research conducted in this report, but also to provide information on the
utilized materials, their sizing and potential limitations.

Stack requirements:

• The stack has to be able to support a total of four inflow and four outflow channels.
• The dimensions of the stack should allow for easy installation within a fume hood.
• The stack should be easily repairable and allow for quick disassembly.
• Stack gaskets should be made from either EPDM or Viton rubber in order to comply with neces-
sary resistivity to acidic and basic media.

• Flow chambers, screw connections, valves etc. should be resistant to highly acidic and basic
media. Use of PVDF, PP or similar plastics are encouraged.

• The cell design should allow for a reasonable scalability analysis.

Electrode requirements

• Electrodes should allow for good conductivity and a uniform distribution of current density.
• Be highly resistant to acidic and corrosive media in case of unforeseen membrane leakages.
• Discourage electrodeposition of metal ions.
• Use of Platinum coated Titanium electrodes is encourages.

Ion exchange membrane requirements:

• All membranes should maintain operation capacity at a high pH stability range.
• Cation exchange membranes should enable transport of both mono and divalent. cations.
• Possible resistivity against small amounts of hydrogen peroxide is encouraged

20
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Final design

Figure 4.1: Final setup: the stack is located on the right, with it’s flow inputs on the bottom and output flows on top; the input
flows are connected to the pumps on the middle left of the figure. In turn, these pumps are connected to the four compartment

beakers, located behind the pumps.

4.2. Potential hazard identification and safety protocol
In this section potential hazards during various phases of the experiments are identified. Also, the
section provides an overview of the various safety protocols put in place to remove or minimize these
dangers.

For starters, liquids utilized throughout the experiments are highly corrosive in nature. Whilst not pos-
ing an immediate danger if contained within the leak-tight experimental setup, precautions to avoid
potential accidents should still be taken. In particular, the entire setup, including the stack and the
pumps should be placed inside of a fume hood. This way unforeseen leaks (or even sprays) of harmful
substances, caused by faulty tubing, broken pump connectors, or unforeseen pressure build ups within
the stack cannot harm the individual conducing the experiment.

Having said that, it should be stated explicitly that thorughout the course of this research, there have
been a number of occasions, whereby the connections between the tubes and the pumps, as well as
the connections between the tubes and the cell were detached due to accidental build-ups within the
cell. In some instances this happened when a tube accidentally folded somewhere in the system and
thus prevented liquid from exiting the system. Shortly thereafter, the tubes would detach, leaking a
notable volume of liquid.

The next considerable safety hazard arrizes from the fine nature of the solid cobalt salt precipitate. The
inhaling of which, should be strictly avoided at all times, or done so through the use of an appropriate
chemical mask.
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In the context of this research, solid cobalt particles only pose a safety hazard during the repairing pro-
cess of the cell. During this time precipitate isn’t contained within a liquid and can therefore be inhaled.

Moving on, a number of gasses are produced throughout normal operation of the cell. Without any
unforeseen side reactions at the electrodes, hydrogen production should occur at the cathode, whilst
oxygen is produced at the anode. The combination of these gasses, just as their individual production,
is highly flammable and appropriate ventilation measures should be taken.

Finally, it is important to discuss safety precautions surrounding the potentiostat. Whilst it is perhaps
unwise to test this first hand, the potentiostat during operation isn’t of lethal danger under normal (dry)
circumstances. Looking at the numbers, the potentiostat is able to supply a maximum of 30 V. For an
adult male, who’s bodily electrical resistance amounts to an estimate of 10 kOhms, the potentiostat can
supply a maximum of 3 mA, which would most likely cause a light shock. Nevertheless, the handling
of the electrodes should be done with care and the voltage supply cables should be kept away from
liquid spills at all time.

4.3. Start-up and Cool-down Procedure
In order to ensure accurate and reproducible results, a strict start-up and cool-down procedure has
been put in place. The reason for this is twofold. Firstly, a lot of experiments conducted throughout
this research have produced a cobalt salt precipitate. Without a strict procedure that ensures a proper
flushing of all flow compartments, these contaminants might alter the outcomes future tests. Secondly,
strict start-up and cool-down procedures are required to limit degradation of various components, such
as ion exchange membranes and the diaphragms within the pumps.

Whilst a complete step-by-step guide for the start-up and cool-down procedures are eluded, as this
would go beyond the objectives of this report, some important pitfalls are nonetheless highlighted. For
instance, during the start-up procedure the various flow channels should be filled simultaneously, whilst
the stack is maintained in the upright position. Doing so prevents unwanted ion and/or water transport
through the various membranes. Furthermore, the stack should always be made clear of as much solid
and liquid contaminant as possible before every experiment. Meaning, sufficient flushing of the stack
with a salt solution should be performed before or after the bleeding of the stack.

Finally, it is paramount that the cell be filled with a salt solution, when left unattended for prolonged
periods of time. This is necessary to prevent degradation of the membranes and the possible corrosion
of the stainless steel fittings.
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Experimental Results and Finding

The development of the solution to the hydrometallurgical drawbacks, discussed in this report, requires
the realisation of a range of experiments, not all similar in nature. This is due to the fact that different ex-
periments are set up for different reasons. Some experiments, encountered especially throughout the
early testing phase, are developed in order to verify assumptions and thus require a rigorous scientific
approach. Meaning that the outcomes of the experiments need to closely resemble previously estab-
lished hypotheses. Other experiments, however, are conducted in order to generate new knowledge
and, to some extent even, new ideas. In this case, experimental outcomes aren’t known in advance
and need to be set up through the use of another design philosophy, different from the one described
earlier. In the course of this research, this category of experiments has been conducted through the
use of a “trial and error” type method. Whereby quick experimental outcomes strongly motivate the
possible pivoting to more appropriate setup configurations and, in some cases even, the utilization of
other electrochemical techniques.

Moving on, it’s worth mentioning that throughout the course of this research, the two experimental meth-
ods have not been used in sequence, but have rather been applied interchangeably. Which makes the
development of a coherent and ordered display of the experiments conducted in this report challenging.
Therefore, a successive display of the experiments has been avoided and the chapter is structured dif-
ferently instead.

The chapter opens with a display of preliminary tests and results, which have, for the most part, been
conducted in order to verify the predicted performance of both individual and integrated components.
Simultaneously, the chapter presents a number of data analysis techniques used in later stages of the
experimental part of this research.

The second part of this chapter explains a number of unforeseen issues encountered throughout the
experimental phase of this research and presents various troubleshooting steps, utilized in order to
achieve their respective resolutions.

The third subsection showcases the optimization steps, that have been conducted with the aim of
achieving more efficient metal and acid recovery.

Finally, the fourth and final part of the chapter displays the results of the most successful experiment
and examines the broader implications of it’s outcomes.

5.1. Preliminary Tests and Results
The experimental setup, built for the purposes of this research, is complex in nature due the utiliza-
tion of a large variety of technically advanced components. Examples of such components include ion
exchange membranes, electrodes and toxic chemicals. Whilst correct predictions about both the indi-

23
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vidual and integrated performance of these parts can be made, it remains crucial to verify its operation
before proceeding to more complex experiments. Furthermore, conducting a variety of smaller experi-
ments can lead to other benefits, such as a decrease in the probability for tedious and time-consuming
troubleshooting steps in later stages of the research.

The subsection starts off with a display various experimental constraints. These include the limitations
of the potentiostat, the limiting current density of the BPMs and the maximum achievable leaching ef-
ficiency of the metals from the LCO cathode material. Thereafter, the subsection displays a number
of issues that have been identified during the early experiments. These include, for instance, the un-
foreseen oxidation of the cobalt ion within the metal recovery compartments and the negative effects
of bubble formation during the start up procedure. The aim of this part of the report therefore, is to not
just showcase results, but to highlight them as pivotal intermediate outcomes, that are responsible for
a complete re-evaluation of the initial design configuration.

Finally, the latter part of this subsection explores the influence of a number of independent variables
on important experimental outcomes. Examples of which, include the dependence of the acidity of the
metal recovery compartment on different independent variables, such as the projected electrode areas
or starting volumes of the electrolytic solutions.

Limiting Current Density
The experimental setup, as illustrated in figure 3.1, makes use of two bipolar exchange membranes in
the forward bias mode. This implies that the membranes are operated in a configuration that promotes
water dissociation on the boundary between the BPM’s anion and cation exchange layers. In order for
this dissociation to occur, a minimum theoretical potential of 0.86 V is required, which for commercially
available BPMs corresponds to a current density of roughly 10 A/m2 [45]. This minimum amount of
current is often referred to as the limiting current density and can be deduced experimentally from a
current-voltage graph. In order to ensure proper operation of the BPMs, such an experiment has been
realized. The set-up and results of which are displayed below.

Starting parameters

The independent variable in this experiment is the supplied voltage, which is swept from a value of 0 to
3.3 V. Meanwhile, the dependent variable for this experiment is the current density, the values of which
are subsequently displayed in figure 5.1.

Table 5.1: Controlled Variables for the Current-Voltage Analysis

Controlled experimental parameters Value
Projected electrode area 100 cm2

Composition of the acid recovery, feed, metal recovery
and rinse compartments 0.5 M NaCl

Flow rate in the acid recovery, feed, metal recovery
and rinse compartments 48 ml/min
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Results
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Figure 5.1: Voltage - Current profile for the experimental parameters displayed in table 5.1. The inflection point of this graph
corresponds to the BPM’s limiting current density

Below the limiting current density current is expected to be transported solely through the Na+ and
the Cl− ions, present in the different compartment. Above the limiting current density, however, water
dissociation is expected to take place, aiding the current transport through the BPMs. Figure 5.1 clearly
displays this effect, as it showcases an inflection point at current of around 0.1 A. Noting that the pro-
jected electrode area in the experimental configuration equals 100 cm2, the limiting current density is
estimated to be around 10 A/m2, which corresponds exactly with values found in literature.

Booster Limitations
Throughout the experimental part of this research, a maximum supply of 10 A at a potential difference
of 30 V could be supplied to the setup by the potentiostat, when it coupled with the booster. As will be
clarified later in section 5.2, most of the experiments conducted in this study need to be completed in a
single, uninterrupted attempt, which creates the following challenge. Namely, If the voltage supplied to
the stack isn’t sufficiently high, then the time required for the metal ion diffusion to come to completion
exceeds that of a workday. Since the laboratory environment, in which this study has been conducted,
doesn’t allow for unsupervised experiments to be performed overnight, this effectively implies that low
voltage experiments could only be conducted to a partial extent.

In order to avoid this problem a majority of the experiments, realized throughout this study, are oper-
ated at the limit of the potentiostat, which has been determined preemptively through an experiment,
displayed below.

Starting parameters

Table 5.2: Controlled variables for the booster limitation analysis

Controlled experimental parameters Value
Projected electrode area 100 cm2

Composition of the acid recovery, feed, metal recovery
and rinse compartments 0.5 M NaCl

Flow rate in the acid recovery, feed, metal recovery
and rinse compartments 48 ml/min
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Table 5.3: Independent variable for the booster limitation analysis

Independent variable Value in trial 1 Value in trial 2
Applied voltage 16 V 12 V

Results
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(a) Time-Current profile during an applied voltage of 16 V
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(b) Time-Current profile during an applied voltage of 12 V

Figure 5.2: Comparison of the time-current profiles for different supply voltages. The results were achieved through the use of
the operational parameters mentioned in table 5.2.

Figure 5.2a displays the time-current profile for an applied voltage of 16 V. The gradient of this graph
between 300 and 900 seconds is reasonably constant and amounts to 1 amp per 600 seconds. Had
the experiment been continued for another 600 seconds and the gradient of the current-time graph
would have remained constraint during this time, then a current of 10 A would have been reached.
This causes a concern, since the booster utilized in this study is not designed to handle current above
the 10 A limit. Therefore, in order to avoid this problem, the applied voltage throughout the course of
this research has been lowered to a more appropriate value, like the one displayed in figure 5.2b.

Figure 5.2b displays the time-current profile for an applied voltage of 12 V. In the figure the gradient of
the time-current graph flattens out at around 1800 s and the current reaches a maximum value of 6.5
A, which implies that prolonged operation of the setup at this configuration should remain well within
the capacity of the booster.

The goal of this experiment was to determine a supply voltage that would ensure sufficiently fast metal
ion diffusion rates, so that the experiments would come to completion within a work day. Whilst the
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results for a supply voltage of 12 V, displayed in figure 5.2b, don’t quite imply that the booster is being
operated to its 10 A limit, this voltage has nevertheless been proven successful in achieving the metal
recovery sufficiently fast throughout the remainder of this research.

Leaching efficiency
The leaching of cathode material is a well researched area within the hydrometallurgical recycling
branch. Therefore, most of the optimal leaching conditions for various cathode structures can be found
in literature. Matching these conditions, in the course of this research, has proven to be crucial, as it
contributes to an accurate feasibility evaluation of the overall process in the final stages of this report.

As previously established in the literature review, nitric acid is a suitable leachant for the purposes of
this research. In this section of the report, an experiment validating the effectiveness of the leaching
conditions, as proposed in the works of Lee et al. and Pinna et al., is displayed and evaluated [44, 46].

Starting parameters

In order to properly assess the effectiveness of the leaching conditions provided by the works of Lee
et al., the starting parameters and overall leaching setup should be replicated as closely as possible.
However, the leaching setup in the works of Lee et al. is complex and difficult to reproduce, as it con-
tains a number of additional components, such as a heater, stirrer and condenser [44].

For this experiment, therefore, the setup has been simplified. In doing so, the study notes another
purpose for the conduction of this experiment. Namely, to confirm that the complexity of the setup,
provided by Lee et al., is aimed at increasing the speed of the leaching process, rather than its overall
efficiency.

Table 5.4: Starting parameters for the leaching experiment

Reactant Concentation Unit
LCO 20 g/L
HNO3 1 M
H2O2 1.7 % vol

Results

After 18 hours, the solution has been analysed using ICP-AES. The results of which, are displayed
below in figure 5.5

Table 5.5: Results of the leaching experiment. The starting parameters of which are displayed in table 5.4

Reactant Recorded leaching efficiency Expected leaching efficiency from literature
Lithium 87 % 95 %
Cobalt 92 % 95 %

Table 5.5 shows that the experimental leaching efficiency slightly underperforms when compared to
the efficiency achieved by Lee et al. [44]. However, this difference is small enough to confirm that the
complexity in the Lee et al.’s. setup is aimed solely at increasing the speed of the leaching process
and not the efficiency.

Moving on, the reason for the discrepancy in the expected and the recorded leaching efficiencies,
shown in table 5.5 was not further investigated, as the recorded leaching efficiency is viewed as ac-
ceptable for the purposes of this research.

Nonetheless, some suggestions about this discrepancy can be made for future research anyway. One
explanation for this discrepancy is the fact that Lee et al. used a closed container for the leaching pro-
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cess, whereas the leaching solution in the context of this research was left exposed to air. This could
potentially have influenced the oxidation rate of the cobalt ions.

Finally, this report underlines that the addition of hydrogen peroxide to the solution is crucial for the
successful leaching of LCO material. This is likely to occur due to the reduction of Co3+ to Co2+, as
suggested by numerous authors, like, for example, Jung. et al. [14]. Throughout the course of this
research, attempts have been made to leach the LCO material purely with nitric acid, all of which were
unsuccessful.

Air Bubble Contamination: A Feasibility Calculation
Throughout the course of this research, the setup has made use of commercially available PTFE flow
channels with fixed dimensions. The width of these channels, in unperturbed form, resembles the
same order of magnitude as an air bubble, which poses a significant issue. Namely, that the surface
tension effects of the air bubbles, potentially entrapped within the flowchannel mesh, could outweigh
the bubble’s buoyancy. If this happens, it would cause the bubbles to stick to the channel mesh, unless
significantly fast flows are applied by pumps, more powerful than the ones utilized in this study.

A proof of this statement can be quickly achieved through some back of the envelope calculations, as
is done next. To start, it is crucial to verify that the width of the flowchannel is indeed narrow enough to
”hold” the bubbles in place. To do so, it is sufficient to prove that the height of the meniscus, formed on
either side of the channel wall during the filling process, is larger than half of the width of the channel.
This is done below through a scaling analysis.

Relevant parameters: γ,ρ,g,h

Whereby:

• γ - surface tension
• ρ - density of the liquid
• g - gravitational acceleration
• h - height of the meniscus

Dimensionless number π:
√

ρgh2

γ

Assuming π to be constant and substituting in values:

h =
√

γ
ρg =

√
0.072

9.81×1000 = 2.7mm

h ≥ 1
2 × w

Whereby:

• w - width of the flow channel

2.7mm ≥ 1
2 × 1mm

This confirms, that the height of the meniscus is indeed larger than half of the width of the flow channel,
which is about 1 mm. Proving, that the bubbles are indeed wide enough to be ”stuck” to both sides of
the flow channel.

Furthermore, in the conducted scaling analysis the walls of the flowchannel were modelled as solid.
That is, without any cutouts in the mesh. To verify whether or not this assumption is valid, the Bond
number (Bo) can be used, which describes the ratio between the gravitational and the surface tension
force. In practice, a Bond number of below 1 would suggest, that if liquid was to be placed on the mesh
in a horizontal position, then the it would fail to to penetrate the mesh. In turn, this would essentially
confirm that the solid wall assumption is applicable.
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Bo = gravitationalforce
surfacetensionforce = ρg

γ/R2 = ρR2g
γ

Whereby:

• R - radius of the mesh gap

Bo ≃ 1000×(1×10−3)2×9.81
0.072 = 0.138

The Bond number, calculated above confirms that the surface tension stress indeed outweighs the
gravitationally induced stress, proving the validity of the assumption.

Next, it is important to verify that the buoyancy effects of the bubbles aren’t sufficient to overcome the
surface tension effects. To do so, a bubble is modeled as a cylinder, placed horizontally within the
flow channel, as displayed in figure 5.3. Next, a force balance is conducted across the control volume
displayed in blue.

Figure 5.3: Sketch of the cross section of a flow compartment. The air bubble is displayed as a light-gray cylindrical shape. The
control volume, utilized for an estimation of the bubble’s buoyancy, is drawn around the bubble in the form of a blue rectangle.

Fbuoyancy = Fbottom + Ftop − Fg

Whereby:

• Fbottom - the force exerted by the water on the the bottom face of the control volume normal
• Ftop - the force exerted by the water on the top face of the control volume
• Fg - weight of the control volume

Fbuoyancy = ρwg∆hA− (Vbρb + Vwρw)g

Whereby:

• h - height of the control volume
• A - area of a single face of the cubical control volume
• ρw - density of water
• ρb - density of air
• Vw - volume of the water within the control volume
• Vb - volume of the air bubble
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After further expansion of the formula above and substitution of numerical values the buoyancy is cal-
culated to be in the order of 10−5 N.

Finally, the order of magnitude of the surface tension effects is estimated through the following back of
the envelope calculation.

Fst ≃ γP

Whereby:

• Fst - downwards force on the bubble due to surface tension effects
• P - perimeter of the contact area between the bubble and the flow channel

After numerical substitution, Fst is estimated to be in the order of 10−3, which is larger than the esti-
mated value for the bubble’s buoyancy. Meaning, that the presumption of bubbles remaining in the
stack during operation is feasible.

Ultimately, this result implies that at any given moment the exact volume of the liquid solutions within
the various flow compartments is unknown, leading to increased uncertainty of various experimental
outcomes.

Visualization of Air Bubble Contamination Effects
During the operation of the stack, hydrogen is produced at the cathode, whilst oxygen is produced at
the anode. As this happens, a part of these gasses remains ”stuck” within the flow channels, as pre-
viously established. Furthermore, throughout the course of this research it has been observed on a
number of occasions that air can enters the four different flow compartments through improper sealing
of the pump heads, adding to the accumulation gas.

During this accumulation a small part of the flow channel solutions get pushed out of the stack. In turn,
this increases the volume of the solutions in the beakers, to which the flow compartments are connected.
This poses an issue, since the volumes of these solutions are later utilized in mass balance calculations,
which are used to determine the overall effectiveness of the design.
In this section, a visualization of the bubble accumulation is given. This is done through the conduction
of an experiment, whereby the sum of the volumes within the different flow compartments is monitored
for a prolonged operation of the stack.

Starting parameters

In this experiment the cell is operated in a manner that is similar to its operation during the actual metal
recovery runs. The parameters of which are summarized below in table 5.6. Importantly, throughout
this test 4 milliliter samples are taken from each beaker at various time intervals, which, in turn, are
required for a separate analysis that is independent of this experiment. Because of this, the sum of the
volume within the beakers is expected to decrease with time.



5.1. Preliminary Tests and Results 31

Table 5.6: Experimental parameters for the bubble contamination experiment. This experiment is set up in order to quantify the
maximum bubble accumulation within the stack and is frequently referred to in subsequent uncertainty analyses.

Experimental parameters Value
Projected electrode area 100 cm2

Applied voltage 12 V
Initial total volume 1400 ml

Flow rate in acid recovery, feed and metal product
compartment 48 ml/min

Flow rate in electrode rinse compartment 100 ml/min
Starting composition of feed compartment 1M HNO3, 1.7 %vol H2O2, 1 g/L LCO

Starting composition and volume
of product compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of acid recovery compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of electrode rinse compartment 500 ml 0.25 M Na2SO4 solution

In the experiment the volumetric sums are recorded in two steps. Firstly, the volume within the beakers
is measured. Secondly, a fixed value of the total volume of the space within the tubes and the electrodi-
alytic compartments is added. Since this added term may contain both liquids, as well as a significant
portion of gas, generated at the electrodes or supplied to the stack by faulty pump heads, the actual
measurement of total volume is expected to differ from the recorded value.

Results
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Figure 5.4: Visualization of the gas bubble contamination within the stack during operation. The starting parameters for this
experiment are displayed in table 5.6. The blue plot represents the recorded volume of the sum of the electrodialytic solutions,
which include the effects of the bubble contamination. The dotted red plot represents the expected sum of the solutions in case
there is no contamination. The difference between these plots is used to quantify the total volume of gas accumulated within

the stack during operation.

Figure 5.4 displays the outcomes of the experiment. In it, the red plot represents the expected sum of
the volumes, contained within the different beakers, flow compartment and tubing.

At time = 0 h, this plot represents the total volume, immediately after the cell has been filled. If no air
bubbles, “stuck” between the flow compartment walls would exit the stack over time, then this volume
would remain constant. Or, to be more precise, decrease only due to the fact, that samples have been
taken from the beakers at different time intervals. This explains why the expected volume in figure 5.4



5.1. Preliminary Tests and Results 32

decreases in time, instead of remaining constant.

The blue plot in figure 5.4, shows the physically recorded sum of the volumes. As displayed, this plot
doesn’t exactly follow the expected values. Instead, it deviates from the expected plot by a maximum
of 50 milliliters at the timestamp of 3 hours. Since the meshed part of the flow channels of the electrode
rinse compartment contains a total of 110 milliliters, this result effectively implies, that after 3 hours 45
percent of the meshed flow channel parts are occupied with gas bubbles.

Finally, it is noted that throughout the course of this research the difference between the expected
and the recorded sum of the liquids contained within the beakers has never exceeded 50 milliliters.
Therefore, for all subsequent analyses this value is taken as an upper bound for the uncertainty in the
recorded volume of the electrode rinse compartment.

Volumetric Changes During Operation
Throughout the cell’s operation ions get redistributed within the various electrodialytic compartments.
As a result of this, the chemical potential of the different solutions change continuously, which, in turn,
act as a driving force for a redistribution of solvent between the electrodialytic chambers. Furthermore,
the volumes within the compartments throughout operation of the stack can be significantly influenced
by the differences in electrochemical drag coefficients for the different ions. In order to display how the
volumes within the various compartments change during operation the following experiment has been
set up.

Starting parameters

The starting parameters for the visualization experiment are displayed below in table 5.6 and are rea-
sonably representative of the starting parameters for the optimized mode of operation for the stack.

Crucially, it must explicitly be stated that the purpose for the conduction of this experiment is in actual-
ity twofold. In the first place, the experiment is conducted for the purpose of visualizing the chemical
potential effects, the results of which are displayed in this section. In the second place, the experiment
is conducted in order to analyze metal recovery at a voltage supply of 12 volts, the results of which are
discussed at a later point in section 5.3. Unfortunately, this second purpose demands the removal of
samples from the various electrolytic compartments during the experiment, which significantly compli-
cates a clear representation of the volumetric changes.

Table 5.7: Experimental parameters for the visualization of the solvent redistribution during operation.

Experimental parameters Value
Projected electrode area 50 cm2

Applied voltage 12 V
Initial total volume 1400 ml

Flow rate in acid recovery, feed and metal product
compartment 48 ml/min

Flow rate in electrode rinse compartment 100 ml/min
Starting composition of feed compartment 1M HNO3, 1.7 %vol H2O2, 1 g/L LCO

Starting composition and volume
of product compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of acid recovery compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of electrode rinse compartment 500 ml 0.25 M Na2SO4 solution
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Results
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Figure 5.5: Visualization of the changes in the recorded volume during operation. The blue plot represents the recorded sum
of the electrodialytic solutions, which include the effects of gas contamination. The orange plot represents the expected sum of
the solutions in case there is no contamination present. The orange plot decreases with time due to the fact that samples are

taken from the different solutions throughout the experiment.

Figure 5.5 displays the recorded volume of the sums of the solutions within the various electrodialytic
compartments. To clarify, these sums account for the total volume of the liquids consumed in the ex-
periment. Meaning, that they take into account a total of the solutions within the beakers, the stack and
the tubing.

The sums are recorded in two steps. Firstly, the volume within the beakers is measured. Secondly, a
fixed value for the total volume of the space within the tubes and the electrodialytic compartments is
added. This added term may contain both liquids, as well as a significant portion of gas, generated at
the electrodes or supplied to the stack by faulty pump heads, which makes the exact measurement of
the volume within a certain compartment a challenge. To be specific, when air bubbles contaminate
the stack a significant portion of liquid is forced out of the stack into the beakers, which consequently
leads to measurements that are above the actual value for the volume contained within a specific com-
partment.

Finally, the orange line in figure 5.5 accounts for the fact that samples are removed from the different
compartments throughout the course of the experiment and represents a calculated estimate of the
true total volumetric sum.
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(a) Acid recovery compartment
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(b) Feed compartment

0 0.5 1 1.5 2 2.5 3
290

295

300

305

310

315

320

Time (h)

To
ta
lr
ec
or
de
d
Vo

lu
m
e
(m
L)

Recorded Volume
Without vol. changes

(c) Metal recovery compartment
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Figure 5.6: Volume changes in various electrodialytic compartments during operation. The starting parameters for this
experiment are displayed in table 5.7. The blue plots represent the recorded volume of the solutions within the elctrodialytic
compartments. The error bars of the blue plots account for the uncertainty generated by the stack’s gas contamination. The

red lines showcase the predicted volume of the solutions in case no solvent is redistributed during the experiment.

Figure 5.6 displays the volume changes of the solutions within the four different electrolytic compart-
ments. In these figures, the red lines represent expected volumes of the solutions in the fictitious case
that no solvent transport between the compartments takes place. In addition, the decreasing trend of
the red lines is purely a result of the fact that samples are removed from the beakers at different points
throughout the experiment.

Meanwhile, the blue lines in figure 5.6 represent the physically recorded volumes. Importantly, the blue
plots in figures 5.6a and 5.6a extend above the red ones, which implies that the volume of the solu-
tion within the acid recovery and metal product compartments increase during operation of the stack.
Meanwhile the opposite effect is observed in figure 5.6b.

The trends in the volume changes can be clarified in the following manner. During operation of the
stack, ions within the feed compartment get depleted. To be specific, anions shift from the feed com-
partment to the acid recovery compartment, whilst cations move to the metal product compartment.
Subsequently, through a combination of effects from electro-osmotic drag coefficients and changes in
chemical potential differences part of the feed solvent gets depleted into its neighboring electrodialytic
chambers.
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Visualisation of Donnan Dialysis
The aim of this section is to display the Donnan Dialysis effects between the feed and metal recovery
compartments. Ideally, these effects would be portrayed as a result of a distinct experiment, which
would resemble the predicted outcomes of the diffusion displayed in figure 3.2. In order to achieve
these results, however, the experimental design should be simplified to a configuration with fewer flow
compartments and/or fewer ionic species. Otherwise, confusion would arise about the direction and
magnitude of these migrations.

However, due to time constraints, the conduction of an experiment with a simplified design configura-
tion is eluded. Instead, this report provides an admittedly weak visualization of Donnan Dialysis effects,
that are inferred from changes in concentration within the compartments of the more complex setup.
Furthermore, the visualization is complicated by the fact that this research has failed to set up an ex-
periment with logical starting parameters. Due to the ever-present time constraints, this report utilizes
the outcomes of a more important experiment, that has been allowed to come to completion, as the
starting parameters for the visualization of the Donnan Dialysis instead.

For the purpose of coherence, some relevant starting parameters of the experiment that has been
conducted first are displayed below in table 5.8. The other starting parameters, however, should be
inferred from the results displayed by the first timestamp in figure 5.8, which showcases the complete
diffusion of ions throughout the cell the final experiment.

Starting parameters

Table 5.8: Experimental parameters for the visualization of the Donnan Dialysis effects.

Experimental parameters Value
Projected electrode area 50 cm2

Applied voltage 0 V
Flow rate in acid recovery, feed and metal product

and electrode rinse compartment 0 ml/min

Starting composition and volume
of feed compartment 300 ml of 1M HNO3, 1.7 %vol H2O2

Starting composition and volume
of product compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of acid recovery compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of electrode rinse compartment 500 ml 0.25 M Na2SO4 solution

Results

Figure 5.7 shows the concentration of the hydrogen and sodium ions within the feed and metal recovery
compartments at different times. The metal product compartment in the figure displays a decrease of
sodium ion and an increase of the hydrogen ion concentration. In order for the desired Donnan Dialysis
to be observed, the opposite trend in concentration within the feed compartment should be presented,
just like in figure 3.2. However, even though the concentration of the sodium ion in the feed compart-
ment is shown to have decreased, the hydrogen concentration is shown to have slightly increased.

The reason for this, however, is unlikely to disprove desired Donnan Dialysis. Rather, this surprising
result is a probable consequence of the cell’s complex configuration. As showcased in figure 5.8, hy-
drogen ions could have diffused from the acidic to the feed compartment first through the AEM, before
further diffusing into the metal product compartment through the CEM. Consequently, no decrease in
hydrogen concentration within the feed compartment is observed.
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Figure 5.7: Visualization of the Donnan dialysis effects. The starting parameters for this experiment are displayed in table 5.8.
The figure displayed a part of the BPMED setup, showcased fully in figure 3.1.

All in all, the results presented in figures 5.7 and 5.8 are likely to suggest that the pH within the metal
product compartment can indeed be altered through Donnan Dialysis. However, more research is re-
quired in order draw robust conclusions about the rates, advantages and limitations of this technique.
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pH Measurement Techniques
An indirect goal of this research, eluded in the introductory chapter, is to maximize its overall scope
within the time frame in which it is conducted. The performed experiments, therefore, are set up in a
manner which allows for efficient, yet valuable data collection. One distinct way, in which the study
achieves this, is through the use of elaborate, but automated data analysis techniques. An example of
which is displayed in this section.

To a large extent, this study researches the influence of various parameters on the migration of ions in
the context of BPMED. Subsequently, the study uses the acquired data for the purpose of establishing
favorable parameters for lithium, cobalt and acid recovery from leached LCO cathode material in the
BPMED system.

In order to analyze the migration of ions throughout the experimental part of this research, the use of
ion-chromatography and mass-spectroscopy is required. To be precise, ion-chromatography is needed
to determine the concentration of the NO−

3 , Cl−, Na+ and SO4−2 ions within the different electrodialytic
compartments, whilst mass spectroscopy is required for the recording Co2+ and Li+ concentration. Fi-
nally, pH measurements need to be conducted in order to determine the H+ concentration. This step,
as has been shown in practice, is time-consuming. Since the volume of the acquired test-samples is
small, about 4 milliliters, the tip of the pHmeter cannot be properly stirred in the sample. As a result, the
time required for a substantial amount of H+ ions to diffuse to the location of the pH meter’s electrodes
increases, forcing an accurate measurement to take about 8 minutes per sample.

Therefore, where possible, the H+ concentration has been determined differently. Since the total con-
centration of all other ionic species present within the system are systematically acquired through ion-
chromatography and mass-spectroscopy, the difference in the total number of positive to negative
charges can be calculated and used to infer the H+ concentration. This statement is a consequence
of the law of electroneutrality, a proof of which is showcased in this section.
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Figure 5.9: Verification of the analytical pH calculations. The lines represent the analytically determined pH values of the
different electrodialytic solution during a particular experiment. The square points display the recorded pH values of the

solutions through the use of a pH meter.

Figure 5.9 displays the recorded pH results of an experiment, the starting parameters of which are
displayed in table 5.6, but the purpose of which is irrelevant for this section of the report. Here, only the
effectiveness of the mentioned measurement technique for the hydrogen ion concentration (and hence
also the pH) is of concern. In figure 5.9 the various graphs represent the measured pH of the various
compartments through means of the analytical method. In turn, the squares in figure 5.9 display the
physically recorded pH values by a pH meter.
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As shown, the physically recorded measurements correspond well with the analytically predicted ones,
implying that the chosen analytical method is indeed effective.

Finally, in figure 5.9 the error bar for the analytical pH measurement for the feed compartment at a time
stamp of t = 0 is disproportionally large, when compared to the other errors in the figure. This error
arises from the manner in which the pH is calculated and, consequently, the way in which the error
propagates throughout this process. The step, which contributes most to this value the most, is the
conversion of the H+ concentration into it’s respective pH value, as is explained in further detail below.

The starting point for the explanation the formula for the pH in terms of proton concentration.

pH = − log(H+)

Whereby:

• H+ - refers to the proton concentration

Next, the uncertainty for the proton concentration is converted into the uncertainty for the pH through
a Taylor expansion about the operation point.

upH =
d(pH)

d(H+)

∣∣∣∣
H+=H̄+

× uH+

Whereby:

• upH - uncertainty in pH
• uH+ - uncertainty in H+ concentration

upH =
1

ln 10
× 1

x

Finally, the derived formula is able to clarify the error bars in figure 5.9, showing that the uncertainty in
the pH increases with increasing proton concentration.

Precipitate Analysis
In chapter 3 one of the primary technological challenges of this research has been outlined. It stated
that the electrodialytic system, built for the purposes of this thesis, must ensure the complete dissolu-
tion of metal ions in all of its compartments. In addition to this, the chapter implied that if a precipitate
in the product compartment was to form anyways, it would likely take the form cobalt hydroxide. This
hypothesis is significant, as solubility data for cobalt hydroxide can be extracted from scientific literature
and used to determine favorable starting and operational parameters. The data that this research has
relied on most is the work conducted by Gayer and Garrett [47].

However, throughout the early experimental phase a precipitate has been observed to form in spite of
the data provided by Gayer and Garrett. As a result of this, X-ray diffraction had to be used in order to
determine the exact composition of the precipitate. The process for which is seen as the main objective
of this section.

Starting parameters

In order to produce a substantial amount of precipitate in the product compartment, a separate exper-
iment has been set up. The starting parameters of which are displayed in table 5.9. Importantly, the
starting composition of the feed solution for this experiment contains an increased amount of leached
LCO material, which allows for more precipitation.
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Table 5.9: Experimental parameters for the increased generation of cobalt precipitate.

Experimental parameters Value
Projected electrode area 100 cm2

Applied voltage 12 V
Flow rate in acid recovery, feed and metal product

compartment 48 ml/min

Flow rate in electrode rinse compartment 100 ml/min
Starting composition of feed compartment 1M HNO3, 1.7 %vol H2O2, 30 g/L LCO

Starting composition and volume
of product compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of acid recovery compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of electrode rinse compartment 500 ml 0.25 M Na2SO4 solution

After sufficient precipitate is formed, the precipitate is filtered out from the product compartment and put
forward towards the XRD measurements. Note, that the filtering process was complex and required
various troubleshooting steps, which are explained later in the section 5.2.

Results

The precipitate was formed as a dark-brown paste and was deposited and dried on a Si510 zero-
background wafer. Subsequently, the sample was analysed with the use of a Bruker D8 Advance
diffractometer.

Table 5.10: XRD results for the precipitate, frequently found within the metal product compartment.

Compound name Formula
Heterogenite-3R,syn Co+3O(OH)

Cobalt Oxide CoO2

The composition of the X-ray diffraction results are displayed in table 5.10 and imply that cobalt oxide
is formed within the metal product compartment instead of the predicted cobalt hydroxide. This result
is significant, as it implies that the cobalt oxidises from Co2+ to Co3+ in the course of the experiments.
Furthermore, since cobalt oxide is less soluble in acid than cobalt hydroxide this significantly reduces
the effectiveness of the proposed solution.

5.2. Problem Resolution and Troubleshooting Methods
During the early testing phase of the experimental part of this research a number of flaws in the ex-
perimental design have been identified and categorized into two distinct categories. The issues that
make up the first category are ones that have the potential to be solved directly through a simple trou-
bleshooting solution. In the second category, however, are problems that are inherent to the initial
design philosophy. A resolution of which would require a complete redesign of the overall setup.

The aim of this chapter, therefore, is also twofold. Firstly, the chapter illuminates various issues en-
countered during the experimental phase of this research and explains the changes made to the setup
in order to achieve their resolution. Secondly, the chapter presents the flaws, which have proven to
be inherent to the chosen design and cannot be solved directly. Here, the chapter shifts its focus to
explore the various experimental bounds, within which the effects of these issues are minimized or
bypassed completely.
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XRD measurement complications
Throughout the course of this research a number XRD measurements had been conducted in order to
establish the chemical composition of the formed solid precipitates, the most important result of which
is displayed in section 5.1 under the header “Precipitate Analysis”. A successful execution of these
measurements, however, has proven to be challenging due to a number of reasons. All of which, in-
cluding their respective resolutions are clarified in this section.

In order to aid coherence, the solution to the measurement complication is structured in the following
way. First and foremost, the report explicitly showcases the main issues that hinder a successful mea-
surement. After that, various attempts aimed at their respective resolutions are discussed. Finally, the
report presents the definitive process that leads to the desired outcome.

The confronted issues can be divided into three categories. The first category of issues stems from the
fact that the fine solid precipitate needs to be collected onto a separate and appropriate background,
like a silicon wafer. The second, from the fact that sufficient precipitate generation within the setup is
limited by the diaphragm pumps, since these aren’t designed to handle multiphase liquid and solid flow.
Finally, there are a number of solutions that are hindered by the fact that the precipitate needs to be
collected in a reasonably pure form, without any salt contamination.

In the initial measurement attempts, the solid has been collected through the process of vacuum filtra-
tion, which leads to issues of the first category. To be specific, throughout the vacuum filtration process
the cobalt precipitate seemingly intercalates with the filter paper, due to its fine nature. This makes the
subsequent removal of the solid onto the wafer impossible. Therefore, the method of collection through
vacuum filtration is abandoned, and a new approach is designed.

In the subsequent troubleshooting attempt, a mixture of the solid precipitate and its respective solvent
is collected into a beaker and left untouched for 12 hours. During this time, the fine solid particles collect
on the bottom of the beaker due to its higher density. After that, the solid particles (and some liquid)
is removed from the bottom of the beaker using a pipet and deposited onto a silicon wafer. Next, the
wafer is heated in order to evaporate the liquid, before the process is repeated. This method, however,
has led to issues of the second category, meaning that the collected cobalt precipitate is contaminated
with impurities to an extent, whereby an accurate measurement is no longer possible. An example of
such a measurement is displayed below in table 5.11.

Table 5.11: Intermediate XRD results for the precipitate, often found within the metal product compartment. The accuracy of
the results is limited by poor precipitate collection.

Compound name Formula
Halite NaCl

Sodium Cobalt Oxide Na0.34CoO2

Cobalt Oxide CoO1.72

Finally, in order to solve the issue associated with the salt contamination, the following process has
been designed. Namely, after removal of the solid precipitate (and some liquid) from the bottom of the
beaker using a pipet, the mixture is placed into a test tube, suitable for a centrifuge. Next, the mixture
ran through the centrifuge, which forces the precipitate to firmly stick to the bottom of the tube. This
hence allows the removal of the liquid in order for it to be replaced with demineralised water. If the
centrifuge process is subsequently repeated, the salt contaminants are dissolved into the new solvent,
thus purifying the problematic cobalt precipitate. This method of solid collection has proven to work
well and has lead to the successful results displayed earlier in table 5.10.

Leakage Analysis
The first experiments, conducted in this study, suffered from a consistent leakage problem. To be
specific, the solutions contained within the metal product and the electrode rinse compartment mixed
together after prolonged operation of the stack. Therefore, this section of the report focuses on clarify-
ing the exact issue in combination with its respective resolution.
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The structure of this section consists of three parts. Firstly, a number of ineffective troubleshooting
methods are showcased. Secondly, the origin of the leakage problem itself is reevaluated, through the
conduction of an important back-of-the envelope estimation. Finally, the report explores two applicable
solutions to the issue, yet clarifies that these solutions have a similar respective drawback.

Preliminary troubleshooting attempts

The initial troubleshooting attempts were conducted under the assumption that the leakage arose from
a failure in the BPM between the metal product and electrode rinse compartments. In the very first
try to resolve this, the BPM was simply removed from the stack and replaced with a fresh one. This,
however, solved the issue for a short period of time only.

The next troubleshooting attempt entailed a replacement of the BPM once again, but contained an ad-
ditional exchange of the utilized salt within the electrode rinse compartment from NaCl to Na2SO4. The
reason for which, stems from the fact that chlorine gas can be harmful to BPMs. And, since the issue
occurred at the cathode side of the stack, where chlorine ions could potentially be reduced to chlorine
gas, the exchange of salts seemed like a plausible solution. Which, in the end, didn’t resolve the leak.

Identification of gasket failure

After these initial troubleshooting attempts, the focus shifts from the realization of the troubleshooting
ideas to an in-depth investigation of the leak itself. Hereby, the stack is reviewed with increased caution
and, as a result, an observation is made about the state of the gaskets within the stack. Namely, it is
noticed that the EPDM gaskets surrounding the BPM look different from the others and contain traces
of thermal-like induced damage. A representation of which is displayed below in figure 5.10.

(a) Unperturbed gasket (b) Broken gasket

Figure 5.10: Display of working and broken EPDM gaskets

Figure 5.10a displays a healthy gasket, whilst figure 5.10b shows one of the damaged ones. In figure
5.10a the center cutout of the gasket is perceived as completely intact. Its edges seem to be flat and
stick properly to the ion exchange membrane below it. The cutout in figure 5.10b, however, displays
a wave-like profile and hence, implies signs of acquired heat or pressure damage. Regardless of the
exact nature of the failure, at this stage of the research the gasket failure is identified as the most prob-
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able cause of leak between the electrode rinse and metal product compartment. Subsequently, the
origin of the gasket failure itself requires investigated, as is done in the next.

Origin of Gasket Failure

In section 5.1 under the header ”Air bubble contamination: a feasibility analysis” the feasibility of bub-
ble accumulation within the different flow channels has been investigated and confirmed. Importantly,
section 5.1 proved through a back-of-the envelope calculation that the surface tension effects of the
bubbles are in roughly the same order of magnitude of the bubbles’ buoyancy effects. Meaning, that
without significant liquid flow rates through the flow channels, these bubbles may remain within the
stack and cause a pressure build up. This theory is further supported by the location of the gasket
failure. Namely, close to the cathode, where the hydrogen evolution reaction occurs. Which, in the
case of this design configuration, produces the most gas by volume.

Theory validation

In order to confirm the theory fully the following feasibility analysis is conducted. Within it, the volumetric
hydrogen production rate is compared to the volumetric flow rate through the electrode rinse compart-
ment. Whereby, similar orders of magnitude would effectively verify the validity of the hypothesis.

The first step of the feasibility analysis notes that throughout the majority of experiments conducted
within this research, the electrode rinse compartment maintained a slightly alkaline condition. There-
fore, the following equations for the reactions at the electrodes displayed below.

4OH− = O2 + 2H2O + 4e− (5.1a)
4H2O + 4e− = 2H2 + 4OH− (5.1b)

Next, it is noted through reaction 5.1b that 1 mol of hydrogen gas is produced per 2 electrons supplied
by the potentiostat. Subsequently, it is possible to deduce the number of hydrogen moles produced at
the cathode per unit of time by converting the current supplied to the stack into the number of electrons
per unit of time.

Step 1: I
[e
s

]
=

1

1.6× 10−19
× I

[
C

s

]
Whereby:

• I - current
• e - unit of elementary charge, amounting to 1.6× 10−19 Coulombs
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Whereby:

• Ḣ2 - hydrogen production rate
• Na - Avogardo’s constant, amounting to 6.022× 1023 particles per mole
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After the substitution of values into the above equations, the maximum time required in order for the
problem flow compartment is found to be around 30 seconds. In the meantime, the time required for
the pumps to refresh the solution within the same compartment is found to be in the same order of mag-
nitude, 25 seconds. Implying, that the bubbles are indeed likely to remain stuck within the chamber’s
mesh, causing a pressure build-up and the subsequent gasket failure.
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5.3. Design Optimization
In previous sections of this chapter the preliminary tests and results, and the various troubleshooting
methods have been displayed. As a result of which, a working design has been developed within a
specific range of operational parameters. In this section of the report, the research further improves
this setup through investigating the effects of different variables on the desired outcomes.

This process, as will be clarified later, is complex in nature for a number of reasons. Firstly, the de-
sign setup is in itself quite complex due to the presence of multiple compartments, each containing
different solutions. By optimizing one parameter, therefore, another might be worsened. Secondly, the
optimization steps are complicated by the physical scale of the BPMED setup. Due to its size, the time
it takes for an experiment to come to completion is reasonably large, which consequently lowers the
total number of experiments that can be conducted within the timeframe of this study.

Next to a display of the optimization steps, therefore, this section focuses on a clarification of the
motivation behind the strict selection of the conducted experiments and the ranges for the optimized
parameters.

Volume influence on acidity

One of the main research objectives of the experimental phase of this research is the minimization of
the pH within the metal product compartment. By achieving this the potential number of cobalt ions in
dissolved form within the compartment is increased, which ultimately leads to an improved recovery
efficiency.

In an initial attempt to optimize this, the influence of the starting volumetric ratio between the feed and
metal product solution on the acidity of the solutions within the different compartments is investigated.

Starting parameters

In order to ensure that the experimental outcomes are a direct consequence of the change in the vol-
umetric starting ratio all other experimental variables are, where possible, controlled and displayed in
table 5.12.

Table 5.12: Controlled variables for the optimization of the feed to metal product solution ratio.

Controlled variable Value
Applied voltage 12 V

Projected electrode area 100 cm2

Flow rate in all compartments 48 ml/min
Starting composition of feed compartment 1M HNO3, 1.7 %vol H2O2

Starting composition and volume of product compartment 300 ml of 0.5 M NaCl solution
Starting composition and volume of acid recovery compartment 300 ml of 0.5 M NaCl solution
Starting composition and volume of electrode rinse compartment 400 ml 0.5 M NaCl solution

In order to conclude if the volumetric ratio has an effect on the acidity within the metal product compart-
ment efficiently, a significantly large difference in the independent variables is chosen, as displayed in
table 5.13.

Table 5.13: Independent variable for the optimization of the feed to metal product solution ratio.

Independent variable Value in first trial Value in second trial
Ratio between the feed and the product compartment 1:1 (300 ml : 300 ml) 5:1 (1500 ml : 300 ml)
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Results
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Figure 5.11: Visualization of the relationship between the feed to metal product volume ratio on the acidity of the different
compartment solutions. The starting parameters for this experiment are showcased in tables 5.12 and 5.13.

The results of the conducted experiments are displayed above in figure 5.11. Interestingly, figures
5.11a and 5.11b showcase that the changes in the volumetric ratios barely influence the acidity of the
acid recovery and metal product compartment respectively throughout the duration of the experiment.

In an attempt to clarify this outcome, the proton’s molar flux through the CEM is expressed through
the Nernst-Planck equation. Taking the model proposed by MacGillivray, which assumes the Nerst-
Einstein relation and neglects the the contributions from bulk flow of water, relationship simplifies to the
form displayed in equation 5.2 [48].

Ji = (
Di

RT
)Fci(

dϕ

dx
)−Di(

dci
dx

) (5.2)

Whereby:

• Ji - flux of the ith species
• Di - diffusion coefficient of the ith species
• ϕ - electric potential
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• F - Faraday’s constant
• R - universal gas constant
• T - temperature

Next, the terms dϕ
dx and

dci
dx are expanded to ∆ϕ

µ and ∆c
µ respectively, whereby µ refers to the thicknes of

the CEM. Next, since the membrane resistance is provided by the manufacturer, ∆ϕ can be estimated
through ohm’s law. Finally, a subsequent substitution of appropriate values leads to an estimated value
of the ∆ϕ term of around 0.25 V.

Moving on, the magnitude of the two terms on the right side of equation 5.2 are compared. To do this,
the equation is first rewritten into the form displayed below.

Ji = Di[(
1

RT
)Fci(

∆ϕ

µ
)]−Di[(

∆ci
µ

)]

The order of magnitude of the terms displayed in the square brackets within the given equation can
now be estimated. Through a substitution of the relevant parameters, the first term is estimated to
be a factor 10 larger than the second. Meaning, that the dominant form of ion transport is due to the
electro-osmosis.

By following the simplification of the Nernst-Planck relation as proposed by MacGillivray, the ci term
in the left part of equation 5.2 can be taken as the proton concentration within the feed compartment
[48]. Looking at the data implied by figure 5.11, the proton concentration within the feed compartment
changes by a factor of roughly 60 % within 60 minutes in a reasonably linear manner. If the average flux
between the feed and metal product compartment is calculated at the average proton concentration
within the feed compartment during the experiment, namely at the 30 % mark, a similar proton concen-
tration increase should be observed within the metal product compartment, shown in figure 5.11. This
however, doesn’t happen.

Therefore, this research notes that the influence of the volumetric ratio between the feed and metal
product compartment has little effect on the acidity of the product compartment. Simultaneously, this
study underlines that more effort is required to explain this outcome. Or, perhaps, the experiments
should be repeated in order to verify the reliability of the displayed results.

Supply voltage influence on metal transfer rate
In order for the lithium and cobalt ions to effectively penetrate the CEM between the feed and metal
product compartments, a sufficiently large potential difference has to be applied to the stack. There-
fore, the goal of this section is to investigate the minimum supply voltage required to achieve effective
metal recovery. In addition to this, the supply voltage is expected to have a profound effect on the
membrane’s selectivity. Results of which are also analyzed from the experimental outcomes displayed
in this section.

Starting parameters

Ideally, all the experimental parameters apart from the independent and dependent variables in this
optimization step would be controlled. However, in lieu of time constraints, the potential number of
experiments that can be completed within this study is limited, which forces some investigations into
the dependence of experimental outcomes on different variables to be conducted simultaneously. As a
result of this, the amount of the leached cathode material in this experiment could not be held constant,
as shown in table 5.15. Nonetheless, the report notes that the values in table 5.15 are in the same
order of magnitude, which indirectly implies that the experimental outcomes for the metal’s respective
recovery efficiencies should still be reliable.

Apart from the controlled variables stated in table 5.14, the starting composition of the feed compart-
ment could have been controlled. However, due to the trial and error type of experimentation in the
early stages of this research, the LCO solid to liquid ratio has been decreased.
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Table 5.14: Controlled variables for the optimization of the supply voltage.

Controlled variable Value
Projected electrode area 100 cm2

Flow rate in all compartments 48 ml/min
Starting composition of feed compartment (not including LCO) 1M HNO3, 1.7 %vol H2O2

Starting composition and volume of product compartment 300 ml of 0.5 M NaCl solution
Starting composition and volume of acid recovery compartment 300 ml of 0.5 M NaCl solution
Starting composition and volume of electrode rinse compartment 400 ml 0.5 M NaCl solution

Table 5.15: Other variables for the optimization of the supply voltage.

Other variables Value in trial 1 Value in trial 2
Starting LCO concentration in feed compartment 12 g/L 3.3 g/L

Table 5.16: Independent variable for the optimization of the supply voltage.

Independent variable Value in trial 1 Value in trial 2
Applied voltage 6 V 12 V

Results
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(b) Metal recovery at 12V

Figure 5.12: Metal recovery changes due to variations in the supply votlage. The starting parameters for the this experiment
are displayed in tables 5.14, 5.15 and 5.16.

Figures 5.12a and 5.12b display the metal recovery percentages for lithium and cobalt for a supply
voltage of 6 and 12 volts respectively.

Firstly, it is observed that the lithium recovery at 12 V is significantly higher than at 6 V. Whilst it may
be concluded that a higher voltage leads to faster recovery, definitive statements about the absolute
numeric increase should be eluded due to the fact that the starting LCO concentration in the feed has
not been controlled in this experiment.

Secondly, it is noted that the selectivity changes with an increase in the applied potential difference,
which could be the result of a number of factors. For instance, this outcome could be a consequence
of the fact that the electronegativity of cobalt is higher than that of lithium. Meaning, that a higher ap-
plied voltage is required to separate the ion from its nitrate and subsequently force it through the CEM.
Alternatively, the selectivity change could be a result of the fact that the cobalt ion is more positively
charged. Which implies that in order for the electroneutrality to be conserved within the metal product
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compartment more monovalent cations need to be pushed out, or more hydroxide ions need to be sup-
plied to the compartment by the BPM. Finally, the result could also stem from the fact that the depletion
of the protons from the feed compartments is more rapid at 12 V, which ”frees up” space for other ions,
such as the lithium and cobalt to be transported

Pulsating Current Influence on Acidity
In section 5.2 under the header “Gasket Failure” an important issue surrounding the excessive gas
generation at the electrodes has been investigated. This section, in turn, presents an attempt at the
problem’s respective resolution.

To be specific, this section aims to investigate whether shifting the supply voltage, applied to the cell,
from constant to pulsating could resolve the issue. The frequency of the pulsation is chosen in a way
that would allow for sufficient time for the bubbles to be removed from the stack, before the voltage is
turned on again. The full estimation of which is provided in the appendix.

Table 5.17: Controlled variables for pulsating current solution.

Controlled variable Value
Applied voltage 12 V

Projected electrode area 100 cm2

Flow rate in all compartments 48 ml/min
Starting composition of feed compartment 1M HNO3, 1.7 %vol H2O2

Starting composition and volume of product compartment 300 ml of 0.5 M NaCl solution
Starting composition and volume of acid recovery compartment 300 ml of 0.5 M NaCl solution
Starting composition and volume of electrode rinse compartment 400 ml 0.5 M NaCl solution

The controlled variables for the two conducted experiments are displayed in table 5.17. The indepen-
dent variable, the supplied voltage, is altered from constant in the first trial pulsating in the second,
whereby the supply voltage is switched on and off every 15 seconds.

Results
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Figure 5.13: Acidity changes due to a pulsating voltage supply. The starting parameters for the experiments are displayed in
table 5.17.

Figure 5.13a displays the acidity within the electrodialytic compartment during the constant voltage sup-
ply mode of operation, whilst figure 5.13b displays the results during the pulsating one. Interestingly,
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the pulsating voltage supply seems to influence the acidity of the various compartments very strongly.

Referring to the Nernst-Planck relation shown in equation 5.2 a trivial prediction about how the pulsat-
ing flow should influence the acidity of the compartments can be made. Namely, since the voltage
supply is turned on for half of the duration of the experiment when compared to the constant mode of
operation, the proton transfer should decrease by a factor of 2. However, from figures 5.13a and refB
it is made clear that the concentration of the proton transfer rate is influenced differently.

Let’s take the metal product compartment pH of 0.6 at a time stamp of 1.5 hours in figure 5.13a, which
equates to a proton concentration of 0.25mol/L. According to our hypothesis, this pH should bematched
at a timestamp of 3 hours in figure 5.13b. However, the recorded pH at this timestamps equals 1.2,
which equates to a proton concentration of only 0.06 mol/L, a rough factor 5 lower than expected.

Whilst the true reason for this trend deserves further investigation, at this stage of the research it is sim-
ply noted that the pulsating voltage supply is not to be seen as an appropriate solution to the excessive
gas generation issue.

Pulsating current influence on metal transfer rate
Under the previous header “Pulsating Current Influence on Acidity” a conclusion has been drawn about
the ineffectiveness of the pulsating voltage supply as a method to solve the gas related problems.
Nonetheless, an interesting observation can be made about the metal recovery effectiveness during
this attempt, which is the main focus of this section.

Since the metal recovery results are a direct result of the experiment described in table 5.13, a repeti-
tion of the experimental procedure is eluded.

0 0.5 1 1.5 2

0

5

10

15

20

25

30

Time (h)

M
et
al
re
co
ve
ry
(%

)

Lithium
Cobalt

(a) Metal recovery at a constant voltage supply

0 0.5 1 1.5 2 2.5 3

2

4

6

8

10

12

Time (h)

M
et
al
re
co
ve
ry
(%

)

Lithium
Cobalt
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Figure 5.14: Metal recovery changes due to a pulsating voltage supply. The starting parameters for the experiments are
displayed in table 5.17.

For convenience, figure 5.14a displays a copy of metal recovery efficiency shown earlier in figure 5.12b.
Meanwhile, figure 5.14b displays the results for the pulsating voltage mode of operation. What is most
interesting in these figures, is that the selectivity of the cobalt to lithium recovery seems to drastically
change.

Whilst a definitive statement about the reason for this occurrence would require more investigation, an
attempt at an educated guess can still be attempted. Namely, it is reasonable to assume that the back-
diffusion rate of lithium ions from the metal product to the feed compartment is higher than the rate of
the cobalt ions. This prediction is further supported by the results presented in figure 5.12, whereby
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the selectivity changed significantly towards lithium as the applied voltage is decreased.

Projected Electrode Area Influence on Acidity
This section displays a second attempt at the resolution of gas related issues. In the attempt, the hy-
drogen and oxygen generation at the electrodes is lowered through a physical decrease of the effective
electrode and membrane areas. In the context of BPMED, under a fixed voltage supply this change
would cause the current density in the system to remain constant and the current itself to decrease, as
displayed in figure 5.15.
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(b) Time-Current profile for an applied voltage of 12 V and a projected
electrode area of 50 cm2.

Figure 5.15: Time-Current profile for an applied voltage of 12 V and different projected electrode areas.

From figure 5.15b it is deduced that the average current density for a projected electrode area of 100
cm2 and a supply voltage of 12 V is roughly 4.7 A per 100 cm2, or 0.047 A/cm2. Meanwhile, the current
density for the same conditions, but a lower area in figure 5.15b is estimated to be 2.4 A per 50 cm2,
or 0.048 A/cm2, which proves the previously established hypothesis.

Since this result, however, is in contradiction with the relationship between the projected area and cur-
rent density in the context of electrolysis a small analysis of this statement is provided next.

To begin with, it is reasonable to assume that in the context of conventional electrolysis the determining
factor for the maximum current at a particular voltage arises from the maximum rate at which ions can
be supplied to the electrode. In the context of the BPMED setup, however, the current is most likely lim-
ited by the membrane’s area resistance Ω cm2. A variable, that is often provided by manufacturer’s in
“Na+ form”, which implies that the resistance is conventionally provided for a 0.5 M NaCl solution at stp
conditions. Therefore, if the membrane area is halved, so is the area resistance. Which, through Ohm’s
law, shown in equation 5.3, implies that the current is halved and the current density is unchanged.

V = I(
S

A
) (5.3)

Whereby:

• J - current density
• A - membrane area
• A - area resistance

Ultimately, after prolonged operation of the stack in the reduced projected electrode area configuration
it is concluded that the issues associated with the excessive gas generation has been solved. Thus,
the focus in this section can be shifted from the feasibility of the solution to its effectiveness, which is
seen as the motivation behind the experiments displayed next.
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Starting parameters

The controlled parameters for the two trials are displayed below in table 5.18, whilst the independent
parameter is shown in table 5.19. Crucially, it should be noted that the projected electrode area has
physically been changed by covering the cutouts within all of the utilised gaskets in the BPMED setup
with spare EPDM rubber in a manner that would minimize uneven current distribution.

Table 5.18: Controlled variables for the decreased area solution.

Controlled variable Value
Applied voltage 12 V

Projected electrode area 100 cm2

Flow rate in all compartments 48 ml/min
Starting composition of feed compartment 1M HNO3, 1.7 %vol H2O2

Starting composition and volume of product compartment 300 ml of 0.5 M NaCl solution
Starting composition and volume of acid recovery compartment 300 ml of 0.5 M NaCl solution
Starting composition and volume of electrode rinse compartment 400 ml 0.5 M NaCl solution

Table 5.19: Independent variables for the decreased area solution.

Independent variable Value in trial 1 Value in trial 2
Projected electrode area 100 cm2 50 cm2

Results

Figure 5.16a displays the outcome for the experiment conducted with a projected electrode area of
100 cm2, whilst figure 5.16b the results for half of that area. Most importantly, the figure showcase that
the acidity within the metal product compartment doesn’t reach a pH below 1 once the area is halved,
which significantly diminishes the potential the dissolution of cobalt ions.
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Figure 5.16: Acidity changes within the electrolytic compartments at different projected electrode areas. The experimental
parameters for the experiments are displayed in tables 5.18 and 5.19.

In a first attempt to clarify the results, this research has noted that the proton and hydroxide production
within the BPMs decreases with lower currents. This implies that in the metal product compartment
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the supply of hydroxide ions from the BPM decreases, ultimately causing an increase in pH. However,
this assumption is not observed from the results displayed in figure 5.16, but rather, the exact opposite
effect is noted.

Whilst further investigation into the clarification of the results is required, this research postulates that
the outcomes are a consequence of the fact that the diffusion rates due to Donnan Dialysis are sig-
nificantly lower than the diffusion rates due to electroosmosis. A more elaborate description of this
statement has been provided earlier in this section under the header “Volume Influence on Acidity”. In
fact, it has been estimated that diffusion driven by electroosmosis is a factor 10 larger than the Donnan
(diffusion) dialysis, which could potentially explain the observed trends.

5.4. Final Results and Implications
After the full resolution of issues associated with the initial design and subsequent optimization of ex-
perimental parameters, this section presents the most successful trial conducted in this research.

The section openswith an explanation of the chosen configuration and experimental parameters. There-
after, it presents the experimental outcomes and clarifies their broader implications. Finally, the section
states the overall conclusion for the research conducted in this report, providing answers to the research
questions stated in the opening chapter and offers recommendations for future research.

Final configuration and operational parameters

Area

The final design configuration utilizes a reasonably small projected electrode area, as displayed in ta-
ble 5.20. Whilst this relatively small area negatively impacts the rate of Donnan dialysis, it successfully
manages to save the gaskets from failing due to excessive gas generation.

Flow rates

The effect of flow rates on the metal recovery efficiency was not investigated in this study due to time-
constraints. Instead, this parameter has been held constant throughout the majority of this research in
order to minimize its interference with the other system optimizations.

Applied Voltage

Due to the decrease in the projected electrode area for this experiment, the limit for the supply voltage
is shifted upwards. Which, if utilized, would cause faster metal ion migration.

Nevertheless, in the final design configuration the voltage is kept at the 12 volts mark. The reason for
this, is the fact that the acidity within the metal product compartment decreases at a reasonably slow
rate. This results in the cobalt precipitating if the voltage supply is increased.

Starting composition of feed compartment

In order to increase the acidity of the metal product compartment solution during operation of the stack,
the initial concentration of hydrogen ions within the feed compartment should be maximized. However,
this optimization is limited by a pH stability bound for the cation exchange membrane, below which the
membrane is expected to fail. Since this limit corresponds to a pH of 0, this acidity value is utilized
within the feed compartment solution in the final optimization step.

The hydrogen peroxide concentration within the feed solution is set to 1.7 % vol. This is the minimum
required value to ensure the reduction of the Co3+ ions to Co2+ ions within the leaching step. This, in
turn, greatly improves the leaching efficiency.
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Finally, the LCO concentration within the starting feed compartment solution is set to 3 grams per liter.
Through the use of data, acquired in the course of this research, this concentration is calculated to lead
to the maximum metal recovery.

Starting composition of acid recovery, metal product and the electrode rinse compartment solution

The starting solution for acid recovery and metal product compartments is set to constrain 0.5 M NaCl.
Whilst higher concentration of NaCl within the metal product solution increases the Donnan dialysis
effects, further optimization of this parameter has been eluded in lieu of time-constraints.

The starting electrode rinse compartment solution is set to contain 0.25 M Na2SO4. Importantly, the
use of chlorine ions in this compartment has been avoided in order to prevent the potential generation
of chlorine gas and subsequent damage to the BPMs.

Starting volumes

The starting volumes of the solutions utilized within the various electrodialytic compartments are mini-
mized in order to lower the time required for the separation process to come to completion.

Table 5.20: Experimental parameters for the optimized design configuration.

Experimental parameters Value
Projected electrode area 100 cm2

Applied voltage 12 V
Flow rate in acid recovery, feed and metal product

compartment 48 ml/min

Flow rate in electrode rinse compartment 100 ml/min
Starting composition of feed compartment 1M HNO3, 1.7 %vol H2O2, 3 g/L LCO

Starting composition and volume
of product compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of acid recovery compartment 300 ml of 0.5 M NaCl solution

Starting composition and volume
of electrode rinse compartment 400 ml 0.25 M Na2SO4 solution

Final Results
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Figure 5.17: Acidity outcomes for the optimized design configuration. The experimental parameters of which are displayed in
table 5.20.
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Figure 5.18: Recovery results for the optimized design configuration. The experimental parameters for this configuration are
displayed in table 5.20.

The results for the optimized experimental parameters are displayed in figures 5.18, 5.17 and 5.19.
Hereby, figure 5.17 showcases the acidity changes within the different compartments during operation,
figure 5.18 the mass of the Li+, Co2+ (or Co3+), H+ and NO3

− ions within the four electrolytic compart-
ments and figure 5.19 the complete overview of the acquired data.

First and foremost, it is observed from figure 5.17 that the pH within the acid recovery compartment
reaches a value of 0.2 at a timestamp of 3 hours. This acidity is higher than the initial acidity of the
feed solution. However, from the works conducted by Lee and Rhee, it is postulated that no significant
decrease in the leaching efficiency should be noticed if this acid was to be reused [44]. Next, figure
5.17 displays reasonably poor results for the pH decrease within the metal product compartment, as at
the final timestamp of 3 hours it doesn’t reach a value below 1.3.

Due to the poor transport of protons into the metal product compartment the oxidation of the Co2+ ion
significantly increases, which hence lowers the solubility limit of the subsequently formed cobalt pre-
cipitate. This statement can be confirmed by the results displayed in figure 5.18b, which showcases a
decrease in the total recorded cobalt mass.

Finally, the data in figures 5.18a and 5.18b can be used to derive that the cobalt and lithium recovery
after three hours is 22 and 14 percent respectively. This provides the proof of concept for the BPMED
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solution proposed in this report. Even though these recovery percentages seem inefficient, it is crucial
to emphasize that these numbers are a direct consequence of the physical limitations of the setup
utilized in this report, rather than the effectiveness of the concept as a whole.
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5.5. Conclusion and Recommendations
Conclusion
The main goal of the research presented in this report was to develop a working and scalable solu-
tion to the non-circular utilization of acids within the standard hydrometallurgical recycling route for
LIBs. In order to achieve this objective, the study first investigated the advantages and drawbacks of
state-of-the art electrochemical recycling methods within a literature review and proposed the use of
BPMED in combination with Donnan (diffusion) dialysis as a means to minimize the shortcomings of
this approach. Subsequently, the study postulated a research question and deconstructed it into three
distinct sub questions in order to guide a targeted and structured development of the proposed solution.

In the next part of this research a working prototype of the BPMED setup was built, tested and optimized
for the purpose of improved performance. In doing so, various troubleshooting methods were imple-
mented in order to solve a number of engineering issues. Whilst most of the issues were physically
resolved, other issues had proven to be inherent to flaws in the initial design and had to be bypassed
by careful adjustments of the experimental parameters instead.

In this section, the overall implications of the optimized design and final results are showcased through
an explicit answer to the study’s main research question. In doing so, the answer is implicitly structured
in a manner that closely resembles the layout proposed by the three established subquestions. Finally,
the report illuminates the shortcomings of the conducted research and concludes with a number of
recommendations for future research.

How to utilize bipolar membrane electrodialysis as a tool to recover lithium and cobalt from leached
LCO cathode material?

To the best of our knowledge, BPMED is the only electrochemical solution that allows for simultaneous
regeneration of lithium, cobalt, as well as the leaching agent from leached LCO cathode material in a
fully closed-loop manner. Meaning, that the use of this technology, contrary to its alternatives, does not
entail the consummation of additional material in order to effectively separate the valuable components
from its unnecessary constituents. Therefore, for a well-constructed development of the answer to the
research question it is crucial that the BPMED system be designed in a manner that maximises this
particular advantage.

Throughout the experimental phase of this research a number of key challenges, inherent to the pro-
posed solution, have been identified. The effectiveness of the solutions to these challenges, subse-
quently determines the overall effectiveness of BPMED setup as a means to recover valuable material
from spent LIBs as a whole.

One such challenge, identified early in the experimental process, is the tendency of the Co2+ ions
to oxidise within the metal recovery compartment and precipitate in the form of cobalt oxide. If left
untreated, this precipitation could eventually block exits and entrances to the flow chambers, create
uneven current distributions or break the diaphragm pumps utilized in the setup.

After careful investigation of the conditions aimed at increasing the solubility limit of cobalt oxide, this
research postulates the following statement: the only feasible solution to the precipitation issue that
simultaneously adheres to the closed-loop recovery objective, is the incorporation of Donnan (diffusion)
dialysis into the existing BPMED configuration. In doing so, protons from the feed compartment inter-
change with sodium ions from the metal recovery compartment, effectively decreasing the pH of its
respective solution.

Unfortunately, an accurate representation of the solution’s effectiveness was hindered by limitations of
the experimental setup. As confirmed by both theory and experimental results, in order for the Donnan
dialysis effects to be noticeable within the timeframe of a single experiment, the effective membrane
areas need to be increased beyond the capacity of the flow chambers. That is, if the Donnan dialysis
and the electro-osmosis are to be used simultaneously, rather than in sequence.
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Nevertheless, whilst this research fails to provide an accurate representation of the potential metal re-
covery efficiency that can be achieved through the integration of Donnan dialysis into BPMED, the study
successfully establishes a robust proof of concept. To be precise, within a timeframe of three hours,
the setup effectively lowers pH within the metal product recovery from neutral to 1.2, and manages to
respectively recover 14 and 22 percent of the lithium and cobalt initially present in the feed solution.
Furthermore, throughout the entire course of this research the BPMED setup has consistently proven
to successfully recover the leaching acid, easily reaching concentrations of around 0.6 M.

Having said that, this research underlines that the absolute amount of material that can be recovered
through the optimized setup is very low when compared to the absolute amount of required leaching
agent. Whilst this setup can be used to recover trace amounts of metal, as well as the leaching agent,
the scalability of this design leaves room for improvement. Consequently, in order to increase the scal-
ability potential additional optimization steps are required.

First and foremost, the membrane area needs to be increased in order to promote Donnan dialysis.
Secondly, the starting LCO concentration in the feed compartment must be tailored to the solubility
limit of the metal within the product compartment. Finally, it has been observed that the supply voltage
has a significant effect on the selectivity of the CEM and thus requires optimization.

Recommendations

The research conducted in this study led to the successful incorporation of Donnan dialysis into a
BPMED setup. In doing so, a viable solution to the excessive acid usage within the hydrometallurgical
recycling approach was demonstrated. The operational parameters utilized in this proof, however,
were not optimized to a level, whereby a techno-economic analysis of the BPMED setup would be
appropriate. Therefore, the study emphasizes that the conducted research contains a variety of areas
for improvement, which are summarized in this final section of the report.

1. Over the course of this research, the performance of the setup was optimized to a certain extent.
However, the effectiveness of this optimization was significantly hindered by the physical dimen-
sions of the stack. Firstly, as a result of the stack’s large parameters the experiments required
a significant amount of reactants, all of which needed the appropriate time for preparation and
disposal. Secondly, the stack was hard to fill and empty, as significant time and effort was re-
quired to operate it. Therefore, in order to simplify the investigation into the relationship between
certain operational parameters and the experimental outcomes, it is advised that a smaller cell
be purchased or made.

2. This research proved that BPMED can be used to recycle metal material from pure cathode
material. However, industrially leached LIB material is expected to contain a number of impurities,
the effect of which remains to be investigated. In all likelihood, the operational parameters of
the BPMED system would have to be adjusted in order to minimize the effects of the impurities.
Additionally, a more rigorous pre- and post treatment of the LIBs would be required.

3. In future research it is advised that the recovered leaching agent be reused in the experiments.
This quantifies the extent to which the purity and concentration of the recovered acid remains
stable. The process is especially relevant in case the conducted experiments permit the added
contamination of impurities into the feed solution.

Over the course of this research it was postulated that the precipitation of metal material in the BPMED
system would cause detrimental problems. Whilst this holds true for the design utilized in this study, it
is crucial to emphasize that alternative systems could be developed in order to support precipitation.

At this stage, it is not possible to preemptively determine whether such a system would turn out to
be more efficient than the one developed in this research. In most industrial systems precipitation
is avoided in order to minimize ohmic losses, fouling and other issues. Nonetheless, this research



5.5. Conclusion and Recommendations 59

showed that the requirement for the complete dissolution of metal material creates its own issues. Sub-
sequently, this study recommends that a different system, built specifically for the purpose of precipita-
tion, be developed in parallel to the one presented in this report. In an attempt to guide the successful
development hereof, the following recommendations are given.

1. The precipitated material should not be circulated within the alternative design. Rather, an en-
gineering solution should be developed outside of the stack in order to effectively remove solid
material from the loop that connects the system’s output to its input. Some type of quick filtration
process could be utilized for this aim, whereby the emphasis is laid upon the filtration’s rate, rather
than its efficiency.

2. It is advised that the electrolytic flow chambers, as well as the utilized tubing be widened in order
to prevent clogging.

3. The alternative design should not contain zones, which encourage the accumulation of precipitate
material. Especially within the stack itself, the use of sharp edges or corners should be avoided.
Additionally, this research recommends that the electrolytic solutions within the stack be pumped
from top to bottom, in order to reduce the force required to remove the solid material from the
setup.
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B
Python Code for Pusation Frequency

1 import numpy as np
2 import matplotlib.pyplot as plt
3 from scipy.interpolate import interp1d
4

5 I = np.linspace(0,10,31)
6

7 th = 1* (10**-1) #cm comp
8 Vol_comp = 10*10*th
9 Av = 6 * (10**23) # avogardos number
10 L = 22.4 # Liters/mol
11 e = 1.6 * (10**-19) #coulombs
12

13 c = np.zeros(len(I))
14 d = np.zeros(len(I))
15 mL_per_s_needed = np.zeros(len(I))
16 for i in range(len(I)):
17 a = I[i] / e #electrons/s
18 b = a/2 #Hydrogen atoms/s
19 c[i] = b / Av #Hydrogen mols/s
20 d[i] = (c[i] * L) * 1000 #hydrogen ml/s at different currents
21 print(d[i])
22

23

24 # Let's assume that I can take away 30 ml/s, because my pumps doesn't seem
25 # to be working properly.
26 V_take_away = 50 # ml/min
27 V_take_away = V_take_away/60 #mL/s
28

29 time = np.linspace(0,20,21)
30 Bub_prod = np.zeros(len(time))
31

32 def function1(blub):
33 for i in range(len(Bub_prod)):
34 Bub_prod[i] = time[i]*blub
35

36

37 Take_away = np.zeros(len(time))
38 for i in range(len(Take_away)):
39 Take_away[i]= V_take_away* time[i]
40

41

42 # How many bubbles are inside stack
43 bubbles_in_stack = np.zeros(len(time))
44 for i in range(len(time)):
45 bubbles_in_stack[i] = Bub_prod[i] - Take_away[i]
46

47 plt.figure(1)
48 plt.plot(time,Bub_prod, color = 'b')
49 plt.plot(time, Take_away, color = 'g')
50 plt.plot(time, bubbles_in_stack, color = 'k')
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51 plt.axhline(y=10, color='r', linestyle='--', label='Vertical␣Line')
52 plt.show()
53

54 interpolation_func = interp1d(bubbles_in_stack,time, bounds_error=False, fill_value="
extrapolate")

55

56 # Find x when y is 0.5
57 desired_y = 10 #ml
58 x_value = interpolation_func(desired_y)
59

60 return x_value
61

62 for i in range(len(I)):
63 function1(d[i])
64 print(function1(d[i]), 'at', I[i], 'A', '=Time␣required␣to␣break␣gaskets')
65

66 print(10/V_take_away, 'time␣required␣to␣fix␣stack')
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Nova Script for Optimized Setup
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D
ElectroMP Cell Data

Electrical Data
Projected electrode area, min [m²] 0.01
Projected electrode area, max [m²] 0.2

Current density, max [kA/m²] 4
Electrode gap range [mm] 2-16

Standard electrode gap [mm] 8
Stack Dimensions

Height [mm] 306
Width [mm] 182
Length [mm] >38

Pipe Connections
Connections Female ½’’ NPT

Electrolyte Flow Data
Number of flow compartments 4
Max electrolyte flow per module 20-80

Electrolyte flow per frame 1-4
Frame width 100 [mm]
Frame height 100 [mm]

Frame thickness 10[mm]
Mesh parameters 0.25 x 0.25 [mm x mm]

Flow in each cell [m/s] 0.5-50
Materials

Flow frame materials PP
Gasket material EPDM
Electrode material Pt on Ti
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