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Riassunto

Nell'ambito dello sviluppo sostenibile, I'urban mining dei rifiuti elettronici, in particolare delle
batterie agli ioni di litio (LiB), rappresenta una via fondamentale per soddisfare I’aumento della
domanda di materie prime critiche riducendo I'impatto ambientale. Le LiB, essenziali per i
veicoli elettrici e I'elettronica di consumo, hanno determinato un aumento previsto della
domanda di batterie, intensificando la necessita di un riciclo efficiente per mitigare la scarsita
di risorse e le conseguenze ambientali. Questa ricerca mira a risolvere le sfide e le opportunita
per un riciclo sostenibile delle LiB attraverso uno studio approfondito che include la revisione
della letteratura, I'ottimizzazione dei processi, valutazioni del ciclo di vita (LCA) e costi del
ciclo di vita (LCC) per massimizzare il recupero delle risorse con il minimo impatto

ambientale.

La prima fase dello studio prevede una revisione sistematica delle tecnologie di riciclo delle
LiB esistenti, con un‘attenzione particolare allo sviluppo di una linea di pretrattamento
decentralizzata in grado di gestire diverse chimiche di batterie. | passaggi essenziali identificati
per un‘elaborazione efficiente includono frantumazione, separazione per densita, essiccazione,
seconda frantumazione, riscaldamento con CaO, vibro-setacciatura, lavaggio e separazione
basata su flottazione, organizzati per ottimizzare il recupero dei materiali attivi delle batterie e

migliorare la compatibilita con diversi tipi di LiB.

Nella seconda fase, lo studio esamina le tecniche idrometallurgiche emergenti per il recupero
sostenibile degli ossidi metallici dei catodi, in particolare cobalto, nichel e litio. Attraverso
simulazioni e ottimizzazione dei processi come lisciviazione, purificazione e calcinazione,
sono state raggiunte efficienze di recupero superiori all'83% per I'ossido di cobalto, al 77% per
I'ossido di nichel e al 74% per I'ossido di manganese, in particolare utilizzando la lisciviazione
con acidi inorganici, la purificazione basata su materiali adsorbenti e la calcinazione. | metodi
sono stati valutati per la loro fattibilita ambientale ed economica, con risultati che indicano che
il miglioramento dei metodi puo ridurre drasticamente il fabbisogno energetico, abbattendo gli
impatti complessivi di circa quattro volte. L'analisi evidenzia il potenziale di questi metodi
emergenti come alternative sostenibili con una maggiore efficienza di recupero, prestazioni

ambientali ed economiche.
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Nella terza fase, e stata condotta un'analisi comparativa di tre metodi—processi a freddo, caldo
e umido—rper il recupero della grafite dagli anodi delle LiB. Il processo a freddo, che utilizza
la separazione meccanica, si € rivelato il pit sostenibile dal punto di vista ambientale (impatto
a punteggio singolo (SSI) di -432 upt) e il piu conveniente, con un costo di recupero di $-40
per chilogrammo grazie ai benefici combinati del recupero della grafite e dell'estrazione del
rame. Il processo a caldo, che incorpora CaO, ha fornito grafite con il piu basso distanziamento
interstrato (0,345 nm), migliorandone la qualita per applicazioni ad alta purezza con un impatto
leggermente inferiore (SSI di 317 ppt). Il processo umido, sebbene produca grafite con un alto
contenuto di carbonio (81%), ha mostrato un degrado ambientale significativo (SSI di 695 pupt)

principalmente a causa dell'elevato consumo di reagenti e dell'uso dell'acqua.

La fase finale esplora il potenziale riutilizzo della grafite residua in applicazioni per il
trattamento delle acque reflue. L'ossido di grafite (GO) e l'ossido di grafene (GrO) sintetizzati
dalla grafite residua hanno dimostrato capacita di adsorbimento superiori, superando 550 mg/g
per la rimozione di coloranti e raggiungendo oltre 93 mg/g per la rimozione di Ni*". Il GrO,
con una superficie specifica e una porosita maggiori, ha mostrato una rimozione del 97% dei
coloranti e circa il 94% dei metalli, superando i materiali disponibili in commercio. Questo
studio rivela la fattibilita della grafite riciclata come sostituto della grafite naturale in

applicazioni ambientali, supportando ulteriormente un modello di risorse circolare.

Questa tesi evidenzia la fattibilita del riciclo sostenibile delle LiB ottimizzando i metodi di
recupero per ottenere materie prime secondarie di valore. Le metodologie sviluppate
contribuiscono a un modello di economia circolare, integrando la riduzione dell'impatto
ambientale con la praticita economica, fornendo soluzioni scalabili per l'urban mining
sostenibile. Svolta in collaborazione con diverse universita e partner industriali, questa ricerca
sottolinea il ruolo cruciale del riciclo delle LiB nell'avanzamento della gestione sostenibile

delle risorse.
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Abstract

In the pursuit of sustainable development, urban mining of electronic waste, particularly
lithium-ion batteries (LiBs), offers a vital pathway to fulfill increasing demands for critical raw
materials while reducing environmental impact. LiBs, pivotal for electric vehicles and
consumer electronics, have led to an anticipated rise in battery demand, intensifying the need
for efficient recycling to mitigate resource scarcity and environmental consequences. This
research aims to address the challenges and opportunities for sustainable LiB recycling through
a comprehensive investigation that spans literature review, process optimization, life cycle
assessments (LCA) and life cycle costing (LCC) to maximize resource recovery with minimal

environmental footprint.

The first phase of the study involves a systematic review of existing LiB recycling
technologies, with a particular focus on developing a decentralized pretreatment line to handle
a variety of battery chemistries. Essential steps identified for efficient processing include
crushing, density separation, drying, secondary crushing, heating with CaO, vibro-sieving,
washing, and flotation-based separation, arranged to streamline the recovery of active battery

materials and improve compatibility with various LiB types.

In the second phase, the study investigates emerging hydrometallurgical techniques for the
sustainable recovery of cathode metal oxides, specifically cobalt, nickel, and lithium. By
simulation arrangements and optimizing processes such as leaching, purification and
calcination, recovery efficiencies achieved were over 83% for cobalt oxide, 77% for nickel
oxide, and 74% for manganese oxide particularly for inorganic acid-based leaching, adsorbent
material-based purification and calcination. Methods were evaluated for environmental and
economic feasibility, with findings indicating that improving the methods can reduce the
energy requirement drastically by reducing the overall impacts by roughly four folds. The
assessment underscores the potential of these emerging methods to offer sustainable
alternatives with enhanced recovery efficiency, environmental performance and economic

benefits.

In the third phase, a comparative analysis of three methods—cold, hot, and wet processes—
was conducted for the recovery of graphite from LiB anodes. The cold process, which employs
mechanical separation, proved to be the most environmentally sustainable (single score impact
(SSI) of -432 ppt) and cost-effective, with a recovery cost of $-40 per kilogram due to the dual

benefits of graphite recovery and copper extraction. The hot process, incorporating CaO,
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provided graphite with the lowest interlayer spacing (0.345 nm), enhancing its quality for high-
purity applications with slightly lower impact (SSI at 317 ppt). The wet process, though
yielding graphite with a high carbon content (81%), presented notable environmental

degradation (SSI of 695 ppt) primarily due to high reagent consumption and water usage.

The final phase explores the potential reuse of residual graphite in wastewater treatment
applications. Graphite oxide (GO) and graphene oxide (GrO) synthesized from residual
graphite demonstrated superior adsorption capacities, exceeding 550 mg/g for dye removal and
achieving over 93 mg/g for Ni** removal. GrO, with higher surface area and porosity, showed
97% dye removal and approximately 94% metal removal, outperforming commercially
available materials. This study reveals the feasibility of recycled graphite as a substitute for

natural graphite in environmental applications, further supporting a circular resource model.

This thesis highlights the feasibility of sustainable LiB recycling by optimizing recovery
methods to yield valuable secondary raw materials. The developed methodologies contribute
to a circular economy model by integrating environmental impact reduction with economic
practicality, providing scalable solutions for sustainable urban mining. Conducted in
collaboration with multiple universities and industry partners, this research underscores LiB

recycling's pivotal role in advancing sustainable resource management.
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Chapter One-Introduction
1. Sustainability as a concept
The Earth, home to all humans, animals, and plants, consists of a finite number of resources.
Due to this finite supply, the rapid economic growth of human civilization may eventually lead
to various drawbacks, not only from an environmental perspective but also from social
perspectives. This idea was first put forward by the Club of Rome in 1972 [1]. Later, the
Brundtland Commission, under the guidance of the United Nations, provided a political
framework for this idea in 1987, where the term "sustainable development (SD)" came into
existence with its broad meaning [2]. According to the Brundtland Commission, sustainable

development is:

“Development that meets the needs of the present without compromising the ability of future

generations to meet their own needs.”

The definition above explains how the actions and choices of the current generation can affect
future generations. It further suggests that the overuse of resources by the current generation
may impose limitations on the needs of future generations. Therefore, it is important to
maintain a balance between ecological resource use and generational needs. More importantly,
sustainable development implies that the advancement of a society should be determined not

only by economic means but also by environmental and social perspectives.

Three dimensions have been identified to assess sustainable development: 1) environmental,
2) societal, and 3) economic (Figure 1.1). While the economy was historically considered the
primary indicator of development, it is now only one part of the overall development picture.
Environmental and social impacts are now given equal importance in development. Hence, any
development activity requires a comprehensive assessment of its environmental, societal, and
economic consequences. It is important to recognize that every technological or development
activity impacts all three dimensions of sustainable development. A development activity with
zero environmental, societal, or economic impact does not exist. However, with proper
assessment, it is possible to limit the environmental damages of such activities. It is a balance
between what society wants and what it costs. Furthermore, when considering costs, both

intragenerational and intergenerational impacts must be considered.
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Some authors suggest that “sustainability” is distinct from “sustainable development” because
the latter addresses infinite economic progress within the limits of finite resources. On the other
hand, sustainability does not emphasize economic progress but rather considers the possibility
of coexistence through concepts like “degrowth” or “buen vivir’ [3]. However, growing
population, the spread of new diseases, and increasing food needs challenge these new
concepts, as they may not adequately address these inevitable issues. Instead, concepts like the
circular economy and green economy are more practical and useful [4]. These concepts
emphasize the importance of circular resource use rather than linear models. In a circular
economy, resources are circulated within the economy without being discarded as waste.
Recycling waste reduces the need for new material extraction, which can help minimize
environmental damage while meeting intergenerational societal needs. Moreover, due to the

reduced resource use, it also aligns with intragenerational needs.

Figure 1.1 Representation of dimensions in sustainable development

Taking these concepts into account, any resource use activity can be converted into a
sustainable resource use system. This can be achieved by applying the following three criteria
to the resource use activity in question [5].

1) Efficiency

Efficiency reflects the percentage of useful material conversion in producing the output from

the total input material. Consequently, high efficiency in material usage tends to minimize



overall material or resource consumption, which supports sustainability. On the other hand,
lower efficiency is often associated with reduced sustainability due to increased resource waste.
This relationship can also be linked to production costs. High-efficiency systems can reduce
production costs, as they require fewer materials. Additionally, lower material requirements
result in reduced mining activities and decreased energy consumption across the entire supply

chain, which offers significant environmental advantages.
2) Consistency

Consistency on the other hand, allow materials to use infinitely on a loop which much more
correlate with circular economy concepts. Though consistency is not playing a big role in
renewable resources (sunlight, wind energy, sea currents), infrastructure building to synthesis
of energy requires to use finite resources available. However, when the infrastructure needs to
demolish and modify, the materials that used before should be reused to build the new
infrastructures as well. At least, in a similar application where the materials are efficiently
reuse. It is important to note that, under 100% consistency the material will be subjected into

reuse infinite times without ever transforming it to an unusable state.
3) Sufficiency

Sufficiency approaches sustainability from a societal perspective, emphasizing a shift from a
utilitarian mindset to a minimalist one. Lower consumption patterns in society will ultimately
reduce product manufacturing and, consequently, resource extraction. However, the concept of
sufficiency relates to Kothari’s degrowth concept, which may negatively affect economic
development. Nonetheless, if properly adopted, sufficiency can help achieve sustainability

more quickly.

2. Urban mining: A focus-on E-waste

Urban mining directly relates to most of the criteria discussed above in the path of sustainable
development (SD). It adopts the concept of a circular economy by recirculating waste products
as new valuable materials and is governed by the concept of consistency. Urban mining is
defined as the recovery of valuable materials, material coordination, or enabling the recovery
of materials through various means (such as information gathering or services) from industrial
and urban wastes. Since these wastes are derived from human activities, they are often referred

to as man-made ores [6]. Utilizing these waste types for valuable material recovery can help
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reduce collected waste, decrease new material extraction from natural ores, lower

environmental damages, and contribute to sustainable growth.

Among the categories of urban waste, e-waste and construction and demolition waste (CDW)
make up the largest fractions [7,8]. Notably, the construction sector generates the highest waste
volumes, with a large portion of this waste ending up in landfills. Meanwhile, the rate of e-
waste generation is increasing at a pace three times faster than other types of waste, with an
annual growth rate currently estimated at 5%. In 2019, e-waste generation reached
approximately 53.6 million metric tons globally [9]. Figure 1.2 shows the countries generating

the most e-waste in 2022.

China
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Figure 1.2 Leading countries based on electronic waste generation worldwide in 2022 (in 1000 metric

tons) [10].

As shown in Figure 1.2, China is the leading generator of e-waste, followed by the USA and
India. China currently leads many electronic manufacturing industries; hence, higher waste
generation can be expected. For instance, lithium-ion battery (LiB) manufacturing is
predominantly conducted by Chinese companies, which also dominate raw material supply for
battery production [11]. The LiB industry stands out due to its high utilization in the electric
vehicle (EV) sector, which is considered a transformative force in the transport sector,
significantly reducing long-term emissions. Consequently, many countries have already
implemented policies to promote EV use (discussed in detail in Chapter 2). As a result, demand

for materials required for LiB manufacturing is rising rapidly, while the market for recycling
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spent batteries (e-waste) is also expanding. Figure 1.3 (a) and (b) illustrate the projected growth
in metal demand for battery production by 2028 and the anticipated growth in the global battery

recycling market value.

@ o ®)

1,237%

Figure 1.3 (a) Projected metal demand growth for battery production worldwide by 2028 (b) Global
battery recycling market value forecasting [11,12].

It is evident that demand for primary battery active materials is projected to increase by 256%
for cobalt (the minimum growth) and 1237% for nickel (the highest). Due to this high demand,
the battery recycling industry is rapidly expanding, as material extraction from natural ores is
no longer sufficient to meet these requirements. Additionally, most of these raw material ores
are controlled by Chinese companies, where much of the battery manufacturing currently takes
place, making the supply chain potentially vulnerable to interruptions [13]. Furthermore,
almost all the materials in LiBs are categorized as critical raw materials (CRM) or strategic
materials for Europe [14]. This fact further highlights the importance of recovering materials

from spent LiBs under the urban mining concept.

These factors motivate the establishment of the current research project on sustainable CRM
recovery from end-of-life (EoL) LiBs. This research study aims to answer the question, “Are
the current recovery and recycling methods for spent LiBs sustainable?” Additionally, the
project seeks to explore ways to improve these methods, either by recovering higher-quality
materials or by reducing the environmental impact. Opportunities for value addition will also
be evaluated where applicable. The economic impacts of the existing and newly introduced
methods will be assessed. Sustainability assessments will involve life cycle assessments (LCA)
and life cycle costing (LCC) analyses. Social criteria of sustainability will not be considered,
as the research work is carried out at the laboratory level. The research will focus specifically
on pretreatment, cathode material treatment, and anode material treatment segments, focusing

on the availability of valuable materials.
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Finally, this research project is an outcome of the 3-year project “Sustainable Mining: Recovery
of Critical Raw Materials from Batteries Using Environmentally Friendly Technologies,” co-
funded by the Italian Ministry of Foreign Affairs and International Cooperation and the Sao
Paulo Research Foundation. The University of Brescia (Italy), the Polytechnic University of
Sao Paulo (Brazil), and the Federal University of Rio de Janeiro (Brazil) participated as
members of the research group. Furthermore, the research was supported by RMB SpA,
Polpenazze (BS, Italy), and the University of Pavia (Italy), by providing laboratory facilities

and analytical supports.

3. Structure of the thesis

The research thesis will take the following structure,

Chapter 1
Introduction
Chapter 2
/ Literature review
Chapter 3 Chapter 4 Chapter 5
Cathode active ma- Anode active mate- Anode active mate-
terial recycling rial recovery study rial reuse for waste
study water treatment

Chapter 6
Conclusions

Figure 1.4 Schematic representation of the thesis structure.
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In Chapter 1, an introduction to the thesis is provided, outlining the motivation, research
questions, and objectives to be achieved. Chapter 2 presents a bibliographic review, addressing
common problems and the current status of battery-related policies, lithium-ion battery (LiB)
waste collection, discharging processes, and active material separation techniques from battery
components. The review also proposes a potential mechanism for the pre-treatment of battery

materials to facilitate the separate recovery of active materials.

Chapter 3 explores emerging methods for cathode active material treatment to recover metal
oxides from spent batteries using hydrometallurgical techniques. Technologies are evaluated
based on their efficiency, environmental impact, and economic implications across different
extraction routes. In Chapter 4, the focus shifts to anode material recovery, with a detailed
discussion of novel methods for graphite recycling, route optimization, and characterization.
Sustainable approaches for graphite recovery will be assessed by examining their

environmental and economic performance.

Chapter 5 explores the potential reuse of recycled graphite from spent LiBs, with a focus on
graphite modification methods and possible applications in dye and metal-contaminated
wastewater treatment. Finally, in Chapter 6, the research synthesizes treatment mechanisms for
each segment (pre-treatment, active material recovery, and recycling), identifying pathways to

generate valuable secondary raw materials and concluding the research project.
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Chapter Two-Bibliographic Review

Designing of a Decentralized Pretreatment Line for EOL-LIBs Based on Recent Literature of

LIB Recycling for Black Mass
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The author contributed in writing the original draft, editing and reviewing, conceptualization,

methodology and formal analysis.
1. Background

Humans’ dependence on energy will never cease but will continue to grow along with
population growth, technological advances, and societal needs. As an example, it is predicted
that the world energy requirement will be increased by 50% by 2050, which will be responsible
for 911 trillion BTU [1]. To supply the demand, dependencies on different energy sources are
to be expected. However, it is a fact that conventional energy sources such as fossil fuels carry
a huge environmental burden. In fact, CO; emission along with limited availability makes fossil
fuel unreliable and disputed as an energy source. Accordingly, many developed economies have
made it a top priority to switch to reliable and renewable energy sources which cause less or
no environmental deterioration. For instance, the European Union (EU) has imposed a number
of rules that instruct its member countries to increase the EU’s renewable energy share up to

32% by 2030 [2].

Nevertheless, many international and local communities have made sustainable energy plans
and policies a number one priority. In addition, several energy companies’ statistical analyses
elaborated that due to the continued growth of renewable energy productions, the global energy
usage growth was limited to 1.3% in 2019, which is a considerable drop when compared to the

growth rate of 2.8% in 2018 [3].

Nonrenewable energy sources such as fossil fuels (stored chemical energy) have their own
advantages over the renewable energy sources. One such advantage is the ease of storage which
also made it popular as the main energy source of transportation mediums. Renewable energies,
on the other hand, are not readily available like fossil fuel; they need to be harvested
(transformed from other energy sources) using different methods and this makes renewable
energy subject to fluctuations when supplying energy. In addition, fluctuations in energy supply
highlight the importance of surplus energy storage to keep a smooth supply. Li-ion battery

(LIB) 1s one of the best and prominent technologies available for the purpose of energy storage.
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LIBs are well renowned for their enhanced energy density, ability to undergo many recharging
and discharging cycles, ability to provide high voltage, least charge lost and least self-
discharge. Moreover, LIBs can be considered a good transitioning technology, as they intensify
the energy efficiency of the systems. Due to all the reasons listed, LIBs are currently used in a
range of applications from domestic electrical items to hybrid and pure electric vehicles (EV),
and many industrial applications [4—7]. Among the many applications of LIBs, researchers
expect that LIB applications in EV will rise significantly during the near future [8]. The power
output of total used LIBs will rise from around 400 GWh to 1300 GWh within 5 years starting
from 2035 in the transport sector only [9,10]. Such achievements will contribute to lower CO>
emissions drastically, hence supporting the achievement of the targets of the Paris climate

goals.

Though LIBs aid the creation of a green energy supply, manufacturing of LIBs will elevate
environmental impacts in resource extraction as it requires importation of many critical raw
materials (CRM) to Europe, such as lithium (Li), cobalt (Co) and graphite [11]. Co, for
instance, is considered critical in the EU and in the USA, and a strategic raw material in Brazil
since most of its global production is from one country—Democratic Republic of Congo [12—

15].

Moreover, LIBs require other types of metallic and non-metallic resources like Al, Cu, plastic,
electrolytic salts and other organic binder making chemicals. As reported by Trading
Economics, the price of Co has increased by 0.71% since the beginning of 2022 and the price
was recorded as USD 71,000 per metric ton as of 2022 February. The commercial value of Co
is rising as a function of its limited availability and significance in applications. Currently, 25
million tons of terrestrial Co resources are available in several countries and DR Congo is
responsible for around 70% of total production, followed by Russia [14]. China is identified as
the largest consumer of Co so far, and from its total consumption, 80% is used for LIB
productions [15]. Co is identified as an element that has many other applications as well

[14,16,17].

In contrast, the largest productive Li reserve worldwide was analyzed to be around 18 million
metric tons by 2020 [18]. On the other hand, Li is identified as a tactical element important in
many industrial and commercial applications, such as stoneware and glass manufacturing,
metallurgy, medical uses and polymer manufacturing. Li production has experienced a more

than 100% increase from 2016 to 2019 due to its high demand for LIB manufacturing.
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However, this rise includes a slight decrease from 2018 because of the subsidy policy
introduced during this period as EVs required a considerable amount of high-quality Li

production [15,19,20].

Though available Li resources are sufficient for LIB manufacturing for several years,
alternatives must be taken into consideration in the long term. Sodium ion batteries are one
such alternative [21]. As per the current research studies, these batteries cannot meet market
demands due to their low electrochemical properties in comparison to LIBs [22,23].
Accordingly, it is not yet likely that further research and development on these alternatives will
lower the demand for high grade Li minerals in the near future. In contrast, Nassar et al., in
2020, concluded that graphite is one of the elements with highest supply risk to the USA based
on disruption potential, trade exposure and economic vulnerability [24]. Further, graphite is a
critical material and industries such as rechargeable battery and body armor are highly
vulnerable because of this [25]. Currently, Turkey has the largest graphite reserves at around
90 million metric tons, followed by China and Brazil, with 73 and 70 million metric tons,
respectively. In 2020 alone, worldwide graphite production was 1.1 million metric tons,
including the largest share from China (650,000 metric tons), followed by Brazil (95,000 metric
tons). Moreover, graphite’s market value is expected to increase further from USD 18 billion
in 2018 to higher than USD 27 billion by 2025 due to its vast applications and identical
properties [26]. It is a clear fact that the demand for these materials will not cease but will rather
increase. Rising demand will further make the material supply more critical for industries

which rely on high-grade pure material, such as the LIB industry.

In addition to extraction of resources, End of Life (EoL) disposal of LIBs will also add more
toxic substances to the environment along with huge amounts of waste in resource elements if
not managed properly. It has been identified that electrolyte content in LIB can react with water
and air to create secondary pollutants. Li, being a highly reactive element upon contact with
natural substances, can cause explosive reactions releasing many harmful substances such as
phosphorus, nitrogen-rich contaminants, halogenic gases, or heavy metal leachate to the
environment. Organic solvents can provide a medium for other chemical reactions to take place
such as disintegration reactions, ignitions or decaying. These reactions can form many organic
compounds with carbonyl bonds. It is a known fact that these substances can dissolve in natural
waters easily and create serious issues for human sanitation. So, improper disposal of LIB

electrolytes can create both environmental and human sanitation problems [27].
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In addition, landfilling used LIBs can remove useful resource elements from the loop. This
resource elimination must be refilled along with extra resource capacities for the rising demand
using new virgin materials from primary resources. Extraction of new virgin materials creates
huge energy requirements and a huge environmental burden on both sides (extraction of
resources and disposal of LIBs). Hence, high priority must be given to innovative research on

recycling of LIBs and recovered metals [10].

Another point to be concerned about is the rising market for EVs. It is expected that the global
EV market will rise four-fold from its 2021 status by 2026 (Figure 2.1) [28]. In addition, major
countries including EU, China and USA who have EV initiatives, noted a rapid increase in new
EV registrations as a result of their policy implementations [29]. Further increase is to be
expected with new procedures adopted by several countries. For instance, the USA has
implemented the EV30@30 campaign through its Clean Energy Ministry to increase EV usage
by 30% by the end of this decade. Many other nations such as Canada, China, India, France,
Finland, and Mexico are also supporting this initiative [30]. As another example, the Chinese
government’s “13th five-year plan (2016-2020)” can be considered. It has proposed to enhance
and increase EV and LIB power usage. Accordingly, by the end of 2020, it was reported that
the total number of EVs hit five million, and new registrations in 2020 hit 1.25 million [31].
There is no doubt that these demands will increase further in the future and the growing EV
market will contribute to an increase in LIB battery production as well. If proper recycling and
material recovery methods from spent LIBs are not implemented, higher extraction of metals

is expected in future to supply the demand.
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Figure 2.1. Size of the global market for EVs in 2020 and 2026 (in billions USD) Data source: [28]

Larcher and Tarascon reported that it is possible to recover 1 ton of Li through 28 tons of used

LIBs. Extraction of the same amount of virgin Li would require 250 tons of ore materials or
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750 tons of brine material with approximately 2—7% weight ratio of Li [32]. So, it is evident
that recovering minerals through recycling is worth more than adding enormous pressure to the
natural ore supply, because processing a smaller amount of mineral-rich waste electrical and
electronic equipment (WEEE) would be easier than extracting virgin minerals from a large
amount of ore materials. Further, it can lessen the environmental impacts through avoided
virgin products. Moreover, it can also reduce the pressure on natural ore materials as most of
the recovered resources would still be in use. It is estimated that, by the end of 2030, WEEE
generation will total 74.7 million tons/year which includes a significant weight share of spent
LIBs from different sources (EVs, laptops, mobile phones, etc.) [33]. Therefore, it is worth
noting that there is a huge unexploited research gap to be addressed in the near future to turn

this waste into resources in an efficient and economically feasible manner [34].

Many directives from different nations have come into play to make the battery recycling
process more stringent and sustainable. In the EU’s Circular Economy action plan in 2020 [12],
directives on battery and accumulators [13], and a policy on battery passport [35] play an
important role in establishing guidelines for LIB recycling. In contrast, support from the USA
for such initiatives seems to be lower. The Battery Act in 1996 and Universal Waste Rule under
Resource conservation and Recovery Act in 1995 are the only directives that provide guidelines
to the whole USA in battery recycling and disposal [36,37]. However, some states have adopted
their own policies on battery recycling, newly based on the mentioned acts. Accordingly, 25
states impose laws on banning landfilling and open burning of lead-acid batteries (LAB).
Nevertheless, the Rechargeable battery act launched by the state of California in 2006 is another
decree that deals with handling and recycling of batteries [38—42]. China, on the other hand,
implemented measures in 2016 (law on pollution prevention techniques of waste batteries) and
in 2018 (transitional measures) providing a broad spectrum of guidelines for the handling and

recycling of rechargeable batteries [43].
1. Novelty and Scope of Study

Current literature reviews in the field denote methods such as hydrometallurgy, py-
rometallurgy (or both), and other mechanical methods as possible for material recovery from
battery parts [44—49]. Moreover, in recent studies, investigators clarified that most established
industrial lines need further insights to make them sustainable [50]. All the existing reviews
and studies emphasize the importance of focusing on each of the life cycle segments from

cradle to grave, and possibly, value chains. As an example, Mossali et al. (2020) concluded that
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product design plays a huge role when it comes to recycling. This point deals with designing
an LIB with easy dismantling abilities, hence the importance of considering the design phase
[51]. Nevertheless, Doose et al. (2021) have shown how changing cell chemistries affect

recycling efficiency through different approaches [45].

Due to these facts, most of the recycling routes are planned to focus on a single type of cathode
material [52,53]. Moreover, the complexity of collecting, sorting and separating for particular
battery types, limits recycling of the same [44]. In spite of that, if the recycling route for LIBs
is decentralized, the pretreatment can be done in one single type of plant and can recover widely
available metal types easily. Therefore, the materials in electrodes can be recovered at later
stages in different plants where they can focus on one precious material available in it. This
can enhance the efficiency of the process and decrease CO> emissions in transportation and the
energy intensity of the processes, improving total sustainability. In addition, this will address

the research gap of the lack of automated, total recycling lines for LIBs [54].

Decentralized recycling of LIBs can aid in planning a fully automated pretreatment plant to
recover widely available metals in casings and current collectors. Since the electrode materials
can be forwarded, sorted or unsorted to secondary recycling units, where they can focus on one
specific element recovery, the total recycling route for LIBs can also be achieved through this.

The total recycling line for LIBs, hence, will be segmented and decentralized accordingly.

Existing review articles ignore the most commonly available metals such as Cu and Al which
are easy to recover. Further, these articles have given less priority to the pretreatment process.
In particular, a well-defined sustainable pretreatment process is not yet described to be used
industrially. Focusing on these research gaps and highlighting the importance of decentralizing
the recycling of LIBs, this review article examines the recent research studies, lab experiments
and pilot projects carried out to recover materials from LIBs to evaluate the different
pretreatment strategies used. In addition, the conclusions of the article will suggest potential
environmentally friendly and cost-efficient technologies that can be utilized for a universal
automated pretreatment line for LIBs. The novelty of the article can also be seen in the methods
of discussing existing technologies, using illustrated summaries at the end of each section, and
prioritizing pretreatment strategies to develop segments to include in a universal pretreatment
line for waste LIBs of EVs. The work will be useful for industries involved in metal recovery
to start new lines to recover higher amounts of widely available metals from LIBs, and battery

recycling companies to develop secondary treatment lines only for electrode materials.
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Moreover, policy makers and environmentalists can also use this resource to suggest methods
to reduce energy consumption for recovery steps using decentralized plants. Finally,
researchers on the topic will be able identify existing research gaps that need further evaluation

in the topic area.
2. LIB Classification, Collection, and Sorting

3.1 Battery Characterization

As one of the major determinants of the recycling steps, understanding the chemistry of the
battery is vital. In any LIB battery, it is possible to identify cells, modules, and packs as the
main parts of it. Further, each cell contains a cathode, anode, organic electrolyte and a separator
covered by a housing (or case). The separator is wetted by electrolyte salts. The cells are
connected in series or in parallel to make up the module according to the usage of the battery.
A combination of two arrays may be also possible for some batteries. A module will be
contained in a house made from insulating material for battery safety. A pack of batteries can
contain several modules interconnected [55]. It seems that the size, shape and content of the
battery are highly dependent on the application of the battery. However, categorizing the LIBs

based on their cathode material is more useful to make a good judgment.

Lithium cobalt oxide (LiC00O) (LCO) cathode batteries can be identified as the first LIBs that
use a liquid electrolyte [44,56,57]. However, applications of LCO batteries are limited to small
electronic devices such as mobile phones or laptops. While LiCoO» acts as the cathode material
in LCO batteries, graphite acts as the anode material with a conductive polymer as the
electrolyte [56,57]. Though graphite as the anode material has not changed much in the past
years since its first introduction, cathode material has undergone various changes. LCO cathode
material is easy to produce and has a stable discharging which makes it a favorable material
for the cathode. However, having high Li and Co proportions make it undesirable due to
extensive environmental burden, less economic viability and human health concern occurring
during the extraction period of Li and Co. In addition, the performance of the battery is average
compared to the other available LIB battery types. This makes it urgent to further modify the
cathode materials in future LIBs [56,58].

Accordingly, it is possible to identify LIBs with lower Co content with enhanced performance.
Lithium manganese oxide (LiMn204) (LMO) cathode is a material used as an LIB cathode with

no Co involved. It is also the reason for the low cost of the same. LMO batteries have better
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performance than LCO batteries. For example, LMO has a higher charge rate and higher
voltage than LCO batteries which makes it applicable in portable devices other than smaller
electronic equipment. LMO batteries are also seen combined with other battery types to use for
EVs [59]. However, as some authors elaborate, LMO has a short lifetime along with a medium
energy density, which makes it unfavorable in some ways [27]. Due to these factors, LMO

batteries have a low market share.

Lithium iron phosphate (LiFePO4) (LFP) is another alternative that uses no Co in its cathode
material. Further, the structure of the LFP cathode gives it an additional stability which
enhances its total lifetime. Low environmental degradation caused during the extraction period
is another plus point for these cathode materials. However, low energy density and relatively
low potential make it undesirable in many high-end applications like EVs. However, the

demand for LFP batteries has risen due to its low cost and extended lifetime involved [56,58].

Commonly, LCO, LMO and LFP cathode battery types are involved with low to medium
energy densities in relation to the other battery types found in the market. In contrast, lithium
nickel cobalt manganese oxide (LiNixCoyMn,O;) (NCM) cathode materials and lithium nickel
cobalt aluminum oxide (LiNixCoyAl,O2) (NCA) have been identified for their high specific
capacities and high energy densities due to the availability of Ni in the structure [60,61]. Since
both NCM and NCA types use Co, they are implicated in relatively high environmental
degradation and human safety issues. However, a lower Co ratio makes the impact relatively
lower than LCO battery types. It seems that high energy density is the main source that made
these batteries the dominant battery types in the market. Nevertheless, the same criterion made
them applicable in EVs. One notable difference among these two battery types is the expected
life span. According to current studies, NCM batteries have a higher lifetime than NCA
batteries, which makes NCM batteries have a higher market share than NCA batteries [27].

Doose et al. (2021) suggests that the trend of LIBs goes towards NCM cathode types due to
low Co content. NCM 811 has a molar ratio of Ni:Co:Mn as 8:1:1, which makes it better in
environmental performance due to less Co content, whereas NCM 622 has a molar ratio of
6:2:2 and NMC 111 has the ratio of 1:1:1 [45]. However, some authors show that higher content
of Ni reduces the performance of the battery drastically in many aspects. For instance, reduced
lifetime, reduced heat resistance and a few other technical problems (voltage decay, low initial
coulombic efficiency, capacity loss, termination of transitional metals) can be listed [57,62,63].

So, NCM 622 can be identified as a relatively better performer in both environmental and
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technical aspects. A comprehensive summary of cathode types is discussed in Table 2.1. It

shows the chemical formula, possible voltage ranges, energy densities and applications.

Table 2.1 Comprehensive summary of different LIB battery types based on cathode material.
Data source: [64,65].

Battery type (Based
on Cathode LCO LMO LFP NCA NCM
material)
Chemical Formula LiCoO, LiMn,0O,4 LiFePO, LiNixCo,Al,O, LiNixCo,Mn,0O,
Operating Voltage
3.0-42 3.0-42 2.0-3.65 3.0-42 3.6-4.0
(V /Cell)
Energy Density
150 - 200 100 - 150 90 - 160 200 -260 160 - 230
(Wh/ kg)
. Small devices, EVs (Many
Small devices . Smaller portable
o EVs with . . . manufacturers), Small
Applications (Laptops, L devices, Limited EVs (Tesla vehicles) .
. combination of o appliances, Power
mobile phones) applications in EVs. . o
NCM station applications
Low safety, Medium safety, ) . .
. . Low cost, medium Medium safety and Medium safety and
high cost and medium . . .
Remarks . performance, high cost, High cost, High
medium performance, low .
o thermal resistance performance performance
performance lifetime

However, more materials are being investigated to be used as cathode materials of LIBs.
LiMnO:: is a material which has the structure of LCO cell types (layered oxide). Other than
that, LiMnPO4 or metal sulfides and cathode materials made from sulfur-carbon composites

are also under investigation and have the potential of entering the market in near future [65,66].

Graphite or composite carbon being the anode material of the LIBs has not significantly
changed over the past years. However, there are other materials used in the anode other than
the graphite or composite carbon, which will be discussed soon under this section. Graphite or
carbon-based composite in the anode material is very popular due to the properties of these
materials and structures. Mainly, their safety for humans when not contaminated, structural and
chemical stability under different temperatures, and economical quality are some reasons for
their repeated application as the anode material. Other than that, low working potential and
high theoretical capacities (~0.15 V vs. Li"/Li and 372 mAh g !, respectively) of these materials

are also reasons to become popular for this aspect [66—68].

In contrast, the lithium titanium oxide (LTO) battery type uses LTO as the anode material

instead of carbon [69,70]. The use of LTO has some advantages over graphite, such as
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generating a higher power with a low energy loss and durability [69—71]. However, the high
cost in manufacturing such batteries makes it unfavorable for commercial use. Other than this,
new materials for anode materials are being investigated. Among them, graphene, silicon
composite or silicon-based nanomaterials, and Li metal are available. These new research
studies will address the problems involved with current anode materials such as heat generation
in LMO and LFP cathodes or rupture generation occurring due to repeated charge cycles [72].
Titanium niobium oxide (TNO) has been studied for application as an anode material [71]. For
instance, TNO/NMC batteries have up to 14,000 cycles at 80% capacity retention, which is
considered as another option with LTO/NMC batteries [72].

Other than the cathode and anode materials, in a spent LIB battery, some hazardous waste can
also be found. This can be easily understood by understanding the cross-sectional structure of

a spent LIB. Figure 2.2 shows the structure of the spent LIB.

Cu Current collector
@
PVDF Binder @
Anode Material
Residual Lithium ® ®
SEl layer
O
D
Separator / Electrolyte
Cathode material
(&)

Al Current collector

Figure 2.2 Schematic model of the spent LIB developed based on: [70-72].

For instance, graphite is attached to the Cu current collector through polyvinylidene fluoride
(PVDF) layer in LIB. Additionally, between the surface of the graphite and the electrolyte, the
solid electrolyte interface (SEI) is built through a reaction between the graphite surface and the

Li from electrolyte during the recharge and discharge cycles. Usually, electrolytes are made up



19

of Li salts such as LiPF6 or LiClO4 dissolved in organic solvents. As an organic solvent,
ethylene or ethylene carbonate is used [72,73]. Authors suggest that, at the EoL of the LIB, the
spent anode material can contain residuals from all these electrolytes and binders, as well as

Cu foil with a higher degree of degradation to the anode material [74-76].

According to the chemistry of the battery, improper disposal of these materials can have a
significant impact on the environment and human health. Of course, the soil and natural water
body contamination are the first steps of a series of chemical reactions that are waiting to
follow. In particular, metallic Li can have explosive reactions with natural waters. Other metals
included can affect the biodiversity of the contaminated sites. Moreover, organic materials,
electrolyte, and waste graphite, upon disposal into the environment, can have a series of
reactions and can lead to the release of toxic substances into the environment according to the

following reaction series.

LiPFs — PFs + LiF (1)
LiPFs + HoO — 2HF + OPF3 + LiF---------- )
(C2H50)2CO + H20 — CO, + 2C:HsOH---(3)
(CH30)2CO + H20 — CO; + 2CH30H------(4)

Importantly, these substances are highly water soluble and can cause health impact on humans
and on other living beings as well. Due to these factors, proper disposal, or more importantly,
material recovery from spent LIBs is necessary to implement circular economic concepts in
battery manufacturing. However, designing a common recycling process for all the LIBs
seems to be an impossible task given the varieties of battery chemistries. Nevertheless, current
research studies suggest common frameworks that can be used as prototypes when designing
an LIB recycling process. Based on this, current battery recycling companies have adopted
their recycling facilities considering only one battery chemistry type. This is mainly since
mixing different chemistries for recycling can imply a negative effect on the outcome.

However, separate recycling is costly and reduces the overall recycling rate.

3.2 Material Collection

An efficient waste collection system is always the key to a successful recycling route.

Accordingly, establishing an effective and efficient collection system for spent LIBs will aid in
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maximizing the recycling capacity and economic benefits. Further, decisions on environ-

mental and economic aspects can be easily taken upon knowing the collection capacities.

Availability of a range of LIB products in the market is one major problem for collection.
Nevertheless, LIBs have a variety of applications, due to their design, size, content, shapes, and
capacities which are also changing. These factors make waste collection more difficult and
complex for LIBs [77-79]. It is possible to distinguish three market segments for LIBs, such
as small-scale electrical equipment (SSEE) (household scale), stationary energy storage (SES)
and EVs. SSEE markets and SES markets are well established, and as discussed previously, an
increase can be expected in EV markets, and hence an increase in spent EV LIBs. Given the
differences in the three market types, the types of LIBs in a market segment are significantly
different from others. As a matter of fact, different collection routes need to be established for
each of these market types. SSEE, or simply household electrical equipment batteries, can be
collected at locations established by the manufacturers or at retailers/supermarkets. However,
large-scale LIBs (SES and EVs) need the attention of expert/trained personnel for dissembling
from the equipment prior to collection [80,81]. The availability of the LIBs for collection at the
end of their lifetime is vital. As per literature, the largest proportion are available in domestic-
scale equipment (SSEE). Usually, LIBs from SSEE last for 3—10 years before coming to the
waste stream [81]. However, this is far more than the usual lifetime of the equipment. Most
domestic scale electric equipment passes a hibernation period (inactive stage) after its service
period before being added to the waste stream, extending their true lifetime. The lifetime of the
EVs depends on many factors such as the annual mileage, charging frequency and condition,
and the type of battery; manufacturers usually expect the battery to last for 8—10 years. In
running distance, this is around 160,000 km for most of the EV types (Toyota, Nissan, BMW,
etc.) [82,83]. Further, Yang et al. (2018) have predicted that EV lifetime can be varied in the
range of 5-13 years in different USA cities, considering average driving conditions using
predictive tools. Additionally, this can be elevated by another 10—12 years by giving them a
second lifetime in SES applications (also depending on the application) [82].

According to these long-life EV batteries and the infancy stage of the EV sector, near- term
priority is worth giving to mature, small-scale electric equipment batteries. However, designing
recycling processes, collection mechanisms and applications for the upcoming huge waste
stream of EV batteries is also important to manage these hazardous wastes from now on

[84,85]. Presently, only a small fraction of electronic waste is being collected and recycled
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properly. Hence, a larger amount is being neglected and ends up in landfills, adding more toxic
substances to natural soils and waters [86]. In 2020, Europe collected and recycled the highest
fraction of e-waste (42.5%). In contrast, Asia has the second-highest waste recycling with
11.4%. America and Oceania stayed at 9.4% and 8.8%, respectively. The least recycling is
recorded in Africa, which is 0.9%. So, as an average, only 17.4% of total e-waste is subjected
to collection and recycling on the global scale [86]. Moreover, the generation is the highest in
Asia, responsible for 24.9 Mt followed by 12 Mt from Europe and 7.7 Mt from North America
[86]. For this reason, it is a clear fact that the waste generation to waste collection rate is not
balanced, which leads to a lot of e-waste ending up in landfills. Due to this, it is vital to plan
effective collection routes for such waste streams and use the available resources for this cause.
Moreover, designing, installing and establishing structures to recycle EV batteries and SES

batteries is also important at early stages to face the rapidly growing markets of the same.

As a solution to this problem of collection, proper labeling can be identified. Providing
information about the battery content, applications, or secondary applications on a label or in
a source that can be easily accessible will be useful. Training personnel at dismantling facilities

to identify batteries using labels or brands can also be an alternative.

3.3 Material Sorting

Sorting of spent LIBs to forward them to pretreatment is as complex as collection due to large
mix of materials (different NMC-cathode batteries, LCO, NCA, LFP . . .). However, sorting is
mandatory for LIBs before undertaking any further steps due to the same factor. According to
the majority of authors, the most suitable sorting method for spent LIBs is categorizing them
according to the battery chemistry [87,88]. Differentiated sorting of LIBs at the household level
is a bit ambiguous and it is difficult to achieve a high collection rate. It would also require an
additional workload from the consumer end which is highly unlikely to be obtained in this case.
Alternatively, sorting of spent batteries can be done at the recycling facilities in the reverse
logistic process. Yet, this would increase the transportation costs for sorted batteries as most
battery recycling facilities are not designed to receive all types of waste batteries. As an answer
for this, establishment of consolidated treatment facilities with different recycling routes for a
range of battery types can be put forward. The cost for such plants would be high and not
economically feasible to achieve through the private sector. In contrast, scattered or partitioned
recycling facilities are ideal to overcome the complexity of the material mix. For instance,

separated pretreatment plants can handle the preliminary steps of the recycling routes for all
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types of batteries. Sorting of the batteries, separating of the casing, discharging the batteries
and separation of battery modules can be some of the steps involved in a pretreatment facility.
Afterwards, sorted and partially treated battery types can be forwarded to other facilities for
further treatment and recycling. This can reduce the high cost involved in a single treatment

plant and can enhance the total efficiency of the recycling process [84,87].

While sorting is an essential part of the pretreatment process, identifying the battery chemistry
can only be done through a laboratory analysis. So, appropriate labeling for the battery from
the manufacturer can be useful in sorting. The labeling can contain the essential details of the
battery such as battery chemistry, date of manufacture, name and location of the manufacturer
and application area of the battery, for instance. Through these details, the sorting process can
be performed effectively, safely and reliably. Moreover, it can save resources involved in

laboratory analysis [84].

Current battery labeling practices in the EU and in the USA only instruct how to handle and
dispose batteries. For example, it provides instructions to not dispose of the spent battery with
household waste. Moreover, availability of metals such as Hg, Cd and Pb will also be noted in

the labeling [89].

A new set of labeling requirements was published by the EU commission in 2020 with
repealing directive 2006/66/EC and amending Regulation (EU) No 2019/1020, also known as
the EU battery passport and electronic information exchange system. Though the directive
came into effect in January 2022, a set of deadlines have been implemented for adaptation of
different objectives. Accordingly, by 1st of January 2026, all the batteries that enter the EU
market will register in an online electronic exchange system where the public can access and
refer to all the information about the battery. Moreover, there will be engraved or printed QR
code which will indicate information about battery lifetime, charge capacity and presence of
hazardous metals. The QR code will be linked with the battery passport where online
traceability and management of the battery can be implemented. Through the identifier, the
online digital file of the battery will be frequently updated by the economic operators of the
battery throughout its lifetime. In addition, it will include information about the status of the
battery, repairs or repurposing done. Moreover, the QR code labeling will also be linked with
carbon footprint declaration of the battery entering into force on 1 July 2024 and carbon
footprint performance, starting from no later than 1 January 2026 for industrial or EV batteries

with a capacity above 2 kWh. In addition, effective from 1 January 2027, the percentage of
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availability of recovered Li, Co, Pb and Ni in the battery with the set guidelines must also be

provided along with other active minerals in the battery [35,90].

Compared to the EU, the USA has no dedicated rules applied to labeling of LIBs for the purpose
of sorting. Instead, rules and regulations for normal battery labeling will take effect on LIBs as
well. Accordingly, batteries must contain information about the battery type (Ni-Cd or Pb-acid)
which will be helpful in disposing and recycling. Further, recycling symbols must be shown on
the battery. However, specifically LIBs in the USA should contain an additional label for
transportation safety purposes. This label will be useful in obtaining certificates for safety tests

and provide information on packaging and transport volume limitations [36,37].

China, on the other hand, has imposed labeling guidelines for LIBs with the Interim Provisions
on the Traceability Management of Power Battery Recovery and Utilization of New Energy
Vehicles in 2018. According to this measure, a platform should be maintained to trace the entire
lifecycle stages of the LIBs that enter the market. The platform will provide information about
production, use, disposal, recycling or repurposing of the LIB in question [43,91]. This interim

measure will act like the battery passport decree in the EU.

In summary, an effective collection of spent LIBs is mandatory for better recycling outcomes.
Optimum use of resources and new technologies for collection of EOL LIBs is ideal to match
the rising demand of EV market. At the same time, decentralized pretreatment plants for waste
LIBs could be beneficial in enhancing sorting, discharging and dismantling. Therefore, sorted,
pretreated LIBs or battery parts can be forwarded to dedicated recycling and recovery facilities.
Policies play a vital role as a motivational factor for recycling of LIBs. Proper establishment

of policies can considerably increase the efficiency of recycling and recovering capacities.

3. Pretreatment

LIBs have a complex structure and chemistry to facilitate Li ions to move from anode to
cathode and from cathode to anode in their discharging and charging cycles, respectively [92].
Pretreatment is responsible for dismantling this complex structure so that recovery steps will
be easy to apply. Hence, discharging and case removal must be taken care of as the preliminary
steps. Then, safe dismantling of the modules to active materials, elimination of organic

adhesive and removing the impurities must be applied to facilitate the recovery later.
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4.1 Discharging and Dismantling

Spent LIBs for recycling can have a minor amount of charge left. This can cause sparks during
the dismantling process and can ignite because of short circuiting as well as free radical
oxidation [92-94]. Furthermore, in manual dissembling of the battery, which can take place in
laboratory studies, explosions can take place as the free Li can oxidize by the atmospheric air
[95-97]. Accordingly, the remaining charge must be drained before the battery moves into any
other recycling steps. This can be done mainly in three methods, electrolytic discharge (using
a salt solution), ohmic discharge (using an external circuit) and cryogenic discharge (using

liquid nitrogen or in vacuum atmosphere).

Firstly, in laboratory experiments, electrolytic discharge is common, and the use of different
salts can be seen with a variety of pros and cons [98]. One study has incorporated different salts
of sodium (Na"), potassium (K") and ammonium (NH4") cations to evaluate methodological
feasibility and the quality of the outcome in discharging LIBs. The study shows that using
halide salts (Cl, Br™ and I") for discharge can cause severe damage and corrosion and can
permeate water into the battery, which can lead to safety issues. However, according to the
same study, the use of alkali metal salts (PO4 >, CO3 2 or SO4 2) does not cause corrosion and
is safe for industrial use [98]. In contrast, in another study, it was concluded that Na>SO4 cannot
provide significant discharge (26.1% in 20 h) for LIB while NaCl gives the best discharge
capacity (100% in 24 h) with the shortest time span [99]. Nevertheless, using salt solutions for
discharging is much more appropriate for lower voltage batteries according to Li et al. (2016)
[100]. Further, discharging the batteries with salt solutions can cause contamination with
internal battery material and make it complicated for further recoveries, or at least reduce

recoverable material content or the value of it.

Secondly, the use of ohmic discharge is also a popular method in laboratory scale. Nan et al.
(2005) used ohmic discharge to drain a spent LIB. The study incorporated a stainless-steel
container with a mechanical stirrer along with water and electrolytic iron powder inside. The
spent battery was immersed in water and stirred for 30 min to achieve a full discharge [101].
The same method was adapted by Gratz et al. (2014) to achieve a comparably similar discharge
rate [102]. Thirdly, in some studies, cryogenic discharge has been used to drain the remaining
charge of the LIB. The studies used liquid nitrogen or a vacuum atmosphere to carry out the

process. However, this method is unpopular due to unsafe work conditions and high costs
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involved in establishing as well as maintaining very low temperatures compared to

conventional discharge methods [97,103,104].

Due to difficulty in applying salt base discharge industrially, uncertainty (no optimization)
involved in ohmic discharge and high cost in cryogenic discharge, mostly industrial-scale
recycling follows shredding of the spent battery under a protected environment. This can reduce
the cost of the recycling process as well as the complexity of the process. For an instant,
Retrieve Technologies (Toxco) undertook the dismantling of the battery along with a water
spray or nitrogen gas spray (or both) [105]. Another possibility is using CO» atmosphere for
shredding, which can be seen in Batrec Stores [106]. Using an inert gas (argon or nitrogen)
atmosphere is also possible for shredding to prevent oxidizing of Li while shredding [107]. In
addition, methods like Umicore’s UHT furnace do not need discharge of the battery as they
skip dangerous steps such as shredding [108]. These technologies are discussed broadly under

the dismantling section.

In a practical approach, as aqueous salt affects the quality and the quantity of the recoveries,
less corrosive or non-corrosive salt would be ideal for discharging the LIB as well as receiving
stable products. In contrast, using corrosive salts can even lead to the production of HF after
the contamination of trace amounts of water with electrolyte material [100,102]. In addition,
discharge of LIB using ohmic discharging needs further optimization to determine its
discharging rates and economic performances. As shown by previous studies, excess
discharging of the battery can adversely affect the material recovery from spent LIBs [103,109].
In addition, applying ohmic discharging at industrial levels can cause extra economic
difficulties such as investments and maintenance issues. However, as the bright side of the
ohmic discharge, it will be a benefit if one can utilize the electricity discharged from the battery
in another application (energy recovery). Lastly, cryogenic discharge has limited application in
the field and needs higher capital to apply industrially. A summary of discussed discharged

methods along with their pros and cons is shown in Table 2.2.

Table 2.2 A summary of discharging methods for LIBs.

Discharge methods ~ Condition Effects Advantages Disadvantages Ref.
10wt% NaCl 15% for 1 hr. Cheaper, simple, and Can corrode, safety issues [98-100]
Salt solution-based efficient (CI, emission).

discharge 71.96% for 6
hr.
100% for 24
hr
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5 wt% NaCl 9% for 1 hr. No corrosion, simple Time consuming [99]
88% for 24
hr.
Na.SO, saturated solution with Fe 100% for 24 No corrosion and Time consuming [98]
hr emission of Cl,
10 wt% Na.SO.with stirrer 26.31% for Time consuming [98]
20 hr.
10 wt% FeSO,with stirrer 75% for 8 hr. Relatively efficient Impossible without a stirrer ~ [98]
20 wt% Zn,(SO.),with stirrer 37.5% for 20 Time consuming [98]
hr.
10wt% Na.SO. 1.16% for 24 No significant discharge [99]
hr
2g/L ascorbic acid and 0.8 mol/L MnSO, 0.54 V for 8 Gentle discharge Costly [110]
hr.
0.8 mol/L FeSO. 1V for 2 hr. Eco friendly, efficient Costly [111,112]
discharge
Water and electric Fe powder used in  100% for 0.5 No corrosion, highly  Complex method [101]
stainless steel container with a stirrer hr. efficient
Ohmic discharge
Water and Fe scraps used in stainless Below 2 V Efficient Complex method [102]
steel container with a stirrer after 4 hr.
Cryogenic Dipped in Liquid nitrogen (-196 °C) for 5 100% for 5 Efficient discharge, No High cost, cannot apply in [103]
discharge min. min. corrosion, safe industrial scale

Most of the laboratory-scale studies use manual dismantling using screwdrivers, pliers, bolt

cutters, saws and pneumatic torque wrenches with sufficient protective measures [99].

However, not many publications can be found about the manual methods adopted [113,114].

Manual dismantling can cause several safety issues and environmental impacts. Some studies

reveal that releasing volatile organic compounds is possible throughout the dismantling process

[100]. Dimethyl carbonate and tert-amylbenzene have been identified as two major gasses that

emit from dismantled batteries. Manual dismantling can be done under a fume hood or using a

ventilating pump to reduce the environmental impact. However, it still poses a threat to human

safety. To overcome these issues, semi-automated dismantling methods can also be seen. These

studies have used manual methods to remove the housing prior to the discharge and mechanical
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methods to dismantle the battery cells [114]. In fact, industrial-scale applications cannot use
manual methods for many reasons such as inefficiency, safety issues, intense use of human
labor and existence of different battery designs. So, mechanical methods are much preferable

over the manual methods.

4.2 Mechanical Treatment

Mechanical treatment involves different aspects of LIB pretreatment. The method acts as a
dismantling method, surface modification method, separation method or a combination of two

or all those mentioned.

Li et al. (2019) proposed an automated comminution mechanism for pouch type LIBs which is
known as Z-folded electrode separator (Figure 2.3a). The method proposed does not use
destructive forces; instead, it uses a specialized tool set to unwind the z-folded separators and
feed it. The tools will then scrape off the electrode materials on both sides of the separator
[115]. However, most of the mechanical dismantling uses heavy destructive forces such as
crushing or grinding to dismantle the battery as briefly discussed under discharge. This
dismantling is often useful for further treatment processes such as hydrometallurgical
extractions. For instance, the BATENUS process which is identified as the first
hydrometallurgy process to be used in a large-scale battery recycling facility, uses shredding of

a mixture of batteries in a gas-tight unit [116].

Pinegar et al. (2019) reported that the Recupyl process for waste battery treatment uses crushing
of waste batteries in two steps. In the first step, the process used a low- speed rotary mill, and
in the second step it used a high-speed impact mill to crush the materials [117]. The Li-Cycle
process, which came into action in 2021, also uses a two-step process to recover valuable
metals from LIBs [118]. The process uses a “spoke shred” to crush the waste batteries without
discharging and obtain the black mass. Then, the recovered black mass will be refined using
the step called “hub refine” (hydrometallurgical method). Another experimental recycling
process for treatment of a mixture of Ni metal hydride, Li-ion and primary Li containing
batteries adopted a two-blade rotor crusher and hammer crushing for crushing purposes. In this
process, the two-blade rotor crusher was fed first without a sieve and the hammer mill crusher
was fed secondly, using a 5 mm sieve. In comparison, the same study used only two-blade rotor
crushers for double crushing of the same material. The study concluded that the highest amount
of electrode powder was received when using two-blade rotor crushers followed by the hammer

mill crusher [119].
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Zhang et al. (2013) compared performance of wet crushing (Figure 2.3b) and dry crushing
(Figure 2.3¢) using an LCO cathode LIB. In wet crushing, a blade crusher was used while
introducing water into the crushing area. The watery medium carried the crushed particles
through the sieve as a slurry. In contrast, the dry crushing used two stages, firstly with a shear
crusher and secondly with an impact crusher. Products from the wet crushing appear to be finer
due to the friction caused by rubbing off broken pieces while moving in a slurry. Further, finer
particles are hard to recover and might be lost with the flow. However, dry crushing resulted in
releasing electrode material from Cu and Al foils without crushing the current collectors into
finer particles [120]. The same authors also used this dry crushing method to characterize the
spent LIB active materials and to introduce effective mechanical methods in recycling spent
batteries [121]. It was identified that shear crushing is responsible for breaking the metal cover
of the module and impact crushing is responsible for selective crushing of electrode materials

after sieving out Cu and Al parts.

A planetary ball mill is another dismantling technique that was used by several scientists to
enhance the leaching efficiency in hydrometallurgical recycling routes [122—124]. Guan et al.
(2017) proposed a novel mechanochemical process to enhance the leaching efficiency of Co
using a ball mill. To understand the mechanochemical process clearly and due to the
interference, that could occur from other impurities, first they used pure LCO powder for the
extraction of Li and Co. The use of planetary ball mill is responsible for making the powdered
form of the cathode material (LCO) with the help of Fe powder, while HNO3 was used for the
dissolution process. It was established that mass of Fe available, rotational speed and milling
time promoted the recovery of Co, and reduction of particle size, increase in surface area and

changes in crystal structure promoted the recovery of Li [125].
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the investigated recycling process with varied 2nd crushing [94].

Some studies were undertaken to study how mechanical dismantling and sorting can be affected
on a mixture of four different LIB types. LCO, LFP, LMO and NMC battery types were used
in studies with a commercial granulator for shredding (7.5 mm pieces) and a sieve set for
sieving. The authors claim that the pretreatment process proposed is not energy-intensive and
needs low capital to establish [126,127]. Barik et al. (2017) designed a single-shaft shredder
with a shear-type cutting to reduce the size of dismantled pieces below 10 mm. The authors in
this study focused mainly on wet crushing of Co and Mn-containing cathode LIBs at 30 °C.
Then, the crushed materials follow flotation and sieving stages. Water in the process acts as a
scouring agent as well as a cooling agent. Flotation separates the plastics from the remaining
materials and the sieving separates the Cu and Al current collectors from the electrode materials

[128].

Diekmann et al. (2017) studied how the second crushing step (Figure 2.3d) affects the yield of
black mass (graphite electrode material) in the LithoRec process. The LithoRec process was
designed to reduce the environmental impact of the battery recycling process while achieving
high efficiency in material recovery from NMC type batteries in EVs and hybrid vehicles [129].

The LithoRec process uses a six-disk-rotor in a converted mill to crush the incoming material.
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In Diekmann et al.’s (2017) study, a second mild-crushing step was added using a cutting mill
with a 10 mm screen. It was established that old batteries tend to emit higher gas mass
(electrolyte solvents and CO2) than recently disposed batteries during the first crushing step.
Additionally, employing the second crushing step increased the yield of the black mass by 15%

without adding any impurities from current collectors [94,129].

Grinding flotation is another method proposed by authors for dismantling and separation of
LIBs. He et al. (2017) used this method to sort LCO cathode material and anode material from
a mixture. Authors separated the ground electrode mixture by flotation assisted by Fenton
reaction (Figure 2.4a). The result suggests that optimum conditions for successful separation
are Fe2+/H202 ratio at 1:120, and the liquid to solid ratio at 75:1. Investigation concluded that
modification of electrode material by Fenton reagent helped it to regain the original wettability
of LCO cathode material and graphite [130]. Yu et al. (2018) also used a grinding flotation
method to separate LCO-type cathode material and graphite of LIB (Figure 2.4b). An impact
crusher was used to lower the particle size of the cathode and anode materials down to 0.075
mm. The obtained electrode mixture was then ground using a hand Groover for a range of times
for optimizing. The result of the study suggests that 5 min of grinding can produce a higher
grade, concentrated LCO (sinks) and graphite (floats) separation with yields of 97.13% and
73.56%, respectively. Further analysis on morphology, elemental chemical states and elemental
distribution suggests that grinding eliminates the lamellar structure of graphite enhancing its
hydrophobic surface and fric- tion removes organic coating of LCO, enhancing its hydrophilic
structure.  This makes a significant difference in the surface wettability, leading to the

separation of electrode materials [131].

Cryogenic grinding of dismantled LIB was also studied to recover cathode active material
(Figure 2.4d). The study was carried out with analysis and revealed that yield strength, tensile
strength and impact strength of current collector significantly increased at low temperatures.
The study also identified that the glass transition temperature of the PVDF binder is at around
235 K. Due to these properties, at very low temperatures, the current collector strengthens up
and the organic binder fails, giving a chance for the selective grinding of cathode material and
peeling off electrode materials. The study concluded that peeling efficiency of the electrode
material can be enhanced by 62.26% with 5 min low temperature pretreatment and 30 s
cryogenic grinding [132]. In extension, suggestions were given to integrate cryogenic grinding

with flotation to separate cathode and anode material by Liu et al. (2020) [133].
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Wuschke et al. (2019) studied the safety issues in mechanical crushing of LIBs. Further,
correlation between the material composition of the battery and the specific energy needed for
dismantling the battery was also investigated during the study. Low speed axial-gap rotary
shear was used as the primary crusher to crush the LIB cells (coarser parts) and radial-gap
rotary shear was used as the secondary crusher to crush the resulting parts (finer parts) for the
experiment. Outlet grid size in the secondary crusher and the residence time of the materials in
the crushing chamber were used as variables to adjust the mechanical energy. An infrared
camera was used to detect the thermal energy released during and after the crushing of LIB in
the chamber with thermographic imaging (Figure 2.4c). The batteries used in the experiment
had a defined state of charge (SoC). The investigation reported that the SoC has a linear
correlation with temperature difference as per the results; a 75 °C temperature difference was
recorded with 10% SoC and 27 C was recorded with 2% SoC. Hence, a higher residual charge
can increase the risk of explosions or ignitions and create safety issues. Moreover, the study
also evaluated the specific energy requirement for crushing the battery cells and their parts
based on the composition of it. The results suggest that the least energy was consumed for
crushing the electrode materials of anodes and cathodes and highest energy was used to crush
down the elastic—plastic housing of the battery and the viscous—plastic separator foils. The
study concludes that separation of housing materials prior to the crushing can lower the energy

usage for crushing [134].

Widijatmoko et al. (2020) integrated “attrition scrubbing” (AS) to liberate the cathode active
material from LCO type LIBs. Attrition scrubbing is a method designed to promote collisions
and shearing action between particles to increase the friction on the surface and make fine
particles. For the investigation, a 1000 rpm constant speed AS was used, and silica sand was
incorporated as the abrasive material. The study compared cathode material liberated from the
single stage crushing using a cutting mill to a multistage cathode material liberation using AS
after the cutting mill. The study concludes that employing AS in cathode active material
liberation can increase the yield significantly compared to the poor liberation of the same when
used only in the cutting mill. The results show 80 wt% LCO particles liberation in the size

fraction of <38 mm with 7.0 wt% of Al and 6.1 wt% of Cu [135].
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Wet agitation of composite cathode material that was liberated from Al current collector was
investigated. The study was carried out to assess the possibility of de- agglomeration of cathode
electrode material from the composite. The wet agitation was done in a blender that produces
industrial scale shear force. The cathode material was successfully de-agglomerated due to the

loosening of PVDF binders from the cathode composites (Figure 2.4¢) [136].
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Figure 2.4 Sun;mary of dismantling methods (a) Schematic diagram for graphite and LCO separation
by Fenton reagent-assisted flotation [130], (b) Flow chart of grinding flotation to recycle LiCoO2 and
graphite [131], (c) Usage of infrared camera to detect the thermal energy released during and after the
crushing of LIB in the chamber with thermographic imaging [134], (d) Flow chart of cryogenic
grinding and recovery of cathode action material [132], (e) de-agglomeration of cathode composites

using wet agitation [136].
4.3 Sieving

Sieving has been used as a method for classification after a comminution or mechanical
dismantling step since the first use of battery recycling. In LIB recycling, sieving is an
important industrial step. In one of the studies undertaken by Shin et al. (2005), it was found
that crushed particles from LCO LIB type can be classified into two groups using 106, 200 and
850 wm, with the finer fraction received from 850 um being LCO particles and graphite, and
the coarse fraction being plastic wrappers, metal casing materials, Al and Cu current collector
materials and separators [137]. In another study, LCO-based LIB was ground to powder and
sieved using 2, 1, 0.5, 0.2, 0.25 and 0.125 mm vibration-aided sieve set. The finer fraction
resulting from the 1 mm sieve accumulated higher fractions of cathode metals and the coarse

fraction mainly accumulated Al and Cu current collectors with 67% and 79% percentages,
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respectively. Cathode metals contained in the finer fraction showed to be Li with 82%, Co with
81%, Mn with 88% and 62% of Ni [138]. Guimaraes et al. (2022) have concentrated the NMC
cathode after knife milling and sieving due to the removal of case and plastic separator. Despite
the material losses (less than 2%), the concentration of valuable metals increased to less than 2

mm [93].

Li et al. in 2009 carried out an investigation to study the effect of the screen size of the sieve
on the resulting recoveries from LCO-type LIBs. The study concluded that a 12 mm screen size
would be much more appropriate than 2, 4 or 8 mm sieve sizes for the classification of the
pulverized material from LCO. The results showed that 28.5% of Co could be found in the d <
12 mm with fewer impurities than the other sieve sizes [139]. Alternatively, particle size
distribution in two different crushing methods (dry and wet) was studied using 2 and 0.25 mm
opening sizes. The study used LCO-type LIBs, and the result suggested that d > 2 mm of wet
crushing was given a 27.57% mass ratio, whereas dry crushing was given only 21.28%.
However, 2 mm > d > 0.25 mm of wet crushing gave a lower fraction of materials (16.21%)
compared to dry crushing (30.46%). The finest fraction of wet crushing was at 56.22%, whereas
dry crushing had given about 48.26%. Accordingly, wet crushing has given a higher amount of
finer and coarse particles and dry crushing contains normally distributed particle size
arrangement [120]. Due to this reason, the authors studied dry crushing particle arrangement
in a later study again using 2, 1, 0.5, 0.25, 0.1, 0.075 and 0.045 mm sieve sizes making eight
distinctive groups. The study concluded that 0.25 mm gives 94.14% Al and Cu material in the
coarse fraction, and the finer fraction gives a higher concentration of Co and graphite with
94.39% [121]. The same group experimented with how impact crushes affect the particle size
distribution in LCO-type LIBs in a similar way using 1.4, 0.71, 0.5 and 0.2 mm aperture sizes.
The findings suggested that electrode material mainly concentrated below 0.2 mm and a higher

concentration of Al and Cu collector materials can be found above 1.4 mm aperture size [140].

Zhang et al. (2018) carried out sieving tests for LIB materials after pyrolyzing them up to
different temperatures to study particle size distribution of the same. The tests were carried out
for LCO-type batteries accompanied by a grinding step after pyrolyzing. A 2 mm sieve was
able to keep a higher fraction of large metal casing pieces and pieces of separators on it while
0.25 mm sieve retained a higher fraction of Cu and Al particles from the current collectors with
a fiber-like shape deformation. Below 0.2 mm fraction, scientists found the highest amount of

electrode materials. Further, 500 -C was identified as the optimum pyrolyzing temperature, as
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they gathered the highest amount of cathode electrode materials below 0.2 mm aperture.
Concluding the study, the investigators showed that pyrolyzing aided the classification step by
preventing electrode materials from making agglomerates and making it easier for particles to
free from PVDF binders. A similar study that was carried out in 2021 using the same cathode
type with less fraction of Ni and Mn confirmed that the highest liberation and accumulation of

electrode materials can be achieved at 500 -C under a 0.2 mm sieve size [141,142].

Viececli et al. (2018) optimized the particle size for hydrometallurgical extraction of precious
metals in electrode material. A grab shredder with a 6 mm bottom discharge sieve was used to
shred the components. The d > 6 mm parts were mainly composed of plastic separator parts,
Fe materials, and minor amounts of Al and Cu particles. Al and Cu materials in the coarse
fraction were separated from the rest using magnetic and density base separation while the d <
6 mm part was introduced to another cutting mill with an aperture size of 2 mm discharge. The
rest of the Al and Cu materials were separated as the coarse fraction and the minor fraction
went for hydrometallurgical extraction. Three distinctive groups were identified: the coarse
part where d > 6 mm, with 65% of Fe as it is harder to crush down; fraction 2 mm <d < 6 mm,
mostly with Al and Cu materials (70%) from the anode and cathode and 22-28% of electrode
materials; the finest fraction was d <2 mm with an average of 70% electrode materials [143].
In a similar study, the leaching efficiency of Li and Co was studied under five distinctive
particle size groups. The study incorporated 2 mm >d > 1 mm, 1 mm >d > 0.5 mm, 0.5 mm >
d > 0.25 mm, 0.25 mm > d > 0.125 mm and d < 0.125 size fractions, where LIB materials
underwent two step crushing, magnetic separation and vibro-sifting. The coarser fraction where

d > 2 mm was not used for leaching as it mainly contained Al and Cu foil particles [144].

A novel approach was proposed by Yu et al. (2020) to separate impurities such as Al and Cu
from electrode materials. Traditional methods include fine sieving of crushed materials or alkali
leaching of the same, whereas the new method replaces these with a combination of sieving
and reducing. Precisely, the method involved mild sieving of materials using a 4 mm opening
size followed by alkali reducing of the material using Al and Cu as reductants. The authors
further mentioned that a mild strainer (4 mm) resulted in 6.30 wt% of Cu and 9.98 wt% of Al
in the corresponding finer fraction where a higher fraction of electrode materials lies below the

0.5 mm strainer [145].

A wet agitation process was applied for recycling of used LIBs. Investigators used a blender to

wet agitate the LIB cathode material, hence performing the liberation of cathode active
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elements. Agitated material was then subjected to wet screening using 105, 74 and 37 um
aperture sizes. Particle liberation from the Al current collector was then assessed by froth
flotation as the method provides a better judgment on the surface hydrophobicity. Above 85%
recovery rate of cathode active materials was achieved with below 0.3% impurities while using

repeated agitation [136].

Widijatmoko et al. (2020) carried out a series of experiments to study the material recovery
efficiency of LCO-type LIBs. In one of the investigations, the effect of adding an additional
attrition scrubbing step after the cutting mill to recover Al, Cu and Co was studied. The
experiment also incorporated wet sieving of comminution particles under 212 and 38 pm screen
sizes. Moreover, the investigators screened coarser particles (d > 212 pm) using dry sieving
under 4750, 2360 and 850 um again. Finally, the yield of three metal types was analyzed in
each group received. Results suggested that Al and Cu distribution was not much affected by
the additional attrition scrubbing step. However, the yield of Co was significantly enhanced
from 11.4 wt% to 80 wt% in the finest fraction (d < 38 um) with a lower concentration of Al
and Cu (7.0 wt% and 6.1 wt%, respectively) [146]. The same group of scientists studied how
dry milling aids the release of electrode materials from the current collectors using the same
type of LIBs. In addition, the group made a comparison between old and new batteries to assess
how the aging of LIBs affected the efficiency of the release of electrode materials. The study
was able to identify four different categories based on how the electrode materials attached to
the current collectors (Figure 2.5¢ Cat. 1 or 2) or released from the current collectors but
attached to PVDF binders making agglomerates (Figure 2.5¢ Cat. 3 or 4). The four categories
and the results are provided in the summary at the end of this section. However, the results are
similar to most of the other studies that are listed above, providing more efficient liberation of
electrode materials from the fine particles (d <38 pm) in old LIBs. In contrast, new LIBs show
much resistance to liberating electrode materials and are highly attached to current collectors

and accumulated in coarser parts (Figure 2.5¢ Cat. 1 and 2) [135].



36

a (i)

29
Co BAI @Fe B Alimparities

28

Content of Co (%)

26

Content of impurities (%)

SRR
OO

25

}
l,ﬂﬂh

" Crusher screen size (mm) ¢

%.

333939333

i

i¥

Recovery (wt%)

74333
. N

Sty O
353539353

Recovery (wt™)
$PiiiiV

| | -
u

ze Range (ym)

Figure 2.5 Summary of dismantling methods (a). The effect of the sieve size on (a(i)) Co and (a(ii))
the impurity content in the underflow products [139], (b). The particle size distribution of the crushed
products at different pyrolysis temperatures: (b(i)) cathode and (b(ii)) anode [141], (¢). Cumulative
recovery of undersized particle of different elements [143], (d). Percentage recovery of different
elements based on particle sizes: (d(i)) after crushing and (d(ii)) after an additional attrition scrub-

bing [146], (¢). Characterization of liberated particles based on their sizes and age of the LIBs [135].

4.4 Dissolution

Dissolution can be used to dissolve or decompose PVDF binder that still exists in electrode
materials after freeing from the current collectors. The summary of dissolution results reported
in the literature is presented in Table 2.3. One solvent that is used widely in the literature for
the dissolution process is N-methylpyrrolidone (NMP), which has solvent ability up to 200 g
kg ! and has a boiling point of 200 °C. Contestabile et al. (2001) used NMP to extract electrode
materials (LCO and graphite) from the current collectors by dissolution for 1 h at 100 °C. The
result suggested that Cu and Al recovered without any contaminants under said conditions by
filtration of NMP solution [72]. Liu et al. (2006) experimented on N,N-dimethylacetamide
(DMAC) to extract electrode materials from current collectors of LCO-type LIBs. DMAC has
a solubility around 100 g kg!, a boiling point of 165 °C and is less expensive than NMC. The

authors concluded that LCO electrode material can be separated from Al while keeping the
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solid to liquid ratio between 1:4 and 1:5 [147]. N,N-Dimethylformamide (DMF) is another
solvent that has a comparably low boiling point (153 °C) and it can be completely evaporated
by heating it up to 120 °C for 12 h. As a result, Song et al. tried to extract cathode active
materials from NMC and LCO-type LIBs using a combination of DMF and ethanol and heating
it up to 70 °C [148-150].

In some of the literature, NMP and a range of other solvents have been used to extract cathode
active materials from cathode current collectors utilizing ultrasonication [151-153].
Conclusions are made about the dissolution rate in different solvents. NMP showed a 99%
dissolution rate while other solvents (water, acetone, dichloromethane, and carbon tetra-
chloride) achieved lower than 18%. Further, increasing the time of ultrasonication and
temperature does not affect the dissolution rate of these solvents [151]. It is worth noting that
using NMP accompanied by ultrasonication for a short time is more environmentally beneficial
than the method proposed by Contestabile et al. in 2001. However, the authors recommended
an additional stage of calcination at 750 °C for complete removal of PVDF binder from Al foil.
He et al. (2015) studied solvents such as DMAC, DMF and N, N- dimethyl sulfoxide (DMSO)
and ethanol accompanied with mild ultrasonication for the dissolution of PVDF from cathode
material. The liberation efficiency (E) of cathode active material was evaluated against
ultrasonication time, temperature, and power. The results showed that with 1:10 solid to liquid
ratio and 60 °C, along with 30 min reaction time, the liberation efficiency was less than 10%
when ultrasonication was not used. In spite of this, the liberation efficiency increased by
approximately six times when ultrasonication was used with the same conditions. Further, peel-
off efficiency increased according to the order of ethanol < DMSO < DMF < DMAC < NMP.
The highest liberation efficiency of 99% was achieved by NMP when optimized conditions (70
°C, 240 W and 90 min) were used. The authors elaborated that the highest liberation was caused
by rapid dissolution of PVDF aided by ultrasonication [152].

Nayaka et al. (2018), performed an experiment with a mixture of mild organic acids (citric acid,
tartaric, and ascorbic acid) to recover LCO cathode powders. The study reported that 100% of
Liand 90% of Co were dissolved with a 6 h reaction time at 80 °C. The experiment also showed

that Co (II) can be recovered as Co (II)-Oxalate with selective recovery [153].

He et al. (2020) suggested a method for selective liberation of LFP cathode active material
from a combination of LMO, LCO, LiNixCoyAl,O2> (NCA) and NMC LIB cathode types. The

methodology uses a method which involves reaction of the mixture of sulfide. Since sulfide
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reacts with Fe in LFP cathode active material, the crystal structure of the same will be
pulverized, making it liberate from the rest. Liberated material can be categorized using a
sieving step. Moreover, the article explains that the remaining PVDF binder from the Al foil
will be destroyed by the micro-explosions forced from hydrogen available in water. It is
mentioned that the liberation efficiency of LFP cathode active material was 100%, while others

showed only 0.08% [154].

AICI3-NaCl molten salt was used to peel off cathode active materials from Al foil by a group
of investigators. The PVDF binder can be decomposed by AICI3-NaCl molten salt when
changing its phase from solid to liquid at around 153 °C. The phase change absorbs heat from
the system heavily and that melts down the PVDF binder. The result shows that maximum
liberation efficiency was achieved at 160 °C with 1:10 g mL ™! solid to liquid ratio and 20 min
[155]. Zhang et al. (2014) used a strong carboxylic acid (trifluoroacetic acid (TFA)) with a
relatively low boiling point (71.8 °C) to decompose polytetrafluoroethylene (PTFE) binders in
NMC type LIBs. The best peeling-off efficiency was recorded with 1:8 g mL™! solid to liquid
ratio prepared using 15 vol% TFA solution. Further, the mixture was agitated for 180 min at 40
°C to obtain the optimum efficiency [121,155]. He et al. (2019) proposed a method to extract
cathode active material from LFP and NMC type LIBs in the form of flakes without using acid
or alkali solutions. The team was able to manufacture a special solution based on Na salts
named Aquas Exfoliating and Extraction Solution (AEES) which can liberate both cathode and
anode active materials with 100% efficiency. Al and Cu recovery efficiency were at 95.6% and
99%, respectively. The solution was able to weaken the mechanical interlocking force and
coulomb force between the active materials and the foil for effective liberation [156]. Several
results reported in the literature have demonstrated theoretically and experimentally that by
removing around a 63.2 nm layer of Al foil from the cathode current collector, it is possible to
weaken the forces that keep electrode materials together. So, electrode materials may be
recovered with 100% efficiency and Al foil with 99% efficiency. A group of scientists used an

alkaline solution to dissolve Al in LCO-type LIBs [101,102,157].

Table 2.3 Summary of dissolution methods.

Solvent type Condition Results Remarks Ref.

NMP 1 hour reaction at 100% recovery of Al and Cu LCO type LIBs, [73]

100°C economically inefficient




39

DMAC 1:4 to 1:5 S:L ratio Less recovery than NMP at optimum LCO type LIBs, Cheap and [147]
conditions convenient
1
DMF + Ethanol dissolution at 70°C Less recovery compared to NMP NMC and LCO type LIBs, [146]
Cheap and convenient
1
NMP 3 min. ultrasonication 99% recovery for cathode material
at room temperature
Water NMC type LIBs [151]
Acetone 3 min. ultrasonication less than
Dichloromethane at room temperature 18%recovery
Carbon
tetrachloride
1
DMAC dissolving with mild Increased by 6 times when sonication Common LIB types [152]
DMF sonication was used than when it's not used
DMSO 1:10 S:L ratio at 60°C according to;
Ethanol for 30 min. ethanol<DMSO<DMF<DMAC
NMP
1
NMP 90 min. reaction time  99% recovery of cathode materials Common LIB types [152]
at 70°C with 240 W
sonication
1
Sulfide Dissolved in  at room temperature 100% selective liberation of LFP cathode  Beneficial when extracting [154]
water materials LFP active materials from
combination of  LIBs
available
1
AICI3-NaCl molten 20 min. reaction time 99.8 wt% liberation efficiency Inexpensive and [155]
salts at 160°C with 1:10 S:L convenient method
ratio
1
15 vol% TFA 180 min. optimal High quality material recovery NMC type LIBs with PTFE [155]
agitation at 40°C with binders
1:8 S:L ratio
1
AEES Na based salt at room  Active material 100% For LFP and NMC type LIBs  [156]
temperature Cu 99%
Al 95.6%
1
Alkaline  solution removing of 63.2 nm Cathode active material 100% LCO type LIBs [101,102,157]

(NaOH)

layer from Al foil

Al 99%
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4.5 Thermal Pretreatment

Organic binders and electrode materials were often separated from the Al or Cu current
collectors using heat treatment. Fouad et al. (2007) investigated the possibility of making y-
LiAlO2 nanocrystals by heat treatment of LIB current collectors. According to the authors, the
availability of nanocrystallite y-LiAlO> along with Co302 and CoO on the surface of Al foil
was observed through XRD and SEM analysis when heated to 800-900 °C for 2 h. However,
the liberation efficiency of active material was not evaluated herein [158]. A comparative study
conducted by Sun and Qui (2011) confirmed 100% liberation efficiency of LCO cathode
material when the uncrushed LIB material was heated in a vacuum oven. Optimum experiment
values were given as 600 °C temperature, with 30 min vacuum evaporation and 1 kPa gas
pressure. Furthermore, the authors showed that when the temperature rises from 500 °C, the
peeling-off efficiency increases. However, temperatures above 600 °C are not suitable for
pyrolyzing experiments as Al foil becomes shredded into powders and this makes it harder to
recover the active materials [159]. The peeling efficiency obtained by Sun and Qui (2011) was
confirmed by Lu et al. (2013) in a similar study. They were able to resynthesize LCO-type
electrode material by heating the discharged batteries up to 600 °C for 3 h in vacuum

conditions.

In a closed loop recycling study, Kim and Shin (2013) reported the chemical perfor- mances of
the recovered materials from LFP batteries with different pyrolyzing temper- atures. The study
incorporated three different temperatures such as 400, 500 and 600 °C for comparison under a
nitrogen atmosphere. The results show that the resynthesized materials have good cycling
performance and capacity. Moreover, the cathode material treated at 500 °C showed a higher
capacity than the rest. Authors confirmed that all the three temperatures were able to
decompose the binders (containing sodium carboxymethyl cellulose and butadiene—
CMC/SBR) fully, hence maximum recovery of cathode active materials [160]. In a similar
investigation, a range of temperatures was used to liberate active materials by decomposing
PVDF binders in scrapped LFP-type LIBs. The conclusions show that maximum recovery was
achieved at 600 °C pyrolyzing for 1 h. Investigators confirmed complete decomposition of
binders and conversion of Fe™ to Fe™ [161]. Sintering and solvent extraction methods were
accompanied to recover electrode materials from NMC-type LIBs. The recovered materials
were used to regenerate the cathode and their performances were investigated. In sintering, the

cathode was scraped into 4 cm? pieces and heated for 2 h at different temperatures and was
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then treated with a fast-stirring mixture and sieved with 400 mm aperture size. The results
suggested that the maximum liberation of active mate- rials was recorded at 450 °C. However,
solvent extraction was preferred to the sintering method as the sintering process added
impurities (LiF) to the recovered materials [148]. Yang et al. (2016) studied a two-step process
to recover materials from spent NMC-type cathode materials. The two steps involved heat
treatment followed by acid leaching. As done by Song et al. (2013), authors cut the cathode
active materials into 4 cm? pieces and heated the material under a nitrogen atmosphere.
Thermogravimetric spectroscopy was analyzed to determine the thermal behavior of the
materials. Results suggested that PVDF decomposition occurred around 475 to 500 °C.
Furthermore, investigators showed that high leaching efficiency of Ni (98%), Mn (84%) and

Co (99%) was achieved after the heat treatment as the elements are partially reduced [162].

In situ recovery of Li2CO3 was studied by incorporating three types of LIBs (LMO, LCO and
NMC) by a group of scientists under vacuum conditions. A recovery rate of 81.9% was
observed with the optimum conditions: 973 K roasting for 30 min with solid to liquid ratio of
25 g L1, The purity of Li>COs recovered was at a high level (99.7%) [163]. The same group
of authors carried out another experiment to study in situ treatment of bulk LMO type batteries
to recover precious materials. Firstly, electrode materials (cathode and anode active materials
with binders) were mechanically separated from the bulk LIBs. Secondly, roasting treatment
was carried out without the availability of oxygen. The authors identified that in situ conversion
of MnO and Li2COs3 from electrode materials was possible at 1073 K roasting for 45 min under
oxygen free atmosphere. Furthermore, it was identified that binder decomposition occurred at

573 K and conversion of electrode materials occurred at 1073 K [164].

The effect of pyrolysis temperature on ultrasonic-assisted flotation for the separation of
electrode materials was studied by Zhang et al. (2018). The study was carried out on LCO-type
batteries to recover graphite and LiCoO». Results showed that 500 °C pyrolysis for 30 min with
N> atmosphere effectively decomposes the organic binders and higher liberation. Further,
ultrasonication cleans the impurities attached to the electrode materials, hence increasing
flotation. It was concluded that the new method can increase the separation of LiCoO> from

around 75% up to more than 96% with a high purity (93.89%) [165].

The effect of mechanical crushing and pyrolysis for flotation separation of graphite and cathode
active materials of LCO batteries was studied by the same group of scientists. The authors

mentioned that poor flotation of electrode materials was caused by the binders and electrolyte
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materials, and that at 150 °C all the electrolyte evaporates, and 15 min of pyrolyzing at 550 °C
can effectively decompose the organic binders without causing any changes to the mineral
structure of LiCoO». Hence, through the process, over 83.75% recovery with about 94.72%
purity of the materials can be achieved. The purity of the material can be further enhanced (up

to 98%) by two-stage pyrolyzing [166].

Wang et al. (2018) studied how the roasting temperature and roasting time affect the surface
wettability of the electrode materials to recover through flotation treatment. Flotation of the
electrode materials may be limited because of the organic layers around the crushed materials.
The results showed that organic binders started to decompose into CO; starting from 355 °C
and continued to give the highest decomposition rate at 490 °C. Further analysis concluded that
the organic outer layer can be mostly decomposed at 450 °C roasting for 15 min without
burning the graphite available. The authors confirmed that the original wettability of the
materials was gained at this optimized value, giving the highest recovery through flotation. It
is worth noting that the particle size was controlled at <0.25 mm throughout the whole process

[167].

Microwave-assisted pyrolysis was studied to recover Ni, Co and Al from NCM-type LIBs as a
comparison to conventional pyrolyzing at 600 °C. The authors established that microwave-
assisted heating is 20 times faster than the conventional pyrolyzing methods. Moreover, the
new method adds an extra degradation step to the traditional method which results in H> and
CO. This step 1s aided by steam and dry reforming reactions assisted by the availability of Ni
and Al. Further, high heating rates also contribute to this reaction. However, high heating can
adversely affect the process as Al foil can melt by giving sparks, making it difficult to recover
the intended materials. The study concluded that 360 °C is the optimum temperature for
microwave-assisted pyrolysis, considering the evolving of toxic gasses, Al mass loss, heavy
and light molecule production and active mass ratio yield [168]. Wang et al. (2019) achieved a
much lower temperature to decompose PVDF binders assisted by CaO. The thermal
decomposition of PVDF with and without CaO was studied using thermogravimetric analysis.
It was found that organic binder decomposed around 400-500 °C when CaO was not used.
However, PVDF could decompose at 300 °C when heated with CaO. The authors optimized
the ratio of cathode materials to CaO amount to be 1:8, the optimum temperature to be 300 °C
and the reaction time to be 10 min. With the optimized values, authors reached 97.1 wt% of

cathode material recovery. Further, the investigators elaborated that the method proposed was
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beneficial economically and environmentally [169]. A similar process was examined by Zhong
et al. in 2022. This group of scientists used DMF to heat with Al foil that contained cathode
active materials. The authors established that the use of DMF decreased the pyrolysis
temperature from 550 °C to 450 °C, with an increase in active material yield from 61.53% to
98.93% with 2 h reaction time. According to the authors, higher recovery resulted from the
microbubbles generated by DMF and enhanced decomposing of PVDF due to DMF availability
[170].

Pyrolysis followed by physical separation was used to recover materials from LFP-type
batteries. The method also recovered 99.91% of organic electrolyte with low- temperature
evaporation. The authors tried to recover materials from pyrolytic slag using physical methods
such as color sorting, flotation and high-pressure water cleaning. The highest peeling-off
efficiency was recorded at 550 °C pyrolyzing for 2 h under N> atmosphere. The pyrolytic
products received from the optimum conditions were found to contain aromatic long chain
alkenes and light alcohols while the gaseous part contained light alkenes. The results showed
that the investigators were able to recover 99.34% of Al, 96.25% of Cu and 49.67% cathode
active materials through the proposed method [171]. Lombardo et al. (2020) tried to incinerate
NMC-type LIBs under oxygenated conditions to decompose organic binders and electrolytes
to recover precious materials. The authors tried to vary the heating temperature from 400-700
°C with different time intervals (30 min—90 min). Scientists were able to identify that 600 °C
incineration for 90 min with air flow conditions can decompose the organic materials
effectively resulting in gases and organic oil by-products [172]. Figure 2.6 shows the summary

of thermogravimetric studies undertaken.
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Figure 2.6 (a) TG-DSC analysis of LMO-type cathode material under N, flow [164]; (b) TG-DTG
curve of LFP-type LIBs under air flow (b(i)) LCO with PVDF (b(ii)) graphite with SBR ((b(iii))
graphite with PVDF [166]; (¢) TG-DSC curves of NCM type batteries under O, atmosphere (c(i))

Cathode electrode without CaO (c(ii)) Cathode electrode with CaO [169]; (d) TG-DSC curves of LFP

type cathode materials under N, atmosphere [171].

4. Discussions and Conclusions

LIBs are one of the best technologies for energy storage and for providing a smooth voltage,

which also makes it widely available in EVs as their energy storage device. The continuous

growth of the EV industry with upcoming stringent environmental policies will continue to

grow the demand for LIBs in the long term [28-31]. Manufacturing of LIBs requires huge

amounts of virgin materials to be extracted from natural ores, which puts enormous stress on

the environment directly and indirectly. Moreover, disposing of waste LIBs is also equally

challenging as well. Further, improper disposal of LIBs will waste already extracted materials

as it contains a lot of precious metals and non-metals. This is not only a waste of resources but

also a threat to human sanitation and to ecological systems. So, there is no doubt that priorities

must be given to extracting resource materials from spent LIBs.



45

LIBs can vary largely in their cathode electrode metal content, and slightly in anode electrode
content. This imposes the biggest challenge in recycling LIBs in one single line [77-79].
However, their current collectors, casing materials and binding materials are mostly the same
in different LIBs. This makes it possible to recover these common materials in one single
pretreatment line. Pretreatment involves separating electrode materials from the rest of the
battery components so the secondary treatment can recover the precious materials available in

the electrodes.

Collection of LIBs is also challenging because most LIBs pass a hibernation period after their
service as discussed under collection. This happens mostly with domestic electronic equipment.
However, EV batteries are mostly given a second life after first use. Collection is further limited
due to collection and sorting parameters such as type of battery, cathode material and
manufacturer. Collection and sorting can be increased using proper labeling or using the QR
code labeling proposed by the EU commission [91]. This will inform the collectors or handlers
how to correctly sort the waste LIBs; however, it still depends on consumers’ willingness to do
so for most household equipment. For EVs, on the other hand, this method can elevate the
collection and sorting efficiency, so high-quality secondary raw materials can be recovered in
future. Though, since this decree comes into existence from 2026, these batteries will be added
to the waste lines until 2046. Meanwhile, large amounts of waste batteries are expected to pile
up soon after 2030 according to the discussed literature. Despite that, a decentralized
pretreatment plan is a better alternative to overcome collection and sorting challenges. Since
the sorting is not required for the common pretreatment line proposed, waste EV LIBs can be
easily collected at car dismantling premises. This will ease the recycling process and a higher
recycling rate can also be expected. However, this will be a trade-off between the quality of the

recovered materials and the quantity of recovered materials.

A recent literature study conducted by Kim et al. [173] has given recommendations on the
pretreatment steps to be involved in a pretreatment line. The article suggests that giving
solutions for manual dismantling techniques is a must and that so far, it has not been addressed
properly. Moreover, the article shows the importance of involving several mechanical
dismantling steps in the line. Further, it suggests using dissolution or thermal treatments to
decompose PVDF binders effectively. When designing the pretreatment line in this study, the
recommendations of Kim et al. (2022) were also taken into consideration. Discharging EOL

LIBs prior to dismantling is a widely accepted route [92]. However, most industrial lines skip
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this step and use direct shredding or crushing [105-108,173]. Salt-base discharging is not
possible to use in large industrial lines as it produces huge amounts of wastewater with toxic
substances in it which make it difficult to dispose of after. Recovering energy from the batteries
prior to dismantling is beneficial, but industrially, it is still difficult to apply. So, the most
appropriate step would be to dismantle the LIBs without a discharging step under a safe
environment. In this article, according to the literature review, we propose dismantling the spent
battery in the presence of water spray and N> gas spray in the dismantling chamber which will
be economical and easy to handle as per the current studies. Rate of N> and water spray should
be decided upon the load of the line. In a common pretreatment line, a specialized unwinding
and scraping-off tools as Li et al. (2019) suggested cannot be used, as this addresses only one
type of LIB. However, two-step mechanical dismantling would be more ideal than using only
one dismantling step as experimented by Diekmann et al., 2017, and suggested by Kim et al.,
2022 [94,129,135,173]. The first dismantling can use a low-speed shear crusher or a granulator
as a cheap and efficient dismantling step [126,129]. The first step crushing needs to dismantle
the particles to be less than 10 mm in size according to the references used [126,127]. The very
next step after the first crusher should be removing the plastic housing parts and separator foils.
A flotation-based separation can be used to remove these light denser parts easily from the
metal fraction. Given the efficiency and the ease of the method, flotation-based separation
would be ideal although it produces a quantity of wastewater. However, since the water amount
can be used for a longer period, the process would still be economical and environmentally
friendly. An alternative method to separate the plastic fractions and separator foils is sieving or
air separation [93], as these materials would not become fine particles during the first crush.
Flotation separation efficiency for plastics is higher than the sieving as per the current literature
[128]. The main reason for this is that plastic materials can be sieved using above 6 mm aperture
size and the optimum particle size for first step crushing is below 10 mm [143]. Despite this,

air separation can still replace density separation with closer efficiency.

The wet materials can be dried for several hours (3—5 h) with a slightly high temperature
(around 60 °C) to reduce the moisture content before the next crushing step. However, using
an air separator instead of a density separator can cut off the energy requirement for the drying
step. The object of the second crushing step is to retrieve current collectors (Cu and Al) from
electrode materials. Impact crushing, planetary ball milling and rotary shearing are the best
options for secondary grinding as per the analyzed literature [129—-131,134,135]. The output

particle size of the secondary crushing needs to be much finer than the first crushing step,
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approximately, below 2 mm according to the current literature examined [120,121,139].
Planetary ball milling is not very ideal in this case; it results in much finer particles as it uses
Fe powder. In addition, this will add impurities for the next steps [122,124]. However, impact
crushing seems to be a good candidate for this stage as suggested by many investigators through
their studies [134]. The crushing time can be set to 20—30 s with 2000-3000 rpm [121]. Further,
dry crushing is preferred over wet crushing given the disadvantages of wet crushing steps
discussed by the previous literature [120]. Grinding is also a better alternative that can be
accommodated in this step. However, the resulting material from grinding can be much finer,
hence, the expected particle range would be different, and this can make complications in the
next steps (sepa- ration) [130,131]. Accommodating another crushing step can result in
materials that still contain electrode materials attached to current collectors through binders as
per the latest studies [135]. Hence, removal of the same is important before the separation of
current collectors from the electrode materials. Separation of said material after decomposing
of binders will elevate the amount of electrode materials and the quality of the Al and Cu

recovered at the next step.

For PVDF decomposition, two methods are at our disposal, mainly dissolution or heat
treatment. Dissolution process either becomes expensive when NMP is used or results in poor
dissolution if other materials (DMAC, DMF etc.) are used [73,147,149-152]. Heating also
makes the process a bit expensive and can cause deterioration of Al if higher temperatures are
used [159]. Due to these reasons, utilization of higher temperatures or dissolution is not ideal
though Kim et al. 2022 considered them to be the best options. However, lower temperature
cannot cause the decomposition of PVDF binders as the organic binders are thermally stable
up to 450-500 °C [159,164]. So, the best option would be to use CaO to heat with the ground
materials as suggested by Wang et al. (2019). Accordingly, the next step would be to heat the
ground material with CaO under atmospheric air flow up to 300 °C for 30 min as per the
optimized values by the same author. This step will further reduce the toxic emissions to the
environment along with requiring less energy use. This will ensure the decomposition of
available organic binders before going to the next stage. This step can be considered as an
optional step if poor quality material separation is preferred. Then, simply sieved metallic parts
can be refined using a flotation-based trial. However, this would produce low-quality output
material and high-energy intensive steps may have to be employed in secondary treatments.
Furthermore, resulting Cu and Al may contain higher fraction of PVDF binders and can emit

toxic gases (e.g., HF) when purifying further. Heated material can be sieved to separate the
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current collectors from the rest of the electrode materials. The highest separation efficiency for
Al and Cu can be achieved using a 0.25 mm size aperture size with slightly inclined surface
that is set for 30—45 s retention time of sieving [121,141,142]. Further, this sieving step can
accommodate vibration-supported sieving to maximize the electrode material separation
efficiency. Recovered Al and Cu can be forwarded to corresponding treatment plants to make
metal ingots as EoW. Electrode materials need to be forwarded to a washing step to remove the
remaining CaO and CaF» from the previous steps [169]. Electrode materials received from this
process can be separated into the cathode active material and anode active material using a
flotation chamber. Since the surface of the recovered material is mostly enhanced during the
previous steps, flotation should be able to be carried out only with bubbles or with small
quantities of modifiers and frothers [131]. Since grinding can enhance the hydrophobic nature
of graphite in electrode materials and decomposition of organic layers enhances the hydrophilic
nature of cathode active materials, the flotation would give better efficiency in separating the
electrode materials [131]. Finally, the recovered material can be dried at 60 °C for several hours
(35 h) and can be sent to secondary treatment facilities to recover precious metals available

in it. As per the reviewed past works, the outcome will recover above 98% of electrode
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materials and current collector materials. The summary of the proposed method is given in

Figure 2.7.
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Figure 2.7 Proposed pretreatment line for LIBs.
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1. Introduction

The development of electric vehicles (EVs) aims to reduce CO2 emissions and fossil fuel
consumption in the transport sector, primarily using lithium-ion batteries. The transition to a
wireless era is causing a surge in battery demand across sectors, with projections showing a
surge in Li-ion battery (LiB) power requirements from 700 GWh in 2022 to 4.7 TWh in 2030
[1]. Policy adaptations, such as incentives and reduced battery prices, and countries planning
to impose restrictions on fossil fuel-governed vehicles also influence this trend [2]. For
instance, China aims to sell 20% of zero-emission vehicles by 2025, while the European Union
has implemented measures to reduce transportation carbon footprint, leading to increased EV
usage. California's policies, for instance, have decreased state-wise CO> emissions in many US

states, influencing worldwide demand for LiBs and increasing battery waste over time [3].

Currently, 57% of total worldwide LiB production is carried out by Asia-Pacific regions.
Moreover, more than half of this production is coming from China. America and Europe are
only responsible for approximately 22% and 21% of production as Statista reports [4]. In
addition, this distribution will last until 2030, and total manufacturing capacities will be
increased from 1.57 TWh (in 2022) to 6.79 TWh (in 2030) [5]. This increase in the production
facilities is expected to boost the demand for raw materials. For instance, the demand for
Cobalt, Nickel, graphite and Lithium is expected to increase by 256%, 1237%, 530% and 575%
respectively. In the case of mining of these materials, around 76% of total Co mining is carried
out by DR Congo followed by Indonesia (8%). Graphite is largely mined by China which is
responsible for the production of 77% of the world requirement, being Madagascar and
Mozambique the second largest suppliers at 6% production each. Nickel is mainly mined by
Indonesia which produce around 50% of world Ni consumption [6]. Since most of these
countries follow less stringent environmental laws for mining, increasing demand can produce

an enormous quantity of emissions in future. Perhaps, moving towards urban mining of spent
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batteries can lower this pressure exerted on mining industry, lowering the overall emissions.

Moreover, it is a solution for the handling of high battery waste generation expected.

However, implementing new laboratory-identified technologies on a pilot or industrial scale
presents challenges owing to uncertainties in recycling methods. Prior knowledge of the tested
technologies from environmental and economic perspectives is advantageous. Decision-
making of the core of the recycling process is crucial as it determines the quality of the material
recovered and can also lower the overall environmental and economic pressure significantly.

However, studies undertaken specifically to address this issue are not to be found.

To overcome this research gap, the current study employed a novel approach by simulating and
arranging different emerging hydrometallurgical treatment steps into alternative conceptual
treatment sequences that had already been tested at laboratory or pilot scales. The study aimed
to evaluate the environmental and economic performance of trending and emerging
technologies used to recycle LiNig33Mno33C003302-cathode (NMC 111) material from waste
LiBs through these simulations. The technologies were assessed based on recent applications
at the laboratory/pilot level that showed promising recovery levels suitable for industrial

application.

Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) were used to assess the
environmental and economic performance, focusing exclusively on the hydrometallurgical
treatment for extracting the critical raw materials (CRM) present in the cathode. The study also
examined and compared various hydrometallurgical steps, such as leaching,
purification/separation, and calcination, which extract Co-, Mn-, and Ni-based oxides from
cathode active materials. Although Li was not considered for extraction as an oxide, it was
accumulating in the solution for later production. The refining of metals in each study focused

on Co, Ni, and Mn, and material flow was determined with an emphasis on these three metals.

The study also included recent inorganic acid (H2SO4)-based leaching experiments performed
at the laboratory level for comparison. A novel aspect of this leaching method involved
reducing the amount of oxidant (H20.) used. It is from the knowledge of the authors that H,O»
it is not mandatory for the recycling [7], [8] but it was considered based on literature of the

novel technologies evaluated

The study focuses on the target audience of battery manufacturers, recyclers, researchers, and

policymakers to enhance their future recycling routes and amendments to existing routes.
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2. Literature review

Since the introduction of more efficient Ni-Mn-Co (NMC)-type cathodic LiBs in 2010, LCO
(LiCoO; cathode) production has led to a decrease [9]. Though the new cathode material has
lower fraction of Cobalt than LCO cathode types the overall material contribution for NMC
type cathodes are higher [10]. However, currently the highest market share (79% of total LiB
battery market) is occupied by NMC type LiBs due to their high performance. It is expected
that after 10 more years the market share of NMC type cathode would be 100% [11]. This
suggests that future LiB waste generation would highly contain NMC type cathode active
materials as researchers should be more focused on recycling of NMC type cathode active
materials. Nevertheless, among the NMC type cathodes the NMC-111 battery type had the
highest material contribution than the rest and it is the first introduced NMC type cathode
material [10]. Hence, much attention should be given to recycling of NMC 111-type batteries.
Moreover, given the similar chemistries in all NMC type cathodes, researchers on NMC 111

cathode materials can be easily applied on other NMC type cathodes as well.

He et al. (2024) conducted a comparative review of new hydrometallurgical and direct LiB
recycling methods, discussing advancements and future commercialization pathways.
However, numerical comparison is unavailable, hindering the adaptation of the best
technologies for future applications [12]. Kallitsis et al. (2022) discuss the environmental
impact of different recycling routes in another LCA study for NMC-type LiB recycling. This
study focused on the total battery life cycle and compared hydrometallurgical and
pyrometallurgical treatment options. The experiment concluded that hydrometallurgy has less
environmental impact than alternative methods [13]. Therefore, hydrometallurgical recycling
1s gaining popularity owing to the efficient recovery of high-purity metals while reducing gas
emissions and energy consumption. However, there is a lack of environmental and economic
evaluation and comparison of the various hydrometallurgical recycling methods, leading to a

lack of definitive determination of the most efficient approach [14].

LCA and LCC are practical tools that can compare technologies from environmental and
economic perspectives. Castro et al. (2022) employed these methods to assess the potential
enhancement of the entire treatment route developed. However, the higher impacts generated
by the pretreatment steps used in the study hindered the impacts embedded in the
hydrometallurgical steps. Fahimi et al. (2022) and Wu et al. (2022) have also conducted a study
and compared the performance of various treatment routes used in treating LCO-type batteries.

They performed a comparative analysis using the ESCAPE (embodied energy and carbon
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footprint) approaches for the total treatment processes, which impedes the identification of
more effective leaching or purification methods [15]. This is mainly because pretreatment is
typically responsible for most emissions and energy utilization [16]. Wu et al. (2022) discussed
and compared various hydrometallurgical and purification methods using an LCA based
approach. However, as the study focused on LCO-type batteries, the applicability of these
technologies in NMC-type batteries is problematic[17].

Rinne et al (2021) carried out a study to evaluate the possibilities of synergistic recovery of
cathode metals from NMC-LiBs and nickel metal hydride (NiMH) batteries. However, the
study discusses only one hydrometallurgical route with and without using NiMH battery
materials and suggests that synergistic recycling is environmentally beneficial. Nevertheless,
the study fails to compare other viable hydrometallurgical options that can be utilized to
enhance the benefits. Moreover, economic evaluation is not done [18]. The study carried out
by Du et al (2022) compares the use of virgin and recycled NMC cathode metals to produce
power batteries in China through LCA approach. The study reveals that using recycled NMC
lowers the environmental impacts than using virgin materials. However, this study also used
only one hydrometallurgical route hindering the possibility of comparing various technologies
applicable for the same [19]. Finally, Zhou et al (2021) elaborated comparative LCA of LiB
recycling methods through merging different treatment segments such as pretreatment,
pyrometallurgy, hydrometallurgy etc. Consideration of different cathode chemistries of LiBs
and focusing on the total recycling line in the study hinders the importance of the
hydrometallurgical refining part. This is mainly due to the higher environmental impact given
by the pretreatment or pyrometallurgy method utilized. Other than that, hydrometallurgical
material consumption varies largely on the cathode chemistries and using of a single

hydrometallurgy route for various cathode materials can provide misleading information [20].
3. Methodology

3.1. Technology Identification

This investigation utilized the Scopus database to identify NMC cathode recycling
technologies based on laboratory studies published between 2015 and 2024. The keywords
"cathode”, “NMC”, “recycling”, “black mass”, “hydrometallurgy", and "metal extraction"
were employed with the Boolean operator "or" between terms. Articles were subsequently
ranked based on their citation frequency. Initially, 250 articles were considered for the

preliminary assessment, and manual filtering was conducted based on novelty and data
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availability. Ultimately, nine distinct emerging technologies were identified from 20 articles.
Further surveys were conducted to identify studies that converted the end products to Ni, Co
and Mn oxides while Li being left in the final solution. References older than 2015 were used
only if more details were required to confirm the corresponding technology. Pretreatment steps
were not considered in this study, as they are well-established technologies [21]. The identified
technologies are briefly summarized in Section 4.1 to provide a prior idea of the technology
assessed in the next stage (Section 4.2). Among the identified technologies, three different
purification technologies were incorporated for the analysis. Namely, oxalic acid-based
purification, adsorbent (ion-exchange resin) based purification and solvent extraction-based
purification. In order to provide a broader clarity, the flow diagrams for each purification

technology were given under annexure 1, Figures S3.1, S3.2 and S3.3.

3.2. Life cycle assessment: goal and scope definition

The goal of the LCA study is to provide an extensive comparison between the emerging
technologies used and those identified in Section 3.1. The technologies used in this study are
all on laboratory scales with potential usage at industrial level. The possibility of using the
technology on a larger scale was determined through the assessment of future
recommendations of the studies referred. Recovery efficiencies, simplicity in adapting the
technology, scalability and cost of materials were also considered to determine the applicability
of the technology at the industrial level. As the technologies used in the study have a higher
potential to be used soon, a critical analysis of their pros and cons is compulsory. Hence, the
LCA and LCC based approach, and hotspot and scenario analyses were used as tools for this
investigation. The LCA study will be an attributional ex-ante analysis to predict industrial level

material requirement and emissions.

A treatment/extraction sequence based on NMC 111 type cathode material was used for
LCA/LCC analysis to keep the consistency. Adjustments were made where necessary with
assumptions to calculate the raw material requirements and products. The study was conducted
according to ISO 14040 and 14044 standards. Sima Pro 9.5.0.1 software and Eco-invent 3.91V
database were used to develop the model to evaluate the impacts of each theoretical route. All

calculations were performed using the ReCIPe 2016 v1.1 midpoint (H) calculation method.

In the current study all the 18 impact categories: Global warming, Ozone formation (Terrestrial
ecosystems), Terrestrial acidification, Freshwater eutrophication, Terrestrial ecotoxicity,

Mineral resource scarcity, Fossil resource scarcity, Water consumption, Land use, Human non-
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carcinogenic toxicity, Human carcinogenic toxicity, Marine ecotoxicity, Freshwater
ecotoxicity, Marine eutrophication, Fine particulate matter formation, Ozone formation
(Human health), Ionizing radiation, Stratospheric ozone depletion were used. Special attention
was given to global warming potential impact category as it will be used for the benchmark
analysis and for comparison with literature values as it represents the process emission effect.
Nevertheless, freshwater eutrophication, marine eutrophication and stratospheric ozone
depletion impact categories were not shown in results tables as these categories mostly showed
damages less than 107 in corresponding units. However, they were shown in the damage

assessment graphs in percentages for better clarity.

3.2.1. Functional unit

The functional unit of the study was selected as the treatment of 1 kg of NMC 111 cathode
active material (where the oxide amounts of Co~=0.33 kg, Ni~0.33 kg, and Mn~=0.33 kg is
assumed based on the formula of the cathode material LiNio33Mno33C00.3302). The recovery
of Co304, NiO, and MnO throughout the treatment process was considered as the final product.
The total Li available in the cathode is assumed to be passed through each step and accumulate
in the final solution where further refining can be done, and it was not used for mass balance
calculations mainly due to the lack of focus on Li in most of the studies utilized and
inconsistencies of the final form of Li. We identified each treatment route's emissions, recycling
efficiencies, and outputs based on 1 kg of cathode active material input. In addition, 1 kg of

NMC 111 input makes it easy to compare different routes and treatment segments.

3.2.2. System boundary

This study focuses solely on the specific hydrometallurgical treatment steps for the cathode
materials of EoL LiBs. Therefore, we disregarded the steps such as production, transportation,
and use that do not affect the treatment/ recovery of materials (Figure 3.1). For the LCA study,
leaching, purification, and calcination (treatment for active materials) were only investigated
since the study is focusing on the recovery of CRM from used LiBs cathodes. Also, unaffected
treatment segments such as LiB collection of spent batteries, pretreatment, and final use of
recovered materials were not considered, as they could be considered same for all the routes

[16].
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Figure 3.1 Depiction of the system boundary based on one treatment sequence.

3.2.3 Life cycle assessment: inventory and modelling

Inventories for four different leaching mechanisms (Deep eutectic solvent (DES) based
leaching, Inorganic acid based leaching, Supercritical fluid (SCF) based leaching and
Electrowinning (EC) based leaching), three different purification/separation mechanisms (Ion
exchanged (IE) based separation, Solvent extraction (SE) based purification, Oxalate based
(OP) precipitate separation), and two different calcination mechanisms (Hydroxide based
calcination (HC), Oxalate based calcination (OC)) were extracted from the secondary sources.
Organic acid-based leaching was not included in the study as an emerging technology as the
DES based leaching is an advancement of the same where DES is made out of the combination
of organic acids. At least two or more studies were used for each technology to calculate the
chemical consumption, energy requirements, and emissions. Whenever no more than one study
was found for a particular technology, other studies on NMC (811, 622, etc.) or LCO cathodes-
based studies were utilized with necessary approximations. Stoichiometric calculations were
performed to identify the products produced in each treatment step. However, the product
quantity identified from stoichiometry was multiplied by the recovery efficiency at each step
according to the literature. The ratio between the input and output metal oxides was used to
calculate the efficiency of each treatment sequence. Since all the technologies evaluated were
at the laboratory level, inventory analysis was performed for ~1 g of NMC 111 cathode active

material treatment. LCA analysis was done for the 1 kg (default) NMC 111 treatments.

Chemical and energy usage and emissions identified were modelled in Sima Pro 9.5.0.1 using
the Eco-invent 3.91V database (allocation cut-off, unit). The global average (GLO) eco-invent
processes were selected for modelling. Whenever GLO processes were unavailable in the
database, rest-of-world (RoW) processes were chosen for standardization. The unavailable

process in the Eco-invent database was modelled separately using literature values. For
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example, DES chemicals (oxalic acid and choline chloride) were not found in the database;
hence, they were modelled using the process described by Zaib & Vahibi and Zhao and
collaborators [22], [23]. The process for oxalic acid production was not available in the Eco-
invent database; instead, acetic acid production was used because both acids have similar

production procedure as depicted by Vahidi and Zhao (2017).

The energy consumption for each step was determined by assuming an average power
consumption of the laboratory instruments for the corresponding steps. The total capacity of
the instrument was used for pre-heating, and 30% working potential was used for the rest of
the working period. The average instrumental power consumption is shown in the complete
inventory analysis under the annexure 1. However, for EC-based leaching, the energy
requirement was calculated using data from the corresponding articles [24], [25].

Consequently, equation 1 was utilized to calculate the electricity consumption of the process.

Where, P; power, I; current used and V; voltage applied. The energy consumptions were
identified first for the total NMC 111 active materials utilized in the study. Later, the energy
consumption for 1 g of the NMC 111 cathode material was calculated by dividing the total
energy consumption by the amount of cathode materials treated. Nevertheless, under result and
discussion section (section 4) energy consumptions were given as the Simapro-network
diagram calculates for the treatment of 1 kg of cathode active materials. In addition, materials
that can be used more than once, such as resins, their shelf life was used according to their data
sheets to calculate the amount required for the treatment of 1 g of NMC 111. However, 20
usage cycles (standard scenario-without improvements) were assumed for the electrodes used

in the EC leaching study as per the lack of data.

Finally, in addition to the eco-invent and modelled processes, dummy variables were used to
link the technologies to arrange the treatment sequences. With nine technologies identified,
seven treatment sequences that could be utilized to treat NMC 111 cathode active materials

were elaborated.

3.2.4 Technology Comparison
Each technology under different treatment steps was discussed as per the output given by the
LCA studies. Accordingly, comparison of the impacts of leaching technologies, purification

steps and calcination possibilities were done based on the chemical usage, energy requirements,
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and emissions for treating 1 kg of NMC 111 cathode active materials. Moreover, through the

analysis, hotspots were identified for each technology where high impacts are generated.

3.2.5 Standard Scenario Comparison

The treatment sequences were simulated using technologies identified for each treatment
segment, such as leaching, purification, and calcination. Only the possible sequences were
considered (further elaborated under section 4.3). For example, the leaching solutions resulting
from DES-based leaching contain oxalates; hence, using adsorbent materials or organic
extractants is incompatible [26]. Therefore, purification based on precipitation (oxalates) was
used for DES-based leaching followed by calcination. Moreover, the ion exchange resin-based
purification or solvent extraction-based purification might be not compatible when oxalate
anions are present in the leaching solution as it may produce flocs of precipitates and can block
or reduce dissolving. Hence, these two technologies were not connected after the DES based
leaching, instead oxalate-based precipitation and oxalate-based calcination was used. The
identified treatment sequences are provided in the Results and Discussion section (section 4.3).
The impact of each treatment sequence was analyzed based on the recovery efficiency of
critical metals. Thus, the best treatment sequences for recovery efficiency and low
environmental impact can be distinguished according to the standard scenario. The LCA
inventory utilized for standard scenario analysis is given under annexure 2, section 1 along
with methods, assumptions, process and data sources. A sensitivity analysis using a Monte
Carlo simulation with 1,000 runs was also conducted to understand the uncertainty of the
impact assessment. Results of the sensitivity analysis carried out for standard scenario are

provided in annexure 1, Figure S3.4.

3.2.6 Improved scenario comparison

Improved scenarios for each treatment sequence (route) were established by improving the
standard scenarios. For improvement, the factors identified during hotspot analysis were
incorporated. Accordingly, an improved energy mix and low-voltage electricity generation by
photovoltaic panels (Switzerland Energy Mix for Low Voltage) was used. The recycling rates
were increased from 50% to 80% under improved scenarios for the organic acids/solvents used
(e.g., DES, D2EHPA, or Cyanex 272), as suggested in the literature [22], [23]. In SCF-based
leaching, the CO» recycling rate was assumed to be 80% in the improved version to prevent
underestimation, although the literature shows that 100% recycling is possible in industrial

lines [27]. Furthermore, the electrodes used in EC-based leaching were assumed to be used 50
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times instead of 20 times. The organic solvents (DMSO) used in the DES-based leaching were
reduced by 30%, assuming higher recycling at industry level [26].

Moreover, according to the findings of Guimaraes et al. (2022), the reducing agent usage was
reduced by 50% for conventional inorganic acid leaching, although the authors mentioned
leaching without reducing agents [7], [28]. The adsorbent materials (ion-exchange resin) used
in adsorbent-based purification are determined to have a shelf life of 10 years instead of the 8
years used in the standard scenario [29]. The hazardous waste resulting from each purification
step was reduced by 10%, assuming an industrial-level treatment [16]. Annexure 2, section 2
presents the complete LCA inventory of the improved scenario. The life-cycle impact of each
treatment sequence was assessed with these improvements to approximate the industrial-level
impact assessment. A sensitivity analysis is conducted to understand the uncertainties involved
in the improved scenarios. Figure S3.5 in the annexure 1 provides the result obtained for the

sensitivity analysis for improved scenario.

3.3 Life cycle costing study

As Villares et al. (2017) reported, material and energy efficiencies in industrial scale is
significantly higher than laboratory scale estimations. Hence, Economic analyses were
performed using the material consumption at improved scenario of the LCA study [30]. Using

the improved scenario, it is reasonable to assume industrial-scale consumption.

The chemical consumption and waste generation for each route were calculated using the
“process contribution” using the Sima-Pro software. The Ali-Baba trading, chem world and
Intratec websites were consulted regarding the industrial level chemical prices [31], [32], [33].
World average electricity prices were taken from “Thunder said energy” research website [34].
Further, the costs for hazardous waste incineration and treatment of used ion exchange resin
were taken from the “Boulder County” website [35]. The disposal costs for scrap metals were
taken from Castro et al, 2022 [16]. The complete inventory set for the LCC analysis is given
under each route in annexure 2, section S3, accordingly, the maximum and minimum values of
the prices of various raw materials required for the specific treatment routes. Since the cost of
materials is hidden trading information, receiving multiple values to work out the standard
deviations was not possible. Hence, the highest and lowest prices given by websites had to be
used for the calculation of standard deviations and variance. The following equation was

utilized for the standard deviation under the assumption of uniform distribution of prices [36].
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(Maximum price—Minimum price)

Viz

Stadnard deviation = 2)

Additionally, when the valuable spent products were received during the process, those were
indicated with a negative price to show a potential income during the economic evaluation. As
the literature proposed, this step was conducted only for organic products (DES solution and

spent solvent mixtures) that could be recycled.
4. Results and discussion

4.1 Technology Analysis

Three emerging technologies were identified through recent secondary sources with promising
scale-up potential. Moreover, inorganic acid-based leaching was also considered as an
emerging technology as per the recent advancement achieved by many researchers in the field.
Sulfuric acid-based leaching is well-reported in literature for LiBs recycling, and advancements
can be observed in the reduced usage of hydrogen peroxide as a reducing agent and the reduced
usage of acids [7], [28]. Different concentrations, leaching times, temperature and solid to

liquid ratios are reported depending on various active materials studied.

DES-based leaching is a recent technology that has emerged for cathode material leaching.
DES was made from hydrogen bond acceptors, and donors to dissolve the metal oxides
available in the cathode (HBA-HBD type). This is because such solutions provide the required
properties for leaching, such as low pH range, reducibility, and the ability to coordinate.
According to the literature, the use of DES has environmental benefits, but recyclability is still
a challenge [26]. Once the DES is made, the leaching is carried out like the inorganic acid
based leaching mechanisms optimizing temperature, pH level, solid-liquid ratio and leaching
time. Most recent studies show longer leaching hours for the DES based leaching as the acidic

media is not corrosive as the inorganic acids [26], [37].

Superecritical fluids (SCF) are also used to leach metals from cathode active materials. In this
emerging technology, the cathode active material will react with inorganic acid inside a
pressurized reactor with the availability of CO.. CO; will be inserted into the pressurized
reactor via a high-pressure dosing pump in the liquid form. Due to the pressure and the heat
inside the reactor the CO2 will achieve its supercritical state by enhancing the speed of metal
leaching. This method is highly effective because of its extremely high solubility and high
stability provided by CO; and inorganic acid [38], [39]. The method is also seemingly
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convenient for low energy use due to reduced reaction time and fast kinetics. It is reported that

the leaching time can be reduced to 5-30 minutes using SCF based leaching [40].

Electrochemical (EC)-assisted leaching is an innovative technology recently used to leach
NMC cathode active materials. The method is also reported as a green approach because it
produces fewer toxic products and has lower energy use, with a comparably higher yield of
recovered metals [24]. In this method the leaching will be carried out in a dual chamber
electrochemical cell which is separated by a bi-polar membrane. For the anode, a foam made
of nickel will be used while the cathode will be a stainless-steel electrode. The cathode
compartment will contain the cathodic powder along with H2SO4 and FeSO4, while the anode
compartment uses KOH. As the current is passing through the cell, the metals will be leached

to the solution [24], [25].

As the first purification technology, oxalate-based precipitation of metals considered as
discussed by Chang et al (2022). Accordingly, when DES based leaching is used additional
oxalic acid addition is not required to obtain the precipitates as the DES already contain
oxalates. Hence, this method was only compatible when DES based leaching is done. Once the
leachate is received, it will undergo dilution step with addition of dimethyl sulfoxide (DMSO)
as the leachate has very low water dissolvability. After, leachate will be subjected to
centrifugation at 10000 rpm for 5 minutes. This will separate Ni-oxalate dehydrate from the
rest of the cations. The supernatant will be then diluted with DI water and heated up to 70 °C
for 3 hours. Once filtered, the residue will contain Co-oxalate dehydrate while the filtrate will
contain Mn metal ions. Then the pH of the filtrate will be adjusted to 12 using NaOH and the
solution will be filtered for the second time. Here the residue will be Mn-Oxalate dehydrates

[26], [41]. A flow diagram for the steps is given under Figure S3.1 in annexure 1.

Adsorbent material (ion-exchange resin)-based separation/purification is also an emerging
technology that widely used in recent studies and most commercial chelating resins focus on
Ni, Co, Mn, and Fe as iminodiacetate (Lewatit TP 207 and Amberlite IRC748),
aminophosphonic acid (Purolite S950, Amberlite IRC-747, and Lewatit TP 260), and bis-
picolylamine groups (Dowex M4195 and Lewatit TP 220) [25], [42]. Technology is applied
once the metal ions are leached into the solution. The solution will be forced into a vessel that
contains the target ion exchange resin. The flow rates must be adjusted to increase the
efficiency of the metal ion exchangeability. Often, the pH of the carrier solution will be

adjusted, and the carrier media will be fine-tuned to give out only the targeted metal ion to
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maximize efficiency. For instance, low pH carrier solution will give out Ni** ions to the resin
while, addition of ammonium acetate and diluted ammonium hydroxide will make Co** to be
attached to the cation exchange resin. Later, Mn can be separated from the Li using solvent
extraction method. Further, the solution might be required to pass through the ion exchange
resin multiple times depending on the concentration of metal ions. Once the ion exchange resins
are rich with targeted metal ions, the media will be backwashed with diluted inorganic acids
(H2S04) to release the metal ions back into a solution separately. Finally, the pH of the solutions
will be increased up to 11 using NaOH to precipitate the metal ions as their hydroxides [25].

The Figure S3.2 in annexure 1 shows the flow diagram of the precipitation steps.

Organic solvent-based extraction is the third purification method identified. Technology uses
the leached solution resulted from the leaching step. Firstly, liquid-liquid extraction can be
utilized to extract Co from the leached solution towards Mn by 0.4 M Alamine 336 organic
extractant which is combined with kerosene at the organic to aqueous (O/A) ratio of 0.5. The
extracted Co may be contaminated with minor amounts of Mn (around 5.4%). This can be
further purified by extracting Co from the Mn using D2EHPA extractant. The resulting Co rich
solution can be used to precipitate Co in its hydroxide form at pH around 10 by adding NaOH.
The Co depleted solution after the first extractant can be utilized to extract Ni by enriching the
organic fraction with 0.7M Alamine 336 diluted with kerosene at O/A 2. This can effectively
extract Ni which can be precipitated with addition of NaOH at pH of 8. This will also result in
effluent rich with Li ions that may be extracted using an organic solvent of Cyanex 936.
However, for the easiness of the study and for the standardization with other purification
technologies, Li-ion is assumed to be left in the solution state. Mn in the organic fraction will
be taken to aqueous fraction using inorganic acid (HCI) with 0.1 M concentration which can
be then precipitated as Mn(OH)> with the addition of NaOH at pH 8 [43], [44]. The extraction

steps are represented in the flow diagram given in annexure 1, Figure S3.3.

In addition to the three separation/purification methods, two calcination methods (hydroxide
calcination and oxalate calcination) were used to convert the purified product into metal oxides.
Accordingly, the precipitated metal hydroxides or metal oxalates will be heated to higher
temperatures (~500-800 °C) in a vacuum furnace to eliminate water vapor or gases derived
from thermal decompositions of hydroxide or oxalates. As per the studies found in secondary
sources, both methods use longer calcination times (~24 hours) [45], [46]. These seven

technologies, categorized into three main parts, as shown in Table 3.1, will be evaluated
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regarding environmental and economic impacts using LCA and LCC studies in the next

sections.

Table 3.1. Summary of technologies used in the study”.

Process Technology References used
Conventional leaching [28], [47], [48]
Deep cutectic solvent-based [26], [49], [50]

leaching

Supercritical fluid-based [38], [51]

Leaching technologies

leaching

Electrolysis based leaching [24], [25]

Oxalate based purification [26]
Absorbent  material-based [25], [52]

Purification/separation ) )
purification
technologies

Organic solvent extractant [43],[44], [53]
based purification

Oxalate calcination [46], [54], [55], [56]
Hydroxide calcination [45], [57], [58], [59]

Calcination technologies

4.2 Technology Comparison

The technologies identified in section 3.1 were compared according to their usage. For
instance, the four identified leaching methods were compared with each other based on their
environmental impacts. For comparison, the inputs and outputs required to treat 1 kg of NMC
111 cathode materials were considered. Similarly, the three purification methods and two
calcination methods were compared. Through the comparison, hotspots for each treatment step

were also identified.

4.2.1 Leaching methods

Table 3.2 shows the impacts received under significant impact categories for leaching
technologies assessed. To compare the different leaching mechanisms studied, “leaching of 1
kg of NMC 111 cathode active material” was chosen as the functional unit. Results show that
the highest contribution comes from electricity usage for inorganic and DES based leaching

mechanisms. However, SCF and EC have very little impact from energy consumption. Highest
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environmental degradation had occurred through DES based leaching and the lowest
environmental impacts were reported by EC based leaching. The complete list of impacts under

all 18 impact categories was given under annexure 1, Table S3.1.



Tabel 3.2 Impacts of leaching technologies under significant impact categories differentiated into contributed

materials
Inorganic leaching
Impact category Unit Total Sulfuric acid  Hydrogen peroxide Electricity
Global warming kg COz2 eq 21.36 0.53 2.22 18.62
Ionizing radiation kBq Co-60 2.35 0.03 0.08 2.24
¢q
Ozone formation, kg NOx eq 0.05 0.00 0.00 0.04
Human health
Fine particulate matter kg PM2.5 eq 0.05 0.01 0.00 0.04
formation
Ozone formation, kg NOx eq 0.05 0.00 0.00 0.04
Terrestrial ecosystems
Terrestrial kg SOz eq 0.10 0.02 0.01 0.06
acidification
Terrestrial ecotoxicity kg 1,4-DCB 53.00 14.01 9.30 29.69
Freshwater ecotoxicity kg 1,4-DCB 1.58 0.27 0.16 1.16
Marine ecotoxicity kg 1,4-DCB 2.01 0.35 0.20 1.46
Human carcinogenic kg 1,4-DCB 1.08 0.06 0.25 0.77

toxicity




78

Human non- kg 1,4-DCB 25.39 5.18 3.04 17.17
carcinogenic toxicity
Land use m?a crop eq 0.33 0.03 0.03 0.27
Mineral resource kg Cueq 0.15 0.12 0.01 0.02
scarcity
Fossil resource scarcity kg oil eq 5.63 0.33 0.66 4.64
Water consumption m? 0.32 0.07 0.11 0.14
Supercritical fluid-based leaching
Impact category Unit Total  Sulfuric Hydrogen Carbon dioxide Sodium Water Electricity
acid peroxide hydroxide

Global warming kg COz2 eq 13.42 0.30 0.93 3.53 8.63 0.00 0.03
Ionizing radiation kBq Co-60 eq 1.12 0.02 0.03 0.12 0.95 0.00 0.00
Ozone formation, kg NOx eq 0.03 0.00 0.00 0.00 0.02 0.00 0.00
Human health
Fine particulate matter kg PM2.5 eq 0.03 0.00 0.00 0.00 0.02 0.00 0.00
formation
Ozone formation, kg NOx eq 0.03 0.00 0.00 0.00 0.02 0.00 0.00
Terrestrial ecosystems
Terrestrial kg SO eq 0.06 0.01 0.00 0.01 0.03 0.00 0.00

acidification
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Terrestrial ecotoxicity kg 1,4-DCB 72.97 7.94 3.90 25.71 35.37 0.00 0.04
Freshwater ecotoxicity kg 1,4-DCB 1.04 0.15 0.07 0.22 0.61 0.00 0.00
Marine ecotoxicity kg 1,4-DCB 1.35 0.20 0.09 0.28 0.79 0.00 0.00
Human carcinogenic kg 1,4-DCB 0.65 0.03 0.10 0.10 0.41 0.00 0.00
toxicity
Human non- kg 1,4-DCB 19.39 2.94 1.27 3.48 11.67 0.00 0.02
carcinogenic toxicity
Land use m?2a crop eq 0.28 0.02 0.01 0.05 0.20 0.00 0.00
Mineral resource kg Cu eq 0.12 0.07 0.00 0.01 0.04 0.00 0.00
scarcity
Fossil resource scarcity kg oil eq 3.21 0.19 0.28 0.60 2.14 0.00 0.01
Water consumption m? 0.33 0.04 0.04 0.02 0.22 0.00 0.00
Deep eutectic solvent-based leaching
Impact category Unit Total Deep eutectic solvent Electricity
Global warming kg COz eq 280.27 60.98 219.29
Ionizing radiation kBq Co-60 28.76 2.34 26.42
€q
Ozone formation, kg NOx eq 0.60 0.12 0.48

Human health
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Fine particulate matter kg PM2.5 eq 0.57 0.09 0.49
formation
Ozone formation, kg NOx eq 0.61 0.13 0.48
Terrestrial ecosystems
Terrestrial acidification kg SO eq 0.94 0.18 0.76
Terrestrial ecotoxicity kg 1,4-DCB  491.82 142.07 349.74
Freshwater ecotoxicity kg 1,4-DCB 15.97 2.36 13.61
Marine ecotoxicity kg 1,4-DCB 20.26 3.07 17.18
Human carcinogenic kg 1,4-DCB 10.79 1.69 9.10
toxicity
Human non- kg 1,4-DCB  246.76 44.51 202.25
carcinogenic toxicity
Land use m?a crop eq 3.83 0.64 3.19
Mineral resource kg Cueq 0.37 0.15 0.22
scarcity
Fossil resource scarcity kg oil eq 87.85 33.18 54.67
Electrolysis based leaching
Impact category Unit Total Sulfuric acid Iron sulfate Electrolyte, Steel Nickel Electricity Scrap
KOH steel
Global warming kg CO2 eq 0.11 0.00 5.43 0.53 0.32 0.00 0.00 0.11




Ionizing radiation kBqCo-60eq  0.01 0.00 0.54 0.02 0.02 0.00 0.00 0.01
Ozone formation, kg NOx eq 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Human health

Fine particulate matter kg PM2.5 eq 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00
formation

Ozone formation, kg NOx eq 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Terrestrial ecosystems

Terrestrial acidification kg SOz eq 0.01 0.00 0.02 0.00 0.06 0.00 0.00 0.01
Terrestrial ecotoxicity kg 1,4-DCB 2.92 0.00 22.90 17.07 14.86 0.00 0.02 2.92
Freshwater ecotoxicity kg 1,4-DCB 0.06 0.00 0.37 0.04 0.30 0.00 0.32 0.06
Marine ecotoxicity kg 1,4-DCB 0.07 0.00 0.48 0.06 0.39 0.00 0.39 0.07
Human carcinogenic kg 1,4-DCB 0.01 0.00 0.30 0.20 0.05 0.00 0.01 0.01
toxicity

Human non- kg 1,4-DCB 1.08 0.00 7.63 0.79 4.49 0.00 0.27 1.08
carcinogenic toxicity

Land use m?a crop eq 0.01 0.00 0.15 0.02 0.01 0.00 0.00 0.01
Mineral resource kg Cueq 0.03 0.00 0.37 0.06 0.09 0.00 0.00 0.03
scarcity

Fossil resource scarcity kg oil eq 0.07 0.00 1.34 0.12 0.08 0.00 0.00 0.07
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A comparison of the percentage impact of each leaching method under different impact categories

is shown in Figure 3.2.
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Figure 3.2 Percentage impacts of each leaching method under different impact categories (DES= Deep

eutectic solvent, EC= Electrolysis, SCF= Supercritical fluid).

DES-based leaching causes more impacts under different impact categories studied, mainly due to

electricity use. The total process emission effect (PEE) of DES-based leaching is 2.80x10% kg CO,

eq. per lkg of NMC 111 cathode material. The technique requires prolonged leaching hours,

forcing the method to use more electricity in stirring and heating. The leaching of 1 kg of NMC

111 cathode active material requires approximately 1.04 x 10° MJ of electricity which caused

approximately 78% of the impact of DES-based leaching. The rest (~22%) of the impacts were

due to DES production. It seems that the use of choline chloride (ChCl) in DES has a great impact

due to the high amount of ethylene oxide used in ChClI production. Despite that, most recovery

mechanisms studied with DES-based leaching have repeatedly used ChCl as DES's hydrogen bond
donor (HBD) [26], [37], [49]. It has been identified that the leaching of metal oxide strongly
depends on the HBD of the DES, and ChCl is a good candidate for this purpose [60]. Hence, the

substitutability of ChCl with a chemical with less impact is not convenient, and many authors
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mentioned higher recyclability rates for DES, although we used 50% recyclability for the LCA
analysis. Nevertheless, if very high recycling rates and considerable cut-off of electricity are used
in the process, the impacts related may decrease, which will be analyzed under the improved

scenario (Section 3.4).

The conventional leaching (inorganic) mechanism reported the second highest emission at 2.14
x10! kg CO eq. among the techniques evaluated, considering 1 kg of cathode active material
input. 87% of the reported impacts of conventional leaching by H>SOj4 are also due to the high
energy usage for heating, and the total electricity was 88.2 MJ. Moreover, 10% of the impact was
generated through the production of H>O>. However, Guimaraes et al. reported that it is possible
to carry out the metal leaching process using inorganic acids such as H.SO4 without a reducing
agent (H20z), which can reduce the impact of the overall leaching process [7], [28]. The expected

reaction with NMC 111 is given under equation 3.

— Ni,S0, + 2C0S0, + 2MnS0, + 3Li,S0, + 8H,0 + 50, — — — (3)

The third highest emission was reported by SCF-based leaching, which amounted to 1.34 x10' kg
COz eq. per 1 kg of the active cathode material. The major part (~64.3%) of the reported impacts
were from the use of NaOH for the treatment of CO» derived from the process. Electricity does
not play a major role in SCF treatment because of the lower energy requirement for the reduced
leaching time (approximately 5 min.) at slightly lower temperatures than those of conventional or

DES-based leaching. This is a key energy-saving step in the technology considered.

Moreover, 26.3% of the total impact of the process was due to CO; usage. Although it is required
to release CO> under laboratory conditions after treatment, in industrial supercritical extractions,
CO2 can be recirculated in higher percentages [27]. Hence, these emissions can be drastically
lowered in actual SCF-based treatment lines. This can be further analyzed under the improved

scenario.

The lowest impact was demonstrated by EC-based leaching at 6.39 x10° kg CO: eq. per 1 kg of
cathode materials because of the lowest energy requirement for the electrolysis and the reusability
of the electrodes. Impacts due to the energy usage is minimum as the electricity consumption is

very low in the technique. So, a major part (~85%) of the impact is derived from using electrolyte
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materials for electrolysis. The process uses approximately 2.5 kg of KOH electrolyte to treat 1 kg
of the active materials. Approximately 9% of the impacts were derived from steel usage for the

electrodes.

Additionally, EC-based leaching had the highest impact under the mineral resource scarcity impact
category because steel and Ni-based minerals used for electrode manufacturing. DES-based
leaching is the second highest under the same impact category because of the higher chemical and
energy requirements for leaching. For the SCF and Conventional leaching methods, relatively

lower amounts of mineral resources were used to prepare inorganic acids (e.g. H2SOs).

4.2.2 Purification/separation methods

Three different separation and purification methods were compared based on the environmental
impact of each method. Moreover, for standardization, the functional unit of this part was adopted
as the “purification/separation of 1 kg of NMC 111 leached metal ions”. Table 3.3 represents the
impacts resulted by various purification methods under significant impact categories. In addition,
Table S3.2 in annexure 1 contains the complete list of impacts of each technology analyzed under

different impact categories.
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2  Table 3.3 Impacts under significant impact categories for purification methods differentiated into contributed materials

Ion exchange-based purification

Impact category Unit Total ion- Sulfuric Water ~ Hazardou Ammoniu ~ Ammonium  Electri
exchange acid s waste m acetate city
resin hydroxide
Global warming kg CO2 eq 19.86 14.25 0.07 0.01 4.71 0.28 0.50 0.03
Ionizing radiation kBq Co-60 0.47 0.38 0.00 0.00 0.06 0.00 0.02  0.00
eq

Ozone formation, kg NOx eq 0.03 0.02 0.00 0.00 0.00 0.00 0.00  0.00
Human health
Fine particulate kg PM2.5 eq 0.02 0.02 0.00 0.00 0.00 0.00 0.00  0.00
matter formation
Ozone formation, kg NOx eq 0.03 0.02 0.00 0.00 0.00 0.00 0.00  0.00
Terrestrial ecosystems
Terrestrial kg SOz eq 0.05 0.03 0.00 0.00 0.01 0.00 0.00  0.00
acidification
Terrestrial ecotoxicity kg 1,4-DCB 46.26 35.79 1.85 0.03 4.55 1.58 240  0.04
Freshwater kg 1,4-DCB 0.72 0.55 0.04 0.00 0.10 0.01 0.02  0.00
ecotoxicity
Marine ecotoxicity kg 1,4-DCB 0.94 0.72 0.05 0.00 0.13 0.01 0.03 0.00
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Human carcinogenic kg 1,4-DCB 1.12 0.60 0.01 0.00 0.49 0.00 0.01 0.00
toxicity
Human non- kg 1,4-DCB 16.20 12.28 0.69 0.01 2.71 0.13 0.37  0.02
carcinogenic toxicity
Land use m?a crop eq 0.20 0.13 0.00 0.00 0.05 0.00 0.01 0.00
Mineral resource kg Cueq 0.06 0.04 0.02 0.00 0.00 0.00 0.00  0.00
scarcity
Fossil resource kg oil eq 5.64 4.84 0.04 0.00 0.40 0.11 024  0.01
scarcity
Global warming kg CO2 eq 0.20 0.14 0.01 0.01 0.02 0.01 0.01 0.00
Oxalate based purification
Impact category Unit Total ~ Dimethyl = Water Sodium  Electricity Spent solvent mixture
sulfoxide hydroxide
Global warming kg CO2 eq 74.95 33.42 0.01 0.01 0.02 41.50
Ionizing radiation kBq Co-60 2.00 1.83 0.00 0.00 0.00 0.17
€q
Ozone formation, kg NOx eq 0.10 0.08 0.00 0.00 0.00 0.02
Human health
Fine particulate kg PM2.5 eq 0.09 0.08 0.00 0.00 0.00 0.01

matter formation
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Ozone formation, kg NOx eq 0.10 0.08 0.00 0.00 0.00 0.02
Terrestrial ecosystems

Terrestrial kg SOz eq 0.24 0.22 0.00 0.00 0.00 0.03
acidification

Terrestrial ecotoxicity kg 1,4-DCB  154.77 140.50 0.03 0.03 0.03 14.18
Freshwater kg 1,4-DCB 2.76 2.58 0.00 0.00 0.00 0.18
ecotoxicity

Marine ecotoxicity kg 1,4-DCB 3.57 3.32 0.00 0.00 0.00 0.24
Human carcinogenic kg 1,4-DCB 1.33 1.07 0.00 0.00 0.00 0.26
toxicity

Human non- kg 1,4-DCB 44.60 39.20 0.01 0.01 0.02 5.37
carcinogenic toxicity

Land use m?a crop eq 0.70 0.55 0.00 0.00 0.00 0.15
Mineral resource kg Cueq 0.19 0.17 0.00 0.00 0.00 0.02
scarcity

Fossil resource kg oil eq 26.64 25.39 0.00 0.00 0.00 1.23
scarcity

Global warming kg CO2 eq 0.67 0.61 0.01 0.00 0.00 0.05

Solvent extraction-based purification
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Impact category Unit Total Hydrochlo Extracta  Sodium Water Electricity = Hazardous  Spent
ric acid nt hydroxide waste solvent
Solvent mixture
Global warming kg COz eq 217.73 22.37 68.33 4.40 0.17 2.79 62.30 57.37
Ionizing radiation kBq Co-60 7.14 1.59 3.70 0.48 0.01 0.34 0.79  0.23
€q
Ozone formation, kg NOx eq 0.52 0.06 0.37 0.01 0.00 0.01 0.05 0.03
Human health
Fine particulate kg PM2.5 eq 0.29 0.06 0.15 0.01 0.00 0.01 0.04 0.01
matter formation
Ozone formation, kg NOx eq 0.61 0.06 0.46 0.01 0.00 0.01 0.05 0.03
Terrestrial ecosystems
Terrestrial kg SOz eq 0.71 0.11 0.43 0.02 0.00 0.01 0.10  0.03
acidification
Terrestrial ecotoxicity kg 1,4-DCB  593.22 129.47  360.58 18.04 0.84 4.45 60.23  19.60
Freshwater kg 1,4-DCB 9.28 2.37 4.86 0.31 0.02 0.17 1.29  0.25
ecotoxicity
Marine ecotoxicity kg 1,4-DCB 12.21 3.06 6.42 0.40 0.02 0.22 1.75  0.33
Human carcinogenic kg 1,4-DCB 10.62 1.14 2.31 0.21 0.01 0.12 6.48 0.36
toxicity
Human non- kg 1,4-DCB  173.67 41.31 80.31 5.95 0.29 2.58 3582 7.42

carcinogenic toxicity
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Land use m?a crop eq 3.39 0.57 1.82 0.10 0.00 0.04 0.65 0.21
Mineral resource kg Cueq 0.73 0.27 0.36 0.02 0.00 0.00 0.06 0.03
scarcity

Fossil resource kg oil eq 118.12 6.05 103.30 1.09 0.04 0.70 5.24 1.71
scarcity

Global warming kg CO2 eq 2.30 0.51 1.01 0.11 0.36 0.02 0.21 0.08
Ionizing radiation kBq Co-60 217.73 22.37 68.33 4.40 0.17 2.79 62.30 57.37

cq
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As per the results, the highest impact contribution is given by solvent extraction-based purification
and the lowest is reported by ion-exchange resin-based purification. Unlike in leaching
technologies, in purification process the highest contribution is given by the material usages rather
than the energy usage. To compare the impact contribution by various mechanisms used for
purification, Figure 3.3 illustrates the percentage of each technology's impact across various

categories.
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Figure 3.3 Percentage impact of each separation or purification method under different impact

categories.

The solvent extraction has a high impact across many impact categories, except for stratospheric
ozone depletion. The total PEE of the solvent extraction of leached metals is 2.18x10% kg CO; eq.
per 1 kg of leached metal. The main contributor to the impacts generated in this category was the
high use of organic solvents. It was observed that approximately 31.4% of the PEE was due to the

use of organic solvents. Increasing the recyclability of organic solvents can reduce this impact.
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However, it is important to note that, in this analysis, we used a recycling rate of 50% for organic
solvents, which suggests that a recycling rate higher than 50% is required to lower the impact of
organic solvents. Another 10% impact was attributed to the HCI used in the aqueous part when
extracting metals from the organic fraction. The waste and by-products produced in the process
also contribute to PEE significantly. For instance, hazardous waste from solvent extraction
contributes approximately 28.6% of the overall emissions and 26.4% of the impact in the PEE
caused by the heat used to treat these wastes and by-products. However, increasing the recycling
rate can also reduce hazardous waste resulting from this method, thereby enhancing the overall
environmental friendliness of technology. Energy use is not playing a major role in this procedure.
In summary, the total sustainability of solvent-based extraction depends heavily on the recycling
rate. Using organic solvents for extraction has a greater impact than inorganic solutions. However,
under stratospheric ozone depletion, solvent extraction showed the lowest impact compared to the
other mechanisms. The main reason for this could be the use of organic materials for the treatment.
Organic solvents do not contain halogens, whereas inorganic acids or solvents are composed of
halogens that can be easily released during the reaction, further impacting stratospheric ozone

depletion.

Oxalate-based purification methods were designed to purify the metals derived from the DES-
based leaching process as the metals leached would not be used in solvent-based or adsorbent
material-based extraction as explained under section 3.2.3. Moreover, to keep the metals in the
suspension until further separation, DMSO is needed due to the addition of DES, which made the
solutions less soluble in water. When oxalate-based purification was used, adding DMSO had the
largest effect (approximately 99%) on the total emissions (7.50 x 10! kg CO2 eq. per 1 kg of
leached metal). This impact was divided into two categories: 1) direct DMSO (44.6%) and 2) spent
solvent mixture (55.4%). However, there is a higher possibility of recycling these solvents back
into the process, lowering the overall impact. In the current study, we used 50% recycling, which
is not sufficient to lower the overall impact generated by the solvents used. Compared with other

contributors, the impact of electricity was negligible for oxalate-based purification.

Metal extraction based on adsorbent materials has the lowest impact on separation and purification
treatment methods. The total emission of this mechanism is reported to be 1.99x10! kg COz eq.

per 1 kg of leached metal. The primary contributor was ion-exchange resin usage, which accounted
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for approximately 71.7% of the PEE. The production and transportation of ion-exchange resins
directly contribute to this impact. Moreover, the incineration of hazardous waste and the disposal
of spent ion-exchange resin and waste chemicals accounted for 23.8% of the generated impact.
Additionally, the adsorbent material-based purification showed the highest impact under
stratospheric ozone depletion. The "ion-exchange resin usage" primarily generates 99% of the
impact on this category. This originates from the use of trichloromethane to produce ion-exchange

resins. Energy usage is again negligible for this process.

4.2.3 Precipitate calcination methods

Because the purification and separation methods provide different precipitates, a calcination step
was used to convert the precipitates to oxides of the corresponding metals. In this study, we
analyzed two calcination methods: hydroxide and oxalate calcination. The functional unit used for
the analysis was 1 kg of metal oxide (Co, Mn, and Ni oxides) produced via calcination. The initial
literature analysis shows that both methods used longer calcination times. However, gaseous
emissions depend on the anion (-hydroxide or -oxalate) present in the precipitate. Table 3.4 shows
the results of impact contribution from components for significant impact categories. Annexure 1
(Table S3.3) also provides the complete environmental impact reported for the two calcination

methods for different impact categories.

Table 3.4 Impact contribution for significant impact categories from main components of

calcination methods

Oxalate calcination

Impact category Unit Total Electricity
Global warming kg CO; eq 94.71 93.74
Ionizing radiation kBq Co-60 eq 11.29 11.29
Ozone formation, Human kg NOx eq 0.20 0.20
health
Fine particulate matter kg PM2.5 eq 0.21 0.21
formation
Ozone formation, kg NOx eq 0.21 0.21

Terrestrial ecosystems

Terrestrial acidification kg SOz eq 0.32 0.32




Terrestrial ecotoxicity kg 1,4-DCB 149.50 149.50
Freshwater ecotoxicity kg 1,4-DCB 5.82 5.82
Marine ecotoxicity kg 1,4-DCB 7.35 7.35
Human carcinogenic kg 1,4-DCB 3.89 3.89
toxicity
Human non-carcinogenic kg 1,4-DCB 86.45 86.45
toxicity
Land use m?a crop eq 1.36 1.36
Mineral resource scarcity kg Cueq 0.09 0.09
Fossil resource scarcity kg oil eq 23.37 23.37
Hydroxide calcination

Impact category Unit Total Electricity
Global warming kg COz eq 60.60 60.60
Ionizing radiation kBq Co-60 eq 7.30 7.30
Ozone formation, Human kg NOx eq 0.13 0.13
health
Fine particulate matter kg PM2.5 eq 0.13 0.13
formation
Ozone formation, kg NOx eq 0.13 0.13
Terrestrial ecosystems
Terrestrial acidification kg SOz eq 0.21 0.21
Terrestrial ecotoxicity kg 1,4-DCB 96.65 96.65
Freshwater ecotoxicity kg 1,4-DCB 3.76 3.76
Marine ecotoxicity kg 1,4-DCB 4.75 4.75
Human carcinogenic kg 1,4-DCB 2.51 2.51
toxicity
Human non-carcinogenic kg 1,4-DCB 55.89 55.89
toxicity
Land use m?a crop eq 0.88 0.88
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Mineral resource scarcity kg Cueq 0.06 0.06
Fossil resource scarcity kg oil eq 15.11 15.11
Global warming kg CO2 eq 0.45 0.45

Results suggest that electricity usage is the main component for the impact generation. Hydroxide
based calcination has lower impact than oxalate-based calcination under different impact

categories.

Figure 3.4 compares the impacts generated by the calcination of each anion-based precipitate.

Percentage impact contribution (%)

m oxalate calcination ®m hydroxide calcination

Figure 3.4 Percentage impact of the two calcination methods under different impact categories.

According to the analysis, oxalate-based calcination has a greater environmental impact than
hydroxide-based calcination because it requires more oxalate salts and requires more energy than
hydroxides to produce 1 kg of metal oxide. According to stoichiometry, to produce 1 kg of mixed
metal oxides it would require 1.935 kg of mixed metal oxalates (eq.4). However, the same amount

of metal oxides can be made by using only 1.215 kg of mixed metal hydroxides (eq.5). Moreover,
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about 444 MJ of electricity is required to produce 1 kg of metal oxide through oxalate calcination.
However, GHG emissions have a minimal impact compared to the energy requirement for the
calcination process. In contrast, hydroxide-based calcination is environmentally friendly and
requires less energy (287 MJ) to produce 1 kg of metal oxide. In both calcination methods, the
impact was almost completely generated by electricity consumption because calcination processes
lasting longer than 28 hours. Hence, Figure 3.4 shows a similar pattern of impact under different

impact categories.

3C0C,0, = €030, + 6C0y------------ Q)
6Co(OH), 4+ 0, = 2C030, + 6H,0------------ (3)

Furthermore, the thermal breakdown of cobalt oxalate produces GHG emissions, whereas cobalt
hydroxide produces only water vapor. This also reduced the total impact generated by hydroxide

calcination.

4.3 Standard scenario comparison

Standard scenarios were established using alternative possibilities of leaching, purification, and
calcination technologies. Seven routes were designed using different combinations of the
identified technologies and the compatibility of the resulting solutions in each step with the next
combined technology was considered. For example, DES-based leaching is incompatible with
adsorbent materials and solvent extraction-based purification because of the availability of oxalate
[26]. Furthermore, oxalate-based precipitation and hydroxide-based calcination are incompatible
methods. Only sulfate-based leaching solutions were compatible with solvent or adsorbent
material extraction [25], [44]. And hydroxide-based precipitation or extraction is only compatible
with hydroxide-based calcination. This also applies to oxalate-based precipitation. Therefore, these
technologies have led to the design of a limited number of routes. Figure 3.5 shows each route

with the corresponding hydrometallurgical steps involved.
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Figure 3.5 The flow chart of technologies used for each recovery route (DES= Deep eutectic solvent,

EC= Electrolysis, SCF= Supercritical fluid).

The CRM mass transfer from the active material to the leaching solution was calculated

considering the leaching efficiency reported in the literature. The mass of CRM in the purified

solution or semi-precipitate was calculated by multiplying the mass of CRM in the leachate by the

average recovery efficiency of the purification or separation method. Similarly, the calcined oxide

mass for each metal was calculated by multiplying the CRM mass in the precipitates by the

recovery efficiency of the calcination method. Stoichiometric calculations were also incorporated

when the metal oxide changed to metal ions, metal oxalate/hydroxide, and finally to oxide again.

Table 3.5 provides these mass transfer values based on 1 g of the cathode active material.

Table 3.5 Mass transfer of elected critical raw materials in each conceptual route with the final

. *
recovery efficiency .

NMC 111 oxide

After leaching

After purification

After

calcination

Total
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Metal Mass  Metalion  Mass Metal Mass Metal Mass Recovery
oxide (2) (2) oxalate/hy (2) oxide (g) efficiency (%)
droxide
Route 1 NMC 111 = DES leaching = Oxalate purification = Oxalate calcination = Metal oxide
Co oxide 0.33 Co* 0.19 CoC204 0.43 Co304 0.23 70%
Nioxide 0.33 Ni%* 0.20 NiC204 0.49 NiO  0.25 76%
Mn 0.33 Mn** 0.18 MnC,04  0.47 MnO  0.23 71%
oxide
Route 2 NMC 111 - EC leaching = Adsorbent mat. purification = Hydroxide calcination -
Metal oxide
Co oxide 0.33 Co* 0.19 Co (OH), 0.31 Co304 0.26 80%
Nioxide 0.33 Ni%* 0.19 Ni(OH).  0.30 NiO  0.25 74%
Mn 0.33 Mn?* 0.18 Mn (OH), 0.29 MnO  0.23 71%
oxide
Route3  NMC 111 = EC leaching = Solvent extr. purification = Hydroxide calcination - Metal
oxide
Co oxide 0.33 Co* 0.19 Co(OH), 0.29 Co304 0.25 76%
Ni oxide 0.33 Ni%* 0.19 Ni(OH); 0.30 NiO  0.24 73%
Mn 0.33 Mn?* 0.18 Mn (OH), 0.26 MnO  0.20 62%
oxide
Route4 NMC 111 - SCF leaching = Solvent extr. purification - Hydroxide calcination - Metal
oxide
Co oxide 0.33 Co* 0.15 Co(OH) 0.23 Co30s 0.19 59%
Ni oxide 0.33 Ni%* 0.15 Ni (OH) 0.23 NiO  0.19 57%
Mn 0.33 Mn?* 0.14 Mn (OH); 0.21 MnO 0.16 50%
oxide
Route 5 NMC 111 = SCF leaching = Adsorbent mat. purification = Hydroxide calcination =
Metal oxide
Co oxide 0.33 Co** 0.15 Co(OH) 0.24 Co30s 0.21 62%
Nioxide 0.33 Ni%* 0.15 Ni(OH). 0.23 NiO  0.19 57%
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Mn 0.33 Mn?* 0.14 Mn (OH), 0.23 MnO 0.19 57%
oxide

Route 6 NMC 111 = conventional leaching = Adsorbent mat. purification - Hydroxide

calcination - Metal oxide

Co oxide 0.33 Co* 0.20 Co (OH), 0.32 Co30s 0.27 83%
Nioxide 0.33 Ni%* 0.20 Ni(OH), 0.32 NiO 0.26 77%
Mn 0.33 Mn?* 0.19 Mn (OH), 0.30 MnO 0.24 74%
oxide

Route 7  NMC 111 - conventional leaching = Solvent extr. purification = Hydroxide calcination
- Metal oxide

Co oxide 0.33 Co* 0.20 Co (OH), 0.30 Co304 0.26 79%
Ni oxide 0.33 Ni%* 0.20 Ni(OH), 0.31 NiO 0.25 77%
Mn 0.33 Mn?* 0.19 Mn (OH). 0.27 MnO 0.21 65%
oxide

*NMC= LiNi0.33Mno.33C00.3302, DES= Deep eutectic solvent, EC= Electrolysis, SCF= Supercritical
fluid

4.3.1 Life cycle assessment of standard scenario

Mass transfers, efficiencies (Table 3.2), and inventory collection (annexure 2, Section S1) were
employed for the life-cycle comparison of the different conceptual routes established. The analysis
used the recovery of 1 kg of cathode active material from NMC 111 LiBs as its functional unit.
Table 3.6 shows the impacts generated by each CRM extraction route for different impact

categories.



Table 3.6 Impacts made by each route under different impact categories”.

99

Impact category Unit Route 1 Route 2 Route3  Route 4 Route5 Route 6 Route 7
Global warming kg CO2 eq 5.26x10*  1.53x10°  2.56x10*  2.09x10? 1.28x10%  1.74x10>  2.82x10?
Stratospheric ozone

kg CFClleq 2.13x10% 5.38x10*  1.50x10* 1.24x10*  4.28x10* 5.63x10* 1.59x10*
depletion
Ionizing radiation kBq Co-60 eq 5.42x10'  1.71x10! 1.99x10'  1.63x10! 1.41x10"  1.96x10' 2.25x10!
Ozone formation,

kg NOx eq 1.09x10°  3.29x10"  5.88x107"  4.77x10! 2.74x10" 3.71x10"  6.41x10!
Human health
Fine particulate matter

kgPM2.5eq 1.07x10° 3.43x10"  4.75x10"  3.76x107! 2.73x10 3.75x10"  5.13x10°!
formation
Ozone formation,

kg NOx eq 1.11x10°  3.32x107"  6.42x107"  5.20x10! 2.77x10"  3.75x10"  6.98x10°!
Terrestrial ecosystems
Terrestrial acidification kg SO eq 1.78x10°  5.80x10"  9.27x10"  7.17x10"  4.45x10" 6.10x10"  9.71x10"!
Freshwater

kg P eq 2.37x10"  7.41x102%  1.02x107"  831x10%  6.11x102 8.38x102 1.13x10!
eutrophication
Marine eutrophication kg N eq 1.89x102  6.00x10°  7.61x10° 6.14x10°  4.89x10° 6.37x10° 8.04x107
Terrestrial ecotoxicity kg 1,4-DCB  9.02x10>  2.99x10*>  5.96x10> 4.95x10°  2.62x10*> 3.04x10*> 6.14x10°
Freshwater ecotoxicity kg 1,4-DCB  3.01x10!  9.87x10° 1.42x10"  1.13x10! 7.93x10°  1.07x10"  1.52x10!
Marine ecotoxicity kg 1,4-DCB  3.81x10'  1.25x10"  1.82x10' 1.46x10! 1.01x10"  1.36x10"  1.96x10!
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Human carcinogenic

kg 1,4-DCB 1.99x10'  6.81x10° 1.19x10'  9.49x10° 5.53x10°  7.57x10° 1.28x10!
toxicity
Human non-

kg 1,4-DCB  4.58x10> 1.48x10>  2.29x10*> 1.88x10? 1.24x10%  1.65x10>  2.50x10?
carcinogenic toxicity
Land use m?a crop eq 7.16x10°  2.27x10°  3.96x10° 3.23x10° 1.91x10°  2.49x10° 4.25x10°
Mineral resource

kg Cueq 6.77x1070  7.18x10"  1.09x10°  5.45x107! 2.52x1070 3.22x10" 7.12x10!
scarcity
Fossil resource scarcity kg oil eq 1.53x10%2  3.84x10!  1.00x10° 8.05x10'  3.21x10' 4.40x10' 1.08x10°
Water consumption m’ 4.35x10°  1.26x10°  2.38x10°  2.09x10° 1.21x10°  1.49x10°  2.66x10°

*Impacts made per 1kg of cathode active material treatment
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Table 3.6 shows that route 1 has the most significant effect on all types of impacts, such as DES-
based leaching, oxalate-based purification, and metal-oxalate calcination. The high impact
stemmed from the high electricity consumption of the leaching and calcination sections (around
2000 MJ). The percentage contributions of the two processes to the PEE were 53.3% and 38.6%,
respectively. Moreover, the percentage contribution of Ni-oxalate calcination (13.7%) was higher
than that of Mn and Co, where Co-oxalate calcination had the lowest (11.8%). However, route 1
has a lower impact on stratospheric ozone depletion and mineral resource scarcity. This is because
of the use of organic solvents and the low mineral intensity of the materials used for the treatment

process.

Route 7, which involved conventional leaching, solvent extraction, and calcination of metal
hydroxide, had the second-highest impact. This is because the solvent extraction-based purification
method significantly impacts the total emissions - 45.6%. Furthermore, the calcination of metal
hydroxides accounted for approximately 46.6% of the impact in the same category. Among the
calcination processes, Ni-hydroxide was the highest contributor (16.6%), followed by cobalt-
hydroxide (16%) and Mn-hydroxide (14.2%). Compared with these, the contribution of the
leaching step was negligible (7.5%). Nevertheless, route 7 showed less stratospheric ozone
depletion impact because of the organic solvent-based purification process. The total energy

requirement for route 7 is 721 MJ and major part of this is used by the calcination process.

Routes 3 and 4 provide the third- and fourth-highest contributions, respectively. Both methods use
solvent-based extraction for purification, followed by hydroxide-based calcination. Further
analysis of the two routes revealed that these two steps, not the leaching method used, were
responsible for the highest contribution (48% contribution for route 3 and 46.2% for route 4) for
the PEE. Nevertheless, route 3 had the greatest impact on mineral resource scarcity due to
electrolyte materials' high contribution to EC leaching (50.5%) and the hydrochloric and organic
solvents used in purification (38%). Organic extractants from petroleum-based raw materials (such
as Cyanex 272) can contribute significantly to mineral resource scarcity. The energy requirement

for route 3 was 607 MJ and for route 4 was 476 MJ.

Routes 5, 2, and 6, ranked from lowest to highest, had the lowest impacts. Although the reported
routes had a lower impact in many categories, they had the highest impact on stratospheric ozone

depletion. This is because the adsorbent material-based purification system utilizes ion-exchange



© 00 N O o A W N

e el e
w N B O

102

resins. Given that all three routes share the same calcination process, we can conclude that route 5
experienced the least impact owing to the SCF-based leaching process. However, it should be
noted that SCF has lower material recovery efficiency (~58%). This characteristic of SCF leaching
provides a lower mass of material to the next steps lowering the overall material consumption of
the treatment mechanism which can ultimately lower the environmental impact of the route. This
was followed by hydroxide-based calcination, which had the least environmental impact under
calcination methods. Moreover, EC-based leaching lowers the impact compared with conventional
leaching method which shows supremacy of the route even with high material recovery. Routes 2,
5 and 6 consumed 639, 501, and 754 MJ respectively. We normalized the impact categories by
converting all impacts into a single unit to identify those that contributed more significantly than
the others. Figures 3.6-a and b show the selected impact categories for each treatment route before
and after normalization. Categories that give a broader outlook were manually selected over the

18 impact categories to keep the clarity of the figure.
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Figure 3.6 Comparison of a) percentage impacts made by each route under various impact categories; b)
normalized impacts made under different impact categories by route ("DES= Deep eutectic solvent, EC=

Electrolysis, SCF= Supercritical fluid).

The results in Figure 3.6 indicate that terrestrial ecotoxicity, freshwater eutrophication, and fossil

resource scarcity have the highest significance among all impact categories. Hence, the identified
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treatment procedures have a significantly higher impact on these categories. However, the order
of the routes according to the highest-to-lowest impact generation remains unchanged, suggesting

that Route 1 has the highest environmental impact while Route 5 has the lowest.

As the final part of the standard scenario analysis, a Monte Carlo analysis was performed with
1,000 iterations, considering routes 1 and 5. This was performed to evaluate the sensitivity of the
model. Annexure 1, Figure S3.4, presents the results of the analysis. Accordingly, Route 5 is
certainly better under many impact categories than Route 1, with 1000 adjustments of values
within the standard deviation. Under the water consumption impact category, it is unclear whether
Route 5 is always better than route 1. However, under stratospheric ozone depletion, Route 5 has

an exceptionally low probability of lowering the impact.

4.4 Life cycle assessment for the improved scenario

For the improved version, industrial-level recycling rates, material usage, and waste material
handling were used as specified in Section 3.2.6. Annexure 2, section S2 presents the
comprehensive assessment of inventory. Table 3.7 shows the impacts produced by each improved

route version under different impact categories.
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Impact category Unit Route1l Route2 Route3 Route4 RouteS Route6 Route?7

Global warming kg CO2 eq 1.07x10%> 3.43x10' 9.95x10' 7.85x10' 2.74x10' 3.38x10' 1.02x10?
Stratospheric ozone depletion kg CFClleq 9.77x10° 4.11x10* 7.85x10° 6.23x10° 3.23x10* 4.27x10* 8.10x107
Ionizing radiation kBq Co-60eq 1.11x10> 3.58x10' 3.63x10' 3.09x10' 3.05x10' 4.16x10' 4.22x10!
Ozone formation, Human health kg NOx eq 2.08x107" 7.02x102 2.08x107" 1.62x10" 5.41x102 6.69x102 2.11x107!
Fine particulate matter formation kgPM2.5eq 1.73x1070 6.45x102 1.52x10" 1.16x10" 4.70x102 5.92x102 1.50x10!
Ozone formation, Terrestrial ecosystems kg NOy eq 2.14x107" 7.15x10% 2.30x10" 1.80x10" 5.51x102 6.82x10% 2.33x107!
Terrestrial acidification kg SOz eq 430x10" 1.58x10" 3.65x107" 2.78x10" 1.16x107" 1.52x10"' 3.67x107!
Freshwater eutrophication kg P eq 7.26x10% 2.49x102 4.61x102 3.66x102% 2.00x102 2.59x102 4.81x10?
Marine eutrophication kg N eq 7.34x10° 2.97x10° 4.09x107 3.05x10° 2.17x10° 2.78x107 3.94x107
Terrestrial ecotoxicity kg 1,4-DCB  6.05x10% 2.17x10*> 3.88x10*> 3.10x10> 1.76x10*> 2.26x10> 4.05x10?
Freshwater ecotoxicity kg 1,4-DCB  1.12x10" 3.97x10° 6.83x10° 5.42x10° 3.17x10° 4.17x10° 7.15x10°
Marine ecotoxicity kg 1,4-DCB 1.44x10"  5.11x10° 8.88x10° 7.05x10° 4.09x10° 5.37x10° 9.30x10°
Human carcinogenic toxicity kg 1,4-DCB  6.88x10° 2.79x10° 6.84x10° 5.41x10° 2.23x10° 2.90x10° 7.13x10°
Human non-carcinogenic toxicity kg 1,4-DCB  2.02x10* 7.22x10" 1.27x10*> 1.02x10> 5.94x10' 7.80x10' 1.35x10?
Land use m?a crop eq 7.32x10°  2.45x10°  3.42x10° 2.79x10° 2.03x10° 2.71x10° 3.73x10°
Mineral resource scarcity kg Cueq 5.21x1010 6.12x101 8.57x101 4.03x10" 2.12x107" 3.03x10! 5.58x107!
Fossil resource scarcity kg oil eq 3.88x10"  8.94x10° 3.66x10" 2.89x10" 7.22x10° 9.09x10° 3.79x10!
Water consumption m? 6.19x10°  2.02x10° 2.75x10° 2.32x10° 1.75x10° 2.34x10° 3.09x10°
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*Impacts made per 1 kg of cathode active material treatment under an improved scenario
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According to the findings, all the routes reduced their impact under the improved scenario.
Nevertheless, the order of the emissions from the highest to the lowest route remains unchanged,
with the highest impact from route 1 and the lowest from route 5. Furthermore, Route 2 had a
similar impact as Route 6, but considering only the total emissions. The emissions decreased
almost five-fold on Route 1 with the improved scenario. Considering Route 1, impacts were
significantly reduced in many categories, such as stratospheric ozone depletion, ozone formation
and fine particulate matter. However, with the improved version, the ionizing radiation, land use,
and water consumption impact categories had a higher impact on Route 1. All three categories
have increased the impact because of adapting solar energy for electricity generation under
improved scenario. Thin films used in solar photovoltaic (PV) cells, which may contain cadmium-
or gallium-like radioactive elements, can elevate ionizing radiation. Furthermore, it employs
copper or silicon which can emit radiation during refinement. Solar farms use more land than other
energy sources, which can affect natural habitats and ecosystems. Producing PV cells requires
cooling sources for thermal power plants which can also lead to increased water consumption. In

addition, refining minerals such as silicon requires more water during many steps [61], [62].

Route 2 reduced its emissions by almost 78% compared to the standard scenario. Three impact
categories—ionizing radiation, land use, and water consumption—have increased their impacts
due to the usage of solar energy-based electricity. In contrast, Route 3 reduced the total impact on
the emissions approximately by 62% with the improved scenario, while the ionizing radiation and
water consumption categories exhibited increased impacts. The land-use impact category still
demonstrated a decreased impact under the improved scenario. The increase in ionizing radiation
and water consumption was due to solar-based energy utilization. However, reduced use of organic
solvents and higher recycling rates led to a decrease in the impact of land use. Higher organic
solvent usage significantly increased the impact of land use in the standard scenario. This is
because of the extraction and production facilities required for the process of crude oil [63]. With
the improved version, these impacts significantly decreased, such that the increased impacts due
to solar energy use is negligible. Route 4, which also employed solvent extraction-based
purification, exhibited a similar pattern for all three impact categories. However, this route also

showed a significant 60% decrease in its emissions.
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The improved processes of routes 5 and 6 follow the same pattern as routes 1 and 2, which did not
use solvent extraction-based purification. However, route 7 again follows the pattern of routes 3
and 4, with increasing impacts only under ionizing radiation and water consumption. Moreover,
routes 5, 6, and 7 decreased the emission impacts by 78%, 80%, and 63%, respectively. Therefore,
routes 1 and 6 report the highest decrease in PEE, whereas route 3 reports the lowest decrease.
This explains that using solar-based electricity and recycling DES up to 80% in route 1 can
significantly reduce the impact. In addition, solar-based electricity, along with a reduced amount
of reducing agents, can significantly lower the impact of Route 6. Moreover, 80% of the recycling
of organic solvents may not reduce the related impacts of Route 3. However, the reduced impacts

of Route 1 were still higher than those of the other treatment processes.

As Routes 1 and 6 reported the highest reduction in impact under the improved scenarios, a
Montecarlo-sensitivity analysis was performed for these two routes with 1,000 iterations.
Annexure 1, Figure S3.5 displays the results of the analysis. Accordingly, Route 6 was certainly
better than Route 1, even after considerably reducing impacts in many categories. However, in the
stratospheric ozone depletion category, route 1 was superior to route 6 for each value within the
standard deviation. Moreover, in the water consumption category, both routes have a similar

tendency to perform better.

4.5 Life cycle costing analysis

The LCC analysis was carried out considering the improved version of each route. This is primarily
because of the high environmental impact observed in laboratory studies. An improved version
can denote the industrial or at least pilot-scale emissions, which is much more reliable for
analyzing the economic impact. Moreover, for the costing analysis only direct costs related to the
treatment of 1 kg of cathode active materials were considered. Other operational costs (laborer
costs or transportation costs) were assumed to be the same for all the treatment routes and hence
not considered a major factor. Table 3.8 represents the main results of LCC assessment with mean
prices and standard deviation. Further, annexure 2, section S3 provides a comprehensive list of
mean costs for each chemical with the standard deviation of prices, treatment costs, income from

byproduct and the quantities of the same required to treat 1 kg of the active cathode material.

Table 3.8 Cost of treatment for each route studied with standard deviation.
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Treatment Route Cost of treatment ($/kg Standard
of cathode material) deviation
=9$)
Route 1: DES leaching-->QOxalate precipitate 191.16 1.90

purification-->Oxalate calcination

Route 2: EC leaching-->adsorbent based purification-- 103.94 24.38

>Hydroxide calcination

Route 3: EC leaching-->Solvent extraction-based 364.37 24.42

purification-->Hydroxide calcination

Route 4: SCF leaching-->Solvent extraction-based 303.35 3.60
purification-->Hydroxide calcination

Route 5: SCF leaching-->adsorbent based 99.10 3.33

purification-->Hydroxide calcination

Route 6: Conventional leaching-->Adsorbent material- 118.50 0.71

based purification-->hydroxide calcination

Route 7: Conventional leaching-->Solvent extraction- 389.76 1.53

based purification-->hydroxide calcination

As per the results, the highest cost was shown by route 3 and the lowest reported by route 5. Routes
2 and 3 have the highest deviations. Annexure 1, Figure S3.6 (a), (b) and (c) show the total
treatment cost, average recovery efficiency and process emission effect per 1 kg of cathode active

material under each route respectively.

Figure 3.7 generated to make a comparison between the costs, environmental impacts and
efficiency of the routes. Hence, the figure shows the relative costs, the relative recovery efficiency
and environmental impact (in terms of process emission effect) per 1 kg of cathode active material
recovery. Moreover, Figure 3.7 was generated based on the percentage effect of each three
parameters to enhance clarity and ease of comparison. Though the environmental impacts were
analyzed through various categories, only emissions effect derived through global warming
potential (GWP) was selected to include in Figure 3.7. The main reason for this decision is that
ReCipe 2016 calculation method brings GWP as a holistic comprehensive indicator over the other

parameters.
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Figure 3.7 Comparison of each treatment route in terms of treatment cost efficiency, PEE, and

recovery efficiency (PEE=process emission effect).

As per Figure 3.7 and Figure S3.6 (annexure 1) the treatment costs vary from ~$ 100 — 400 per 1
kg of cathode treatment under different routes considered. The highest costs were obtained when
the solvent extraction technology is involved in the treatment sequence (Route number 3, 4 and 7).
This is mainly due to the high unit cost of organic solvents (~$5.5/kg) and the quantity of materials
required. Most of these costs can be recovered through obtaining used organic solvents which can
be recycled or reused effectively. However, it seems that 80% of recycling is not sufficient for the
reduction of overall costs resulted in using the organic solvents. The highest cost was reported by
route 7 ($ 390), due to the high quantity of organic solvent required for the extraction of higher
amount of metal ions leached through inorganic acid leaching. Hence, PEE of the route is also
elevated (at 102 kg CO;) according to Figure S3.6(b) (annexure 1). However, the average
efficiency (73%) of the route is also reported to be high compared to other technologies. Route 4

has the lowest cost ($ 303) among the routes that use organic solvents for purification. However,
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average efficiency (55%) and the PEE (27.4 kg CO») is also reduced as per the reduced quantity

of organic solvents used.

Route number 1 has a slightly higher cost (~$190) than route 6 (~$120) considering 1kg of cathode
material treatment. Though the material requirement and unit cost of materials is higher for DES
manufacturing, most of these costs are covered through recycling possibility of DES. Moreover,
using DES has other advantages like not having to add oxalic acid separately. Hence the
purification can be done at a lower cost as the DES itself is made using ChCI and Oxalic acid.
However, when different DES is used, the purification technology should be determined
accordingly. Nevertheless, these advantages have reduced the overall cost of the treatment. On the
other hand, the major cost determinant factor for route 6 is the electricity and the usage of ion-
exchange resins. It was identified that around $ 88 cost needs to be spent for the ion-exchange
resins considering the treatment of 1 kg of cathodic materials while for electricity $ 98. Moreover,
it should be identified that the usage of inorganic acid-based leaching in technology has increased
the quantity of leached metals in the solution which demands more ion-exchange materials for the
purification step. This can be further identified by the higher average efficiency (78%) of the route.
In contrary route 1 showed an average efficiency of 72%. Comparing the PEE of the two methods
(Figure 3.7) suggest that route 6 is far more efficient than route 1 which reports a lower scale PEE
(33.8 kg CO») than the route 1 (107 kg CO») thanks to the lower impacts generated by inorganic

acid-based leaching and ion-exchange based purification technologies.

The lowest costs were reported by route 2 and 5, being route 5 the most cost-effective treatment
sequence. The main reason for the lowest cost received is due to the lower usage of material
quantities due to the effective leaching resulted by EC and SCF based leaching mechanisms. Both
the leaching techniques produce lower quantities of leaching solutions compared to DES or
inorganic acid based leaching solutions which demand lower quantity of materials for purification
steps. Moreover, route 5 has the lowest cost due to the lower average recovery efficiency reported
(59%) while route 2 shows 75% overall average recovery efficiency. Both the routes can be
identified as greener methods with lower PEE at around 34.3 kg CO; for route 2 and 27.4 kg CO>
for route 5. A comparative values of recovery rate, PEE and cost of treatment were given under

Figure S3.6 for better understanding.
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As the study provides information on the costs of the treatment for each route studied, it is possible
to assume that lower the cost can increase the profitability of the treatment route in long term.
However, the profitability of each route highly depends on the capital investment to establish the
industrial treatment plants. For instance, supercritical fluid extraction or electrolysis-based
extraction need a higher investment as the plants need specific instrument for the treatment.
Moreover, frequent maintenance and work-related hazards can also play a major role in
determining the overall profitability of the route, which needs to be extensively researched in

future.

4.6 Benchmark analysis

Benchmarking is performed by comparing the results obtained in this study with those of other
studies conducted to recycle and recover cathode active materials from EoL LiBs. This task is
difficult, especially because of the lack of studies that have focused explicitly on cathode active
materials. Moreover, differences in assumptions, functional units, and calculation methods made
the analysis more problematic. Despite the limitations of available literature in the field, the results

of the study were compared to the highest possible standard.

Castro et al. (2022) implemented a method to recover materials from EoL LiBs, justified by an
LCA. This study revealed the impact of a 2.3-5.9 kg CO: eq. for the total emissions per cell (~ 500
g). According to the same study, the cathode material content was responsible for 28% of the
battery, along with the aluminum current collector. Based on the study, cathode active material
treatment may cause an overall emission of approximately 3.5 to 9.1 kg CO: eq. per 1 kg. The
cathode mass in the cell is approximately 180 g. This study utilized organic acid-based leaching,
and the LCA inventory included the avoided products. Given the use of avoided products, the
impact may be very low compared to the current study. Interestingly, the authors reported that a
higher citric acid recycling rate is required to make the process environmentally and economically
sustainable, which is in line with the findings of the current study. Furthermore, a study reported a
material recovery of approximately 44% through hydrometallurgical steps [16]. Wu et al. (2022)
did another study that reports recycling of 1 kg of LCO-type cathode material released about 33—
118 kg CO2 eq. when only hydrometallurgical treatment was used. The values obtained by Wu et
al. matched the results of the current study for various treatment mechanisms. Moreover, this study

confirms that acid leaching has a comparably lower impact under different impact categories and
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that metal separation impacts the environment more, further justifying the findings of the current

study [17].

Fahimi et al. (2022) conducted a similar study, which revealed that 1 kg of cobalt recovery from
LCO-type LiBs results in GHG emissions of approximately 5.1 kg CO> equivalent under
hydrometallurgical-based treatment. This study used several articles to calculate the average GHG
emissions using the ESCAPE method. However, this does not include carbon emissions related to
energy utilization, thus lowering the overall emissions. Moreover, it is not possible to compare
these values with those of the current study because of the different calculation methods and
functional units used. However, the authors reported that organic acid-based treatment tends to
increase the total GHG emissions owing to the higher quantities used. Moreover, treating organic
acids requires higher recycling rates to reduce total emissions [15]. This finding further confirmed
the results of this study. Different authors have reported different recovery rates for recycling
procedures, with each hydrometallurgy step affecting the total recycling rate. A single process can
significantly affect the final recovery rate. The amount of material transferred to the next step also
significantly affects the environmental impact, making it a major uncertainty parameter affecting

a recycling route's total sustainability [64], [65].

5. Conclusions

Considering the various hydrometallurgical treatment steps, energy use has emerged as a hotspot.
Second, there are concerns about the high material consumption for organic chemicals. Study
found that SCF based leaching gives less efficiency in terms of recovery of materials though it
gives better environmental performance when used in a route. However, other leaching methods,
EC based, conventional and DES based leaching provide better efficiency in recovery of metals.
Nevertheless, DES-based leaching can significantly increase the environmental impact, thereby
limiting the use of this technology. It was identified that material recycling rates higher than 80%
are necessary to achieve better environmental and economic performance for DES based leaching.
Consequently, conventional and EC-based leaching are better technologies for reducing the

environmental impact while increasing the overall leaching of metals.

Adsorbent (ion-exchange)-based purification demonstrated better environmental performance
when used in the route with a higher recovery rate (> 70%) than other purification technologies.

Solvent-based extraction significantly increases the emissions when incorporated in the route.
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Over 80% recycling of materials is likely to reduce the impacts involved with solvent extraction-
based purification. Regarding the calcination method, hydroxide-based calcination provides better

performance compared to oxalate calcination in terms of emissions.

The best overall performance is shown by inorganic acid based leaching mechanisms followed by
adsorbent-based purification with hydroxide calcination (route 6) in terms of recovery efficiency
(78%), environmental impact in terms of emissions (33.8 kg CO: eq.) and economic performance
($ 119) per 1 kg of cathode active material recovery. Under the other significant environmental
impact categories identified, route 6 showed: terrestrial ecotoxicity; 176 kg 1,4-DCB, freshwater
eutrophication; 0.02 kg P eq. and fossil resource scarcity; 7.22 kg oil eq. which only seconds to
route 5 (SCF based leaching, adsorbent extraction and hydroxide calcination). Route that follows,
DES-based leaching, oxalate precipitation and calcination (route 1) reported as the most polluting
technology with high recovery rate (72.3 %) while route 3 (EC-based leaching, solvent based
extraction and hydroxide calcination) reported as the worst treatment mechanisms considering
both poor environmental and economic performances. This is mainly due to the use of an
extraction-based purification method. Accordingly, technologies such as DES-based leaching and
solvent extraction-based purification, should undergo further experimentation in the long run
under laboratory conditions. Specifically, the recycling mechanisms of organic solvents require
extensive studies to enhance their sustainability. Moreover, SCF-based leaching is more
environmentally sustainable across various impact categories and mildly economical. Hence,
further studies on optimization and 100% CO> recirculation can increase the industrial

applicability of this technology.

Finally, the limitations such as pricing variations, and limitations in study-oriented data can deviate
the results from the accurate values. Moreover, using different data sources and databases can

change the findings of the study significantly as well.
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Chapter Four-Anode Material Recovery
Comparative Analysis of Facile and Novel Graphite Recovery Methods from Spent Li-Ion

Batteries: Environmental and Economic Implications

This paper is an adapted version of the manuscript published in ACS Sustainable Chemistry &
Engineering (https://doi.org/10.1021/acssuschemeng.4c09084). The author contributed to writing

the original draft, editing and reviewing, conceptualization, methodology, experiments, software,

and formal analysis.

1. Introduction

Research on Li-ion battery (LiB) recycling has grown exponentially due to the availability of
various critical and strategic raw materials. Several pilot and industrial processes were also
established for first generation LiB recycling, particularly for LiCoO (LCO) type cathode [1], [2].
However, given the advancements in the cathode materials variety in the market, investigations on
recycling techniques are required for uprising new generation LiBs, particularly focused on Ni-
Mn-Co (NMC) (NMC-111, NMC 532, NMC-622 and NMC-811) type cathodes. Having a higher
material contribution and metal content compared to early versions of LiBs (LCO or Li-Fe-PO4
(LFP) type cathodes) is the major reason behind this requirement [3]. Recovery of metals from
cathode material has been focused due to the high economic and supply chain importance (such as
cobalt and lithium) [4], [5]. However, recent developments can be seen for the recycling and value
addition for anodic part (graphite) of the LiBs [6] as natural graphite is also categorized as a critical
raw material and can be subjected into supply interruptions in future [7]. Up to the date, 77% of
world graphite requirements are supplied by China. Mozambique and Madagascar also provide for
around 12% of graphite from the world market. Battery-grade graphite production is 100%

controlled by Chinese companies [8].

As the current battery technology largely depends on graphite as anode material and considering
the growing demand of LiBs for green energy transition including new battery technologies (hard
carbon for Na-ion batteries, for instance) [9], the development of recycling aiming at graphite
recovery is required. Throughout the lifetime of the battery, graphite is subjected to continuous
charge and discharge cycles which deteriorate structure of the same and make it contaminated with
electrolytes, organic binders and lithium. These contaminations prevent the graphite being

discarded into the environment without a proper treatment [10]. Moreover, due to the contaminated
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and deteriorated nature of graphite resulted by the continuous charge and discharge cycles, the use
of recovered graphite in new battery material needs prior treatment. Instead, authors often argue
that reusing of graphite in lower quality and profit applications, such as adsorbents and reductant,

would be alternatives [11], [12].

Current material recycling methods from LiBs can be categorized into three sections, 1)
Hydrometallurgy, 2) Pyrometallurgy and 3) Mechanical extraction. Hydrometallurgy often results
in high quality graphite but not battery grade; however, high temperatures for pretreatment
(~400°C), longer leaching time (>1 hour) and corrosive acids (as HoSO4 and HCl) were often
incorporated. Though leaching aims to dissolve the Polyvinylidene fluoride (PVDF) binders, it
often remained with copper foils and lower quality purified graphite with slightly higher costs.
However, if the leaching aims at dissolving copper to recover higher quality graphite, the process
often requires oxidants such as H>O» for effective dissolving of copper. These criteria elevate the
environmental impact and the cost of the treatment significantly [13], [14]. Pyrometallurgy
incorporates above 500°C reactions with longer oxidation time and higher energy requirements
which results in high environmental impact and losses most of graphite as CO,. Nevertheless,
mechanical extraction through grinding (applying friction) to decompose binders, and sieving to
liberate active materials is convenient over the other methods. The method performs better
environmentally and economically but composed of some disadvantages as the recovered graphite
contaminated with fine particles of copper and other organic and electrolyte materials [12].
Nevertheless, authors often argue that pretreatment/separation techniques used to recover graphite
from the LiBs affect the overall quality of the materials [15]. Accordingly, sustainable graphite

separation techniques need to be introduced to graphite recycling from LiBs.

Price of 1 kg of battery grade graphite varies from $ 0.83-2.45 depending on the region [16], [17].
Compared to lower prices of natural graphite, complex recycling mechanisms tend to increase the
prices of secondary graphite preventing their usage in similar productions. Another reason for the
price deviation is that the recycled graphite quality is lower than the virgin graphite [12], [18].
Moreover, priorities were given to technological and quality improvements of the material rather
than overall sustainability of the technology. Evaluation of environmental performance or
economical feasibilities for graphite recycling from LiBs were not previously reported. To reduce

the gaps in the research area, this study evaluates production, optimization and product
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characterization of three simple graphite separation methods from LiB anode followed by an
environmental and economic analysis. The methods were developed based on the three current
practices and here are identified as cold process (based on physical/mechanical recycling), wet
process (based on hydrometallurgy) and hot process (based on pyrometallurgy). Further,
parameters were evaluated in the modified processes to avoid extensive heat and longer leaching
hours to enhance the sustainability of the processes. Characterization revealed the quality of the
separated materials. Finally, environmental and economic performance evaluations were done
using life cycle assessment (LCA) and life cycle costing (LCC) assessment aiming at identifying
low-cost and environmentally friendly graphite separation methods from LiB-anode with

reasonable quality for secondary applications or for further purifications.

2. Methodology

2.1 Experimental procedure

A spent LiB battery pack was received from RMB Spa (metal recycling company), Brescia, Italy
for the study (Samsung, 2019 -NMC-111 and was used in Fiat-Panda Hybrid-EV). The spent
battery pack was first dismantled manually using heavy tools to obtain the four battery modules
inside. The modules were dipped in 10 wt.% NaOH solution for 24 hours to discharge for safety
reasons (Premathilake, Botelho Junior, et al., 2023). After, each battery module was cut open using
wrenches and hacksaw blades under the fume hood to let electrolytes evaporate. The opened
modules contained two cells inside, each coiling up to make layers of cathode and anode. The cells
were then untangled to separate anode, cathode, and separator materials. Finally, the anode part
(copper current collector and the active material) was dried under 40°C for 24 hours to get rid of

all the available electrolytes and organic solvents.

To determine the available graphite content in the anode material, a sample of 10 g was mixed with
50 ml (excess) of concentrated (70%) nitric acid at 50°C. The solution was stirred (300 rpm) for 1
hour. After, the solution was filtered, and the residual was washed with de-ionized (DI) water.
Finally, the carbon content was analyzed through Carbon-Hydrogen-Nitrogen (CHN) analyzer.
The result suggested that the carbon content is 96.6% in the residual which is in line with previous

findings [11].
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2.1.1 Graphite recovery from anode material

The graphite was extracted from the anode part by three different methods. Firstly, solely physical
method (cold process) was used where; crushing, grinding, and sieving treatments were
incorporated. The method was designed to release graphite from the current collector as fine
material due to the friction (supposed to decompose polyvinylidene fluoride (PVDF) binder
material effectively). The copper foil is malleable and did not break into fine particles. Grinding
time and sieving size were optimized before characterizing the graphite recovered. A sample of
100 g of anode material was utilized for the optimization steps. Firstly, the size of the sieve was
optimized by varying the sieve size aperture from 125 pum to 1 mm. For the grinding, a laboratory
grade cutter grinder (SM-450, mrc made) was used. Optimization of grinding time was done

through varying the grinding time from 1-5 minutes.

As the second process, a chemical method (wet process) was utilized where copper in the anode
was removed by acid leaching (dissolving). Higher sieve size and grinding time were utilized to
increase the graphite availability (500 um with 5 minutes grinding). The leaching was done at
room temperature to reduce the energy dependency of the process. Hence, corrosive acid needed
to be used. Use of concentrated nitric acid which can actively dissolve copper is avoided as the
environmental impact is very high according eco-invent 3.10 database of life cycle assessment
(LCA) [20]. Also, if sulfuric acid is used here, using an oxidant (like H>O») and heat is mandatory
which also elevates the environmental impact of the whole process [21]. Hence, the next viable
option of aqua regia (royal solution) was used to dissolve the copper current collector in the anode
part. Prior to the characterization of the recovered graphite, an optimization step was carried out
for the concentration of the acid, reaction time and the solid/liquid ratio. Firstly, optimizing
leaching time was carried out using a diluted aqua regia solution. The concentrated aqua regia was
prepared by mixing concentrated HCl and HNO:s in a 3:1 molar ratio, as is standard practice. This
stock solution was then diluted with deionized water to achieve an effective H* concentration of 1
mol/L for the experiments. The leaching conditions were set with an S/L ratio of 1:10 and a stirring

speed of 300 rpm.

For the optimization of the S/L ratio, the leaching time was fixed at 60 minutes, the effective H*
concentration at 1 mol/L, and the stirring speed at 300 rpm, while varying the S/L ratio from % to

1/20. Finally, for the optimization of the H* concentration, the conditions were set as a leaching
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time of 60 minutes, stirring speed of 300 rpm, and S/L ratio of 1:10, with the H" concentration

varied from 0.2 mol/L to 0.9 mol/L by diluting the stock aqua regia solution.

The hot process was utilized as the third method using CaO instead of direct heating to decompose
PVDF which is not used before for graphite recovery reducing environmental impact in two ways,
1) Generation of HF will be avoided as PVDF reacts with CaO forming CaF; and 2) the heating
temperature can be reduced drastically from above 500°C to below 300°C [22]. Liberation of
graphite is expected to elevate effectively upon the decomposition of PVDF binders. Following
this step, the anode material had to be washed with excess distilled water to remove excess CaO
and CaF> [15]. Then, the materials were grinded to remove the copper through friction. Here, the
mixing ratio of CaO:anode material was optimized varying the values from 1:1 to 5:1, heating
temperature from 200 °C to 300 °C and heating time from 15 minutes to 45 minutes with the

availability of atmospheric air.

2.1.2 Characterization

Characterization of recovered graphite under three different methods were done through: Carbon-
hydrogen-nitrogen (CHN) analyzer (Thermo Scientific Flash Smart, United States), Raman
spectroscopy (automated and integrated confocal micro-Raman spectrometer, XploRA Plus
HORIBA Scientific, equipped with an Olympus microscope BX43), X-ray diffraction
spectroscopy (XRD, Bruker D2 diffractometer on a zero-background sample holder in the 2-0
range 5°-50°, CuKa radiation, step scan 0.02°, and a counting time of 2 s/step at 40KV and 40
mA), X-ray Fluorescent spectroscopy (XRF), and Scanning Electron Microscopy (SEM). CHN
analyzer detect carbon content in the sample. Raman spectra was utilized to understand the
structure of the recovered graphite through each method at room temperature XRD results
provided information on the crystal phases, structure and the amorphous material content in the
samples. For the XRF analysis, (Bruker made, SN1893 with 40 kV voltage and 100 pA) it
determined the elemental composition of the powdered samples. Finally, the SEM was utilized to
determine the morphological structure of the raw and recovered samples (Zeiss EVO MA10,
CarlZeiss, Oberkochen, Germany, equipped with an energy dispersive detector for EDS analysis,

on gold-sputtered samples at 20 kV, secondary electrons images, working distance of 8.5 mm).
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2.2 Life Cycle Study: object and scope

An attributional LCA study was conducted to understand the environmental impact of the three
processes of recovering graphite. Stages that are common for all three processes such as used
phase, collection of spent batteries, dismantling of batteries, and discharging, are not taken into
consideration. The LCA study was carried out using hotspot analysis, identifying processes, that
contribute to most of the impacts under each process. Later, a comparison was done to identify the
pros and cons of each method. The study will provide better insight for recyclers or researchers to

improve existing systems to be more environmentally friendly and cost effective.

2.2.1 Functional unit of the life cycle assessment

The functional unit of the study is considered as the extraction of 1 kg of pure graphite from anode
material. Since each recovery method resulted with different active material recovery efficiency,
we unified the metrics of the recovered active material to obtain pure graphite recovery potential
(Equations 1-3).

mass of graphiteing

Graphite recovery potential = -
Mass of anode used in Kg

)

mass of carbon

Carbon content % = X 100% -(2)

Mass of recovered graphite

Pure graphite recovery potential = Graphite recovery potential X Carbon content%--

-(3)
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2.2.2 System boundary
Direct steps involved in recovering graphite from the anode materials were incorporated in the system
boundary. Figure 4.1 shows the processes involved in each recovering mechanisms labeled according to

the route. As the objective of the LCA study is to compare the recovering routes,
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Figure 4.1 System boundary for the LCA study

impacts of scrapped anode material or impacts of use of recovered graphite were not included in

the system boundary.

2.2.3 Inventory analysis and modelling

Inventory was calculated using the primary data for each method utilized for graphite recovery.
Experiments were carried out using 100 g of anode materials for each process. For energy usage,
power consumption of the instruments and time were measured. Since the electrical instruments
were not used at their maximum capacity, 30% working potential was assumed throughout the
time span. To calculate the emissions in each step, possible reactions depending on the availability
of materials in the anode part were used. Solid and liquid emissions were detected through
measurements. However, stoichiometric calculations were used to determine gas emissions [19].
In addition, replications were used to calculate the standard deviations which were also used to
identify the sensitivity of the LCA model through Monte-Carlo analysis. Finally, the measured and
calculated values were adjusted for 1 g of graphite recovery to feed in the LCA software (SimaPro

9.6.0.1).
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The inventory values were modelled using Eco-Invent 3.10 V database (allocation cut-off, unit) in
the Sima-Pro 9.6 (PhD version) software. The Italian average values were used to model the data
as the experiments were carried out in the Italian territory. Further, dummy variables were used to
connect two steps in one single recovery process. A complete inventory of the graphite recycling

methods under different steps was given in Table 4.1.
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Table 4.1. Inventory of the three graphite recovery methods utilized per 1 Kg of graphite recovery.

Materials (1 g of Amount Amount sD Data source Remarks LCA process
graphite recovery) (Kg) (Kwh) (xKg)
Cold Process
Input Anode materials 1.858 0.015 Measured Eco-invent
Energy 0.062 Calculated 100 W, 2-minute Eco-invent
grinding
Output pure graphite 1.000 Measured Dummy
Scrap metal (Cu) 0.858 0.011 Measured Eco-invent
Hot Process
input Anode material 1.243 0.021 Measured Eco-invent
Lime 3.729 0.001 Measured Eco-invent
Dl water 9.943 0.022 Measured Eco-invent
Energy 5.966 Calculated Heating 250 °C for 20 Eco-invent
min (1.8 Kwh)
Energy 0.041 Calculated 100 W, 2-minute Eco-invent
grinding
Output  Pure graphite 1.000 Dummy
Ca and F compounds 3.729 0.024 Measured Eco-invent
(75% CaF; and 25% Ca
compounds)
Scrap metals (Cu) 0.243 0.002 Measured Eco-invent
Chemically polluted 9.943 0.031 Measured Eco-invent
water
Wet Process
Input Anode material 1.193 0.009 Measured Eco-invent
Nitric acid 0.282 0.001 Measured Eco-invent
Hydrochloric acid 0.492 0.000 Measured Eco-invent
Dl water 9.542 0.019 Measured Eco-invent
Energy 0.398 Calculated Stirring 300 rpm for 20 Eco-invent
min (100 W)
Output  Pure graphite 1.000 Measured Dummy

Spent solution 0.711 0.011 Measured Eco-invent
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Waste water (metal 9.542 0.016 Measured Eco-invent
ions)
NO 0.237 Calculated Used royal solution Eco-invent
reaction with Cu, to
produce NO
HF 0.019 Calculated Assumed 5% of PVDF Eco-invent

Leach residue 0.193 0.002 Mass balance Eco-invent
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2.2.4 Comparison of environmental impacts of recovery methods

The three methodologies utilized to recover graphite from anode materials were analyzed
individually to identify the hotspots. Then, three methods were compared with each other under
various impact categories given under the calculation method: Environmental Footprint 3.1
(adapted) V1.01 / EF 3.1 normalization and weighting set. Finally, sensitivity analysis was carried

out using Monte-Carlo simulation to evaluate the validity of the model.

Following impact categories given under the calculation method were used for the discussion:
Acidification, Climate change, Ecotoxicity (freshwater), Particulate matter, Eutrophication
(marine), Eutrophication (terrestrial), Human toxicity (cancer), Human toxicity (non-cancer),
Photochemical ozone formation, Resource use (fossils), Resource use (mineral and metals), and

water use.

2.3 Comparison of economic performance of recovery methods

Economic evaluation of the three methods utilized was carried out through Life Cycle Costing
(LCC) approach taking the functional unit of 1 kg of graphite recovery from the anode material.
Laboratory level consumption of chemicals and electricity was obtained from the process
contribution in Sima Pro 9.6. Material and energy contribution with their unit prices and standard
deviation were given in Table 4.2. Standard deviation (SD) of the costs was calculated based on

equation 4 assuming that the costs are uniformly distributed [21].

.. Maximum price—Minimum price
Standard deviation = L v price) --- 4)

The main reason to use equation 4 to obtain the SD’s is that there is no availability of multiple cost
data for the materials considered. Instead, the range of values had to be utilized to calculate the SD
of costs using the equation based on uniform distribution of prices. The price of the graphite
extracted was considered for each graphite sample through multiplying the price of the pure

graphite by the purity of the sample (Equation 5) to have a quality-based pricing.

Purity Of graphite (%) — Pure graphite recovery potential of the process % 100%--mmmmv (5)

Total recoverable pure graphite available
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Moreover, these prices were given as negative values to show a possible income from selling. All
the other prices were denoted as positives (potential cost). For the spent copper derived from each
process was given the cost of recycling as it should undergo on secondary recycling. For the
emitted gas treatment, the cost was determined by assuming that the gas purification utilizes carbon

filters.



Table 4.2 Inventory of the cost of each treatment with price source.
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Materials (1 g of graphite Kg (1] Highest unit  Lowest unit Highest Lowest Average Standard
recovery) price (5/Kg)  price (5/Kg) total costs total costs Cost per 1kg deviation of Ref
or ($/M)) or ($/M)) ($) ($) treatment  the cost (£$)
($)

Cold process
Anode materials 1.860 13.420 7.46 24,961 13.876 19.418 3.200 [35]
Energy 0.223 0.032 0.026 0.007 0.006 0.006 0.000 [66]
Graphite 1.000 -22.811 -105.448 -22.811  -105.448 -64.130 23.855 [67]
Scrap metal (Cu) 0.858 7.726 3.200 6.627 2.745 4.686 1.121 [68]

Hot process
Anode material 1.240 13.420 7.46 16.641 9.250 12.946 2.133 [35]
Lime 3.730 2.000 1.000 7.460 3.730 5.595 1.077 [69]
DI water 9.940 28.600 9.730 284.284 96.716 190.500 54.146
Energy 21.600 0.032 0.026 0.691 0.562 0.626 0.037 [66]
Graphite 1.000 -32.521 -150.332 -32.521  -150.332 -91.426 34.009 [67]
Ca and F compounds (75% 3.729 13.500 7.500 50.336 27.964 39.150 6.458 [35]
CaF; and 25% Ca
compounds)
Scrap metals (Cu) 0.243 7.726 3.200 1.876 0.777 1.327 0.317 [68]
Chemically polluted water 9.943 0.001 0.000 0.005 0.004 0.005 0.001 [70]

Wet process
Anode material 1.193 13.420 7.46 16.007 8.898 12.452 2.052 [35]
Nitric acid 0.282 370.000 63.830 104.278 17.989 61.133 24.909 [67]
Hydrochloric acid 0.492 619.000 427.000 304.830 210.279 257.554 27.295 [67]
DI water 9.542 28.600 9.730 272.901 92.844 182.872 51.978 [67]
Energy 1.430 0.032 0.026 0.046 0.037 0.041 0.002 [66]
Graphite 1.000 -35.362 -163.464 -35.362  -163.464 -99.413 36.980 [67]
Spent acids 0.711 4.670 2.604 3.320 1.851 2.586 0.424 [35]
Waste water (metal ions) 9.542 0.001 0.000 0.005 0.004 0.004 0.000 [70]
Emitted gas treatment 0.256 10.660 5.938 2.730 1.521 2.125 0.349 [35]
Leach residue 0.193 0.080 0.023 0.015 0.004 0.010 0.003 [71]
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3. Results and Discussion

3.1 Optimization of parameters

The maximum recoverable graphite content was required to evaluate the recovery efficiency of
each extraction route. Section 2.1 describes the method utilized to determine the maximum
recoverable graphite content. Equation 6 describes the reaction takes place between the copper

available in the anode material and concentrated nitric acid.
3Cu +8HNO3 —» 3Cu(NO3), + 4H,0 + 2NO--------------- (6)

Accordingly, the dry mass of the residual material resulted from the leaching was 3.8 g with a
carbon content of 96.6%. Which calculated to be 3.67 g of pure graphite in 10 g of anode materials
(367 g/kg).

3.1.1 Cold process optimization

A grinding step followed by a sieving step was used for the liberation and the separation of
graphite. Full potential (using 130 W) grinding was unable to be used effectively as the powdered
graphite escaped in the form of dust over the cover causing graphite losses. The least potential
(using 60 W) grinding was not very convenient due to poor friction produced. Hence, the grinding
of medium potential (100 W) was utilized. Optimization of pore diameter and grinding time was
done through varying the pore diameter from 125 um to 1 mm and grinding time from 1-5 minutes

at medium grinding stage (Figure 4.2).
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Figure 4.2 Optimization results (a) sieve size (b) grinding time of cold process of graphite recycling.

As optimized (Figure 4.2 (a)), mass of fine fractions that pass through the sieve increases
proportional to the sieve size which is in accordance to the expected. Interestingly, the carbon

content of the passing fraction is getting reduced as the size of pore diameter increases, suggesting
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that increase of copper particles passing through the sieve which reduces the carbon concentration.
Carbon content is highest (69%) when 0.12 mm sieve was used. However, this pore size was
rejected as per the lower mass of graphite recovered through fine fraction (10.5 g out from 100 g
of anode material used). A good compromise between the recovery mass (65.1 g) and the carbon
content (57.4%) is shown by 0.2 mm. The identified pore diameter has been verified by previous

findings as well [11], [15].

It can be noted that mass of fine fraction increases as the grinding time increases (Figure 4.2(b))
due to the prolonged friction applied to the anode materials increasing copper content in the fine
fraction. As expected, the carbon percentage is decreasing with the increasing grinding periods
(68.3% for 1 minute and 56.8% for 5 minutes). However, the mass of the passing content was
increasing (24.7 g for 1 minute and 35.2 g for 5 minutes). Considering both the passing mass and
the carbon content of the recovered materials, 2 minutes grinding was identified as the best
grinding period. The selected grinding period brings 30.4 g of fine fraction with 64.8 % of carbon

where other grinding periods lower either mass of the fine fraction or the carbon content.

It is possible to recover graphite rich fine fraction of 305.0 g per 1 kg of anode material with the
carbon content of 64.8% through the cold method (physical processing) resulting in pure graphite
recovery of 197.6 g/kg of anode material. This can be identified as 53.8 % recovery of total

available pure graphite from the anode material.

3.1.2 Wet process optimization

The wet process was designed to recover graphite through acid leaching. To increase the graphite
availability in the sample, sieve size 0.5 mm was used through cold process after 5 minutes of
grinding. Royal solution (aqua regia) was used as the acidic solution to avoid problems arose with

nitric acid or sulfuric acid-based leaching as described under section 2.1.1.

Figure 4.3 shows the parameter optimization graphs for the wet process utilized. As Figure 4.3 (a)
leaching time optimization, the carbon content increased rapidly during the first 45 minutes (up to
72%) and gradually came to a fixed value during the next 75 minutes (from 60-120 minutes, carbon
content varied 86-92%). Hence, 60 minutes were selected as the leaching time. Figure 4.3 (b)
shows the optimization of S/L ratio for the leaching process. The conditions were set to; leaching

time 60 minutes, H+ concentration 1 mol/L, and stirring speed 300 rpm while varying the S/L ratio
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from 2 to 1/20. It can be noticed that increasing the liquid fraction has a positive effect on the
recovery of carbon. However, carbon content remained constant after 1/10 S/L ratio (82-87%). The
optimization of H" concentration was carried out while keeping; leaching time at 60 minutes,
stirring speed at 300 rpm, and S/L ratio at 1/10 and varying H" concentration from 0.2 mol/L to
0.9 mol/L (Figure 4.3(c)). The results showed that increasing H" concentration increases the carbon
content. Nevertheless, increasing the H" concentration above 0.5 mol/L does not significantly

affect the carbon content, and 0.5 mol/L was selected as the optimized H" concentration.
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Figure 4.3 Optimization of wet process parameters (a) leaching time (conditions: S/L=1:20,
Concentration= 1M) (b) S/L ratio (conditions: time= 60 minutes, Concentration=1 M) and (c) H"

concentration (conditions: time= 60 minutes, S/L=1:10).

Utilizing the optimized values, 380.0 g of residual material was recovered from 1 kg of anode
materials with carbon content 81% (307.8 g/kg of anode material). Compared to the recoverable

graphite in the anode this is 83.8% recovery.

3.1.3 Hot process optimization

The hot process was designed to liberate graphite effectively from the anode current collectors by

decomposing PVDF binders (Figure 4.4). PVDF decomposes at high temperatures (over 500 °C);
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however, Wang et al (2019) reported that CaO can be used to decompose PVDF binders at lower
temperatures (~300°C) as C-H bonds in the PVDF binders react with oxygen in the CaO
decomposing PVDF. In addition, HF will not produce during the decomposition as fluorine forms
CaF2 [22]. However, the method was optimized only for cathode current collectors, hence
optimizations were carried out to apply the technology into anode current collectors. Optimizing
of anode material to CaO ratio (Figure 4.4(a)) showed that increasing CaO content elevates the
carbon content in the recovered graphite up to the ratio of 3:1 (58%). For higher ratios (4:1 and
5:1 of CaO:anode) the liberation of graphite (based on the carbon content) remained the same at
maximum of 60%. Later, the optimization of temperature was carried out by keeping CaO: anode
material ratio at 3:1 for 30 minutes of heating. The highest carbon content was received when the
heating temperature is at 250 °C (69%, Figure 4.4(b)). At higher temperatures (>250 °C) the carbon
content of the recovered materials gets lower (51% at 275 °C and 38% at 300 °C). Moreover,
higher copper percentage (40-60%) is observed in these recovered samples suggesting that roasting
of copper foils at higher temperatures makes the metal fragile. The fragile copper metals were
shown to be less malleable hence easily tear off into fragments hindering the separation of graphite
and copper metals through sieving. Moreover, at lower temperatures (<250 °C), carbon content of
the recovered materials gets lower (43% at 225 °C and 33% at 200 °C) due to the poor
decomposing of PVDF binders. Similar observations were received when optimizing the heating
time which can be seen in Figure 4.4 (¢). The maximum carbon content was observed when the
heating time was at 20 minutes (at 71% of carbon content). When the heating time was set to 15
minutes, the carbon content of the recovered material was at 65%, suggesting a poor
decomposition of PVDF. At higher heating time periods (>20 minutes) the carbon content of the
recovered materials declined at an increasing rate (70% at 30 minutes, 65% at 40 minutes and 59%
at 45 minutes). The reason for lowering the carbon content was identified as roasting of copper at
prolonged heat exposure making the metal roasted and fragile. The effect of prolonged heating

time (>20 minutes) and elevated heating temperatures (>250 °C) can be seen from Figure 4.4(d).
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Figure 4.4 Optimization of hot process (a) CaO: anode material ratio (conditions: temperature= 275°C,
time =30 minutes), (b) heating temperature (conditions: time =30 minutes, anode: Cao=1:3), and (c)
heating time (conditions: temperature=250°C, anode: Cao=1:3) (d) images showing the effect of

temperature and heating time (conditions: anode: Cao=1:3).

Grinding and sieving of recovered material through the CaO treatment resulted in 402.2 g of fine
fraction per 1 kg of anode materials (1 minute grinding at medium speed-100W). Compared to the
cold process fine fraction, the mass received in hot process confirms a significantly higher
liberation of graphite from the current collector. The carbon content of the fine fraction was 70%
(at optimum conditions) which is still higher than cold process (281.5 g/kg of anode materials).

Compared to the available graphite in the anode this was a 76.7% recovery.

3.2 Characterization of recovered graphite

Pure graphite recovery is slightly higher through the wet process (83.8%) than hot process (76.6%).
The cold process has the lowest pure graphite recovery at 53.8%. Peaks related to impurities like
copper can be seen in both cold and hot processes derived from graphite (Figure 4.5(a)), and highly
observed in cold process graphite (CG). Graphite recovered through wet process (WG) shows less
impurity related peaks. Graphite peak (diffraction peak) of (002) is visible in all three recovered
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samples within the range of 24.5°-27° in the XRD patterns. The highest graphite peak of each
XRD analysis was utilized to calculate the interlayer spacings of corresponding recovered graphite

sample using the Brag’s equation (eq. 7) [30].

A = 2dsin6 (7)

Where, A; X-ray wavelength, d; interlayer spacing and 0; the angle between incident and diffraction
planes. Considering the lamellar spacings of graphite structure in samples, it appeared to be in the
order of WG (0.356 nm, peak at 25.62°) > HG (0.354 nm, peak at 25.77°) >CG (0.354 nm, peak
at 25.80°). The slightly higher interlayer spacings reported for the WG could be due to the slight
oxidation of graphite that can take place because of acids used during the process. HG and CG
showed the lowest interlayer spacing possibly due to the heat generated due to the friction in
grinding stages. It is identified that the annealing effect of thermal treatment can cause shrinking
of graphite layers showing lower interlayer spacings. Also, removing intercalated species in
between the layers as the reaction progress between CaO and PVDF can also cause this shrinking
[31]. More importantly, interlayer spacings of all the recovered graphite samples were slightly
higher than fresh cell graphite interlayer spacings (0.334 nm) or acid leached graphite interlayer
spacings (0.336 nm) as per the previous findings [11]. It is possible to have higher interlayer
spacings in used cell graphite than fresh cell graphite due to continuous charging and discharging
cycles. On the other hand, under normal acid leaching of graphite, heating for longer time periods
can cause the annealing effect that can shrink the graphite layers. Since the current study utilizes
acidic media without heat (at room temperature = ~25°C) it is possible to obtain slightly enhanced
interlayer spacings. However, this fact is hard to confirm through the literature values as the room
temperature leaching of graphite has not been done previously. Nevertheless, it is possible to
understand that interlayer spacings of graphite can take a range of values due to identical separation

techniques [18], [32], [33].

The impurities detected in the XRD spectra was identified through XRF analysis. The major
impurity that could be found in CG and HG graphite samples is copper (around 34.50% in CG and
28.8% in HG). In HG, a minor amount of Calcium was detected that derived through CaO added
during the treatment. However, the unreacted copper percentage in WG 1is around 16.34% and
minor amount of nickel (1.90%) and iron (0.53%) was detected. The source of copper is the current

collector. The sources of Ni and Fe are unknown as they cannot be derived from the casing
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materials as they were removed at the beginning. It is possible that minor parts from the connector
tabs of the current anode collector to the circuit contaminate here in minor amounts as these
materials often contain a thinly plated layer of Ni-Fe to make it corrosion resistant [34]. Compared
to the graphite that recovered through hydrometallurgical means using sulfuric with heating and
oxidants [11], the amounts of impurities are higher in recovered graphite samples here. Moreover,
in those many of the impurities were derived from cathode active materials (cathodic metal ions)

rather than copper.
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Figure 4.5 Characterization of recovered graphite (a) XRD graphs (b) Raman spectra (¢) SEM images
through wet process (WG), cold process (CG) and hot process (HG).

Figure 4.5-b shows the Raman spectra received for each recovered graphite sample. In graphite
Raman spectra D (1344.6 cm-1) and G (1572.56 cm-1) peaks provide information about the
structural quality of the sample. D-peak corresponds to structural deformities caused by disordered
or vacant carbon atoms available in the structure while G-peak corresponds to the availability of
the graphitic order. In high quality graphite (e.g. battery grade), intensity ratio between D peak to
G peak is considerably lower (I(D):I(G) < 0.38) [11]. In the current study, D and G peaks are
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clearly visible in WG samples. This is attributed to the less impurities available in the sample. In
contrast, CG and HG show less intensities as the graphite content of the samples are relatively
lower than that of the WG. I(D):1(G) ratios were received as 1.2595, 1.0222, 1.0331 for WG, CG
and HG, respectively. Intensity ratios received are all above 1. This suggests that the methods
utilized make more vacant and disordered carbon atoms in the structure. In recent literature, the
intensity ratio reported is much lower. For instance, Lai et al (2023) reported intensity ratios below
0.52 for graphite samples that recovered through several methods. However, all the methods use
high heat (450 - 800 °C) for longer periods (12 hours) and further, impurity removal mechanism
was done through deep eutectic solvent (DES)-based leaching [35]. It is possible to understand
that well preserved graphitic structure is attributed to the higher heat applied; nevertheless, this
can be done later depending on the application of the secondary graphite recovered. The major
drawback in the method utilized by Lai et al. (2023) is that utilizing DES leaching which can add

more environmental pressure to the heat utilization as per the recent findings [21].

Lowest I(D):I(G) ratio received by CG suggesting that graphitic layers are relatively better
preserved in cold process graphite than WG and HG. Highest I(D):I(G) ratio received by WG
suggests that poor structural quality of recovered graphite. It seems that the corrosive acid used in
the recovery process has oxidized the graphite up to some extent and given the Raman spectra
more like in graphene oxide [11], [36]. This better explains even the high intensity D-peak
received. CG and HG, on the other hand, have lower D-peak intensity. In HG, this can be due to
the heat applied during the reaction between CaO and PVDF. For CG, this can be due to the heat
generation that occurred on grinding friction. Nevertheless, D-peak in HG is relatively higher than
CG which might be due to the use of CaO. As the grinding takes place in the hot process after the
reaction, remaining CaO can cause structural deformities for the graphite structure due to the

additional friction.

SEM-EDS analysis was also used to characterize the graphite recovered through the three
procedures (Figure 4.5(c)). Surface of the WG is much cleaner and without impurities compared
to CG and HG. HG shows the highest amount of surface impurities. EDS analysis showed that
WG contains 95wt% of carbon and 3.02wt% of oxygen and minor amounts of chlorine. In CG,
68% carbon, 11% copper, 6.42% fluorine and minor amounts of chlorine were detected. Finally in

HG, 70% carbon followed by 9% copper, 12 % oxygen, 5% iron, 1 % calcium and minor amounts
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of phosphorus, sulfur, and chlorine were reported. The elemental analysis suggests that solid-
electrolyte-interface (SEI) (Li-salts, polyolefins and semi carbonates) is present in both CG and
HG samples [37]. Nevertheless, these impurities can be also derived from electrolyte or organic
solvents. However, in WG, SEI layer is not to be found as the acid can effectively leach these
elements out from the matrix. Graphite structures by cold and hot processes match with spent
graphite structures by other authors as well [35]. Moreover, the structure and composition of the
WG demonstrate similar acid leached graphite by the authors. However, it is important to note that

the studies carried out by Lai et al (2023), involved higher temperatures than in this study.

3.3 Life cycle assessment

The LCA study of the graphite extracting routes evaluates the environmental impacts of each route

focusing on key energy and material saving spots in the recycling route.

3.3.1 Hotspot analysis of cold process

Damage assessment of cold process reports negative values under all categories considered, mainly
due to the high amount of spent metallic copper resulted (Figure 4.6). This is due to the copper
metal recycling activities from electronic waste (battery waste). This activity generates a higher
environmental benefit than the impact generates through electricity usage for the process. Process
hotspots were identified as electricity usage and spent copper recovery. It is important to note that
no avoid products were used in this study. Impacts made by each component were given under

annexure 3. Table S4.1.
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Figure 4.6 Relative percentage contribution for the damage assessment of cold process by each

component.

Spent copper accumulation as a byproduct of the process gives benefits under all categories.
Resource use (minerals and metals) (~30%) and water use (~29%) show a higher relative
percentage of damage than the rest compared to the benefits received through copper recovery.
Lowest relative damages were reported at <0.5% by Human toxicity categories. Damages occur
through these categories under electricity usage can be due to infrastructure building and water use
for cooling of generators. However, the highest actual damages were made under resource use
(fossils) (3.52x10°! MJ) and ecotoxicity (6.83x10°%2 CTUe) impact categories which affected by
electricity generation (Table S4.1). Moreover, the highest benefits (-7.08x10% MJ, -5.50x10"%
CTUe) were also received through the same categories due to the reductions of hazardous waste
that could contaminate water sources by metal mining that would otherwise occur. Recycling of
spent copper emits lower volumes of toxic gases and reduces water pollution compared to
traditional mining methods [38]. However, the most affected impact categories are resource use,

water use, and climate change in descending order. The high environmental benefit generation
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under these categories was due to the large number of toxic gas and water born substances being

avoided by copper recycling.

3.3.2 Hotspot analysis of hot process

The highest impacts were given by high electricity usage for the heating as per Figure 4.7. Benefits
were made through the spent copper recovery. However, these benefits are not sufficient to
overcome the damage made by other impact contributors such as CaO, water and direct emissions.
Annexure, Table S4.2, shows the actual damage made under each category for various components

in the hot process.

100%

Relative damage by each component (%)

-80%

B Hot process B CaO ® Water Electricity M Spent copper
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Figure 4.7 Relative percentage contribution for the damage assessment of hot process by each component.

Major damage (over 50%) under many impact categories except eco-toxicity (fresh water) and
human toxicity categories were given by electricity usage. Mainly, these two impact categories
were affected by the direct emission of Ca compounds to fresh water. Under Ecotoxicity (fresh

water), this damage responsible for over 95% of the total damage by the category. For Human
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toxicity, it is around 50%. CaO usage also shows damage under many impact categories, maximum
being ~25% under particulate matter. This could be due to the CaO crushing to make powder form.
Other than that, upon releasing remaining CaO to freshwater, it can increase the alkalinity favoring

the dissolving of nutrients in water promoting algal blooming [39].

Recovering copper from the anode has benefits under all the considered impact categories.
However, benefits under ecotoxicity (freshwater), mineral resource use and water use reported the
lowest values, and the highest are human toxicity (Cancer) at 65% and non-cancer at 50%. Other
categories also show benefits under 15%. These benefits are due to the avoidance of primary
copper mining. Under water use category, water usage damages (~20%). However, discharging of

water (as a direct emission), recharge surface waters adding benefits to the process at 17%.

The hotspot of impact is derived from electricity usage under climate change and resource use
impact categories. Moreover, the direct impact of the process under ecotoxicity and human toxicity

is also significant.

3.3.3 Hotspot analysis of wet process

Almost all the impact categories demonstrated only damages except under “water use” category.
The “water use” category shows around 30% benefits as the water discharges through the process
enriching surface waters. However, the damage involved with water use in the process is 32%
(Figure 4.8). Numerical values of each damage under different categories of wet process were

given in annexure, Table S4.3.

The top contributors to the environmental damage under wet process are the extraction process
itself (use of royal solution and disposal of acidic wastewater). Direct extraction process of wet
route seems to be impacting the environment under acidification (~70%), particulate matter
(~90%), eutrophication (~95-98%), human toxicity (cancer) (~70%) and photochemical
degradation (almost 99%) damage categories the most. The impacts are mainly due to the high
amount of toxic (HF) and greenhouse gases (NO>) emissions by the process. Moreover, the high
amount of wastewater discharge (9.5 kg for the extraction of 1 kg of graphite) is also contributing
to elevating damage. HCI gives slightly higher damages than HNO; under several impact
categories as the quantity of HCI is higher in the royal solution (HNO3:HCI molar ratio =1:3).

Mainly, human toxicity (non-cancer) (over 70%), ozone depletion (~90%) and resource use (both
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fossil and mineral) (~70% and ~80% respectively) categories denote damage from acid use.
Climate change at ~58% and ecotoxicity at ~55%, report the highest damage through the spent

acidic mixture disposal due to the acidic nature and availability of metals and leach residue in it.
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Figure 4.8 Relative percentage contribution for the damage assessment of wet process by each

component.

Most significant impact categories under the wet process were identified as the photochemical
ozone depletion, Eutrophication (marine and terrestrial) and particulate matter impact categories
due to the high damages reported under these categories (Table S4.3). Further, the hots spot of the
route can be identified as the process itself (direct emissions). Electricity usage has a very low

effect on overall damage.
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3.3.4 Comparison of extraction routes

The comparison of the extraction routes was done by assessing the damage done under each impact
category of the three extraction routes (Table 4.3). The functional unit of the three extraction routes
were kept as the recovery 1 kg of pure graphite from the anode materials.

Table 4.3 Comparison of damage generated by the three graphite extraction methods under
different damage categories.

Damage category Unit Cold process Hot process Wet process
Graphite Graphite Graphite

Acidification mol H* eq 9.06x10 2.15x10°2
Climate change kg CO2 eq
Ecotoxicity, CTUe
freshwater
Particulate matter disease inc.
Eutr_ophlcatlon, kg N eq | 42% 1003 0.32x102
marine -
Eutrophlcatlon, mol N eq 1 50%10°2
terrestrial
Human toxicity, CTUh
cancer
Human toxicity, CTUh
non-cancer
lonising radiation Ig(l?q U-235 2 69%10°! 9.50x102
Photochemical ozone kg NMVOC
formation eg 6.40x10°%3 2.40x10°!
Resource use, fossils  MJ
Resource use, kg Sb eq
minerals and metals
Water use m? depriv.
Lowest

The assessment shows benefits under all the damage categories of the cold process compared to
the other two processes due to the extraction of copper as the second product in the metal form.
Hence, cold process can be identified as the best method to recover graphite from the anode
materials from an environmental perspective. Hot process and wet process, on the other hand,

show higher environmental damage than cold process under almost all categories except for human
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toxicity (cancer) where hot process shows the lowest at -4.42x10% CTUh. Moreover, climate
change (1.97x10"% kgCOzeq), ecotoxicity-freshwater (3.61x10"2CTUe), resource use-fossils
(3.42x10%°'MJ) and water use (1.71x107%° m? depriv.) categories show higher damage under the
hot process. However, wet process also shows higher damage under these categories (1.84x10%
kgCOaeq., 1.48x107°! CTUe, 1.30x10%°! MJ, 4.76x10°" m? depriv. in respective order). Further,
wet process also shows high environmental damage in eutrophication (marine and terrestial):
9.32x10°2 kg N eq., and 3.68x10°! mol N eq, as well as photochemical ozone formation: 2.40x10-
1 kg NMVOC eq. In contrast, only the damage under ionizing radiation category of hot process
(2.69x107°! kBq U-235 eq) significantly exceeds the damage from the wet process (9.50x107%2 kBq
U-235 eq). This proves that the damage done by the wet process is crucial and paramount
compared to the other two processes. To confirm this idea, normalization and weighting of the

damage from the three extraction routes were evaluated (Figure 4.9(b)).
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normalized and weighted.
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Cold process brings environmental benefits through all the considered impact categories (highest
under human toxicity-cancer (-46 ppt) and non-cancer (-328 upt)). Significant damages occur
under climate change, ecotoxicity (freshwater), particulate matter, eutrophication (marine),
eutrophication (terrestrial), human toxicity, and photochemical ozone formation impact categories
only. From those, climate change (54 upt) and ecotoxicity (freshwater) (122 ppt) dominated by the
hot process. However, in the wet process the values are: 51 ppt and 5 upt respectively. Particulate
matter (63 upt), eutrophication (marine) (41 upt), eutrophication (terrestrial) (77 ppt), and
photochemical ozone formation (281 ppt) impact categories dominant by the wet process and the
differences are crucially higher than hot process. This further confirms that the wet process brings
more environmental degradation than the hot process. Using different acid reagents or oxidants
can affect the wet process differently, maybe lowering the overall environmental impacts. To test
this idea, partial LCA was done to compare the impacts of different acid reagents with oxidants
that can be used for the treatment of graphite. In the case of HNO3;, oxidants are not required,
however, for HCI or for H2SO4 using of H2O; as an oxidant (usually 10 wt.%) is a must to avoid
passivation of metals and enhance dissolution. Moreover, the usage of heat is also required for
H>SO4 [40], [41]. Figure S4.1, in annexure 3 brings the comparison of different acid reagents that
can be utilized in graphite recovery from anode materials dissolving copper. As Figure S4.1, it is
confirmed that utilizing oxidants or heat can elevate the environmental damage than utilizing the
royal solution at room temperature. This further confirms that the use of acid reagents in recovery

of graphite from end-of-life LiBs is not the ideal setting.

To evaluate the consistency of the model developed and to understand the probability of having
significantly higher damage under the wet process than the hot process given different emission
values within the standard deviation, the Montecarlo analysis was performed with 1000 iterations.

The results were given under Figure 4.10.
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Figure 4.10: Montecarlo Uncertainty analysis of 1 kg 'Hot process' (A) minus 1 kg "Wet process' (B).
Method: Environmental Footprint 3.1 (adapted) V1.01 / EF 3.1 normalization and weighting set,

confidence interval: 95 %.

As per the analysis, water use, resource use, land use, ionizing radiation, human toxicity (non-
cancer), eutrophication (freshwater), ecotoxicity (freshwater) and climate change impact
categories certainly bring the highest environmental damage through the wet process within the
standard deviation under 95% confidence intervals. On the other hand, the hot process certainly
brings damage to the environment under photochemical ozone formation, ozone depletion, human
toxicity (cancer), eutrophication (terrestrial and marine), particulate matter and the acidification
with 95% confidence interval. Accordingly, the study concludes that hot process is
environmentally beneficial than the wet process. However, cold process is the best method given

the lowest environmental damage.

3.4 Life cycle costing study

Costing analyses were done based on the material requirement for each of the graphite extraction

processes studied (Figure 4.11). The price of recovered graphite was provided as a negative price
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to denote potential selling of a product. Moreover, as the qualities of the products that derived from
each method are different, the prices were multiplied by the carbon content available in the
extracted carbon for standardization. Metals derived from each process were considered as sent to

further refinement depending on their qualities.
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Figure 4.11 Cost of 1 kg of pure graphite extraction from each process studied.

The extraction of graphite through the cold process resulted in a negative cost (a profit) (~ $ -
40/kg of graphite extraction) though the quality of the graphite was lower than the other two
processes. The main feature that governs the negative cost of the process is the lower cost of
expenditures on energy and material acquisition. As identified in the previous section, cold process
energy requirement is very low (0.062 KWh/kg of graphite) and the yield of copper in the metallic
form lower the cost for further treatment ($ 4.68/kg of graphite). However, low efficiency at 54%
of the cold process requires a higher amount of anode materials (1.8 kg/kg of graphite) to use
which contributes to increase the overall cost of the process. However, the error (+ $ 24) in the
cost is considerably higher compared to the total cost due to the uncertainty about the graphite
prices. However, even the maximum error considered the cost of the treatment in the cold process
provides a negative value. On the other hand, the cost of the hot process resulted in $ 158.72 per
kg of graphite recycling. The main contributor for the significantly high cost compared to the cold

process is the use of DI water. The total cost of DI water for 1 kg of graphite extraction is around
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$ 190/kg of graphite. Secondly, purification of higher wastewater amount which contaminated with
Ca compounds also generates significantly higher cost ($ 39/kg of graphite). However, handling
of spent metals seemingly lower in cost, given the higher quality of the metal resulted. Also,
income from the recycled graphite is higher in hot process ($ -91.43/kg of graphite) than cold
process ($ -64.13/kg of graphite) because of higher quality of the recovered graphite (caron content
at 64% and 70%, respectively). Considering the error of the hot process cost, the value received
was higher than the cold process. However, given the cost of the hot process treatment, the error
is reasonable. The deviations occurred due to the uncertainty in the costs of recovered graphite and

DI water.

In the wet process, the cost is critically higher ($ 419.37/kg of graphite) than both other methods
utilized though the quality of the graphite is higher (carbon content at 81%). The main cost
contributor is the use of acid solutions ($ 318/kg of graphite) and DI water ($ 183/kg of graphite).
The treatment of spent acid solution and wastewater seemingly cost effective at $ 2.5 and $ 0.004
per 1 kg of graphite. Moreover, the income from the recovered graphite is also higher (at $ -99.41)
than other processes given the high quality of the extracted material. Compared to the costs

resulted, error in costs is comparably lower at + $73.75.

To understand the best practice for the recovery of graphite from spent LiBs, quality of recovered
graphite, environmental impact and the costs needed to be considered at the same time (Figure
4.12). As the quality of the extracted materials, recovery efficiency was used, for the environmental
performance, single score impact assessment was utilized and for economic performance cost of

the treatment was used.
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Figure 4.12 Comparison of cold, hot and wet processes for graphite recycling regarding recovery

efficiency, environmental impact and cost.

It is visible that the cold process has lower quality graphite (54%), but better in environmental (-
30%) and economic (-7%) performances. However, the hot and wet process shows slightly similar
performance in the quality of recovered materials (~77% and 84% respectively). However, the hot
process has comparably better performance under the environmental impact at 22% damage than
wet process (48% damage). The cost of the extraction in hot process is also comparably lower than
the wet process (~25% and ~67% respectively). It is possible to deduce that for lower quality
application of graphite, cold process or sole physically based methods provide the best recovery.
However, for higher quality applications of graphite, physical and heat treatment will result in the
best quality. Nevertheless, chemical extraction is better when ultra high-quality graphite is needed
to be extracted from the anode materials. However, since the current virgin graphite prices are
lower in the market ($ 0.83-2.45/kg of graphite), using recycled graphite for high quality

application would lead to drawbacks economically, environmentally and technically. Considering
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factors like low environmental impacts and treatment cost, with comparably better quality of
graphite, the best approach among cold, hot and wet process is the hot process. However, future
studies aiming at improvements may focus on further lowering environmental impacts and
elevating the quality of recycled graphite. Moreover, combining different methods of recycling
with other battery materials in one recycling line could also lower the overall environmental and

economic effects. Authors of this study recommend these approaches as future study paths.

4. Conclusions

The study focused on simplifying the graphite separation from LiB anode material while enhancing
the overall sustainability of the products. Parameter optimization was carried out to lower the heat
and material consumptions for each process studied. Moreover, characterization of recovered
materials showed the quality of the products. Based on the analysis carried out through recovery
efficiency, LCA and LCC, hot process seems to be the best mechanism to separate graphite from

spent LiB anodes.

From the three modified novel methods utilized to recover graphite from the anode materials, the
wet process seems to result in a higher graphite recovery (307.8 g/kg of anode) while the hot
process resulted slightly similar value (281.5 g/kg of anode). The cold process resulted in the
lowest recovery at 197.6 g/kg of anode. Quality analysis of the samples done by various techniques
revealed that using heat-based treatment can elevate the structural quality of the graphite.
Accordingly, the hot process resulted graphite showed lower interlayer spacing (0.345 nm) due to
annealing effect. Moreover, utilizing CaO to decompose the PVDF binders lower the heat
utilization drastically enhancing the overall sustainability of the process. Nevertheless, one
advantage of the acid leaching is that effective removal of the SEI layer. As per the findings of the
LCA study, sustainability of the graphite separation is highly dependent on the amount of copper
that can be recycled in the form of metals. So, copper recycling should be focused when process
is designed for graphite recovery. Accordingly, the cold process showed the best performance
under the environmental performance with a single impact score of -432 ppt. Hot process resulted
the single score impact of 317 upt given the second highest copper recycling possibility. Electricity
usage is a major drive (>50% of impacts arise from energy use) to elevate the environmental
impacts on the hot process followed by the usage of CaO (maximum of 30% under particulate

matter). The wet process showed the least performance in the LCA with a single score impact of
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695 ppt. Direct emissions of HF and NO (up to 99% under eutrophication) and using corrosive

acids (up to 88% under ozone depletion) significantly contribute to elevated impacts.

LCC evaluation suggested that the cold process has the least cost (mostly an income) at $ -40. For
hot and wet processes, the cost of treatment resulted is higher at ~ $ 158 and ~ $ 419 per kg of
graphite recovery. However, given the efficiency and quality (70% carbon content) of the
recovered graphite, the hot process seems to be a better option with comparably lower cost and

environmental degradation.

Recommendations on further purification of recovered graphite is suggested to enhance the quality
of the graphite for high tech use. Finally, it is important to note that using different databases for
LCA study can change the outcome of the analysis.
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Chapter Five-Anode Material Reuse for Wastewater Treatment

Recycling Lithium-Ion Battery Graphite: Synthesis of Adsorbent Materials for Highly Efficient

Removal of Dye and Metal Ions from Wastewater.

This paper has been published in the journal Results in  Engineering
(https://doi.org/10.1016/j.rineng.2024.102232) and the author contributed in writing the original

draft, editing and reviewing, conceptualization, methodology, experiments and formal analysis.

1. Introduction

Since the first application in portable devices in early 90’s, the demand of lithium-ion batteries
(LIBs) grew rapidly. LIBs are now commonly used in various devices like electric vehicles, light
machinery, mobile electronic devices, medical devices, recreational devices, due to their cycling
efficacy, energy density and optimal capability. LIBs world market value was USD 29.86 billion
in 2017 and is predicted to reach USD 139.36 billion by 2029 [1], [2]. However, the increasing
demand for LIBs also brings challenges, particularly in managing spent batteries. Disposing of
spent LIBs irresponsibly could harm the environment and human health as they contain toxic
organic solvents, metals, and flammable plastics. Moreover, these batteries are composed of
critical raw materials that have risk of supply interruption in the short and medium-term. Therefore,

it is crucial to recycle spent LIBs to achieve the circular economy [3].

Recycling of LIBs is currently an attractive topic in industrial environments, national research
institutes and among academic professionals. The elements obtained from recycled LIBs range
from poor to high quality materials based on the extracting methods. There are three categories of
recycling processes based on the final recovered materials: pyrometallurgical, hydrometallurgical,
and direct physical recycling. Direct recycling, recovering materials mainly through physical
methods, as an example; Shi et al. developed a non-invasive method to reconstruct LiCoO> using
combination of brief heat treatments [4]. Though the authors reported promising results with
recovery of graphite, in overall direct recycling was not yet succeeded in restoring the full potential
of the cathode material [5]. Pyrometallurgical process involves smelting battery components at
temperatures above 1000°C to obtain alloys such as Co, Ni, and Cu. Nevertheless, materials like
graphite and organic electrolytes will be burnt in this process limiting their recovery, while Li is
present in slag phase. Lee and the collaborators also identified a joint process (hydrometallurgy

and calcination) to recycle LiCoO; type batteries followed by shredding and separation procedures.
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The method produced LiCoO; powder from the used cathode materials that can be used as a new
cathode. Though the cathode materials produced show better performance in charge and discharge
cycles, materials including graphite and electrolytes were lost during the smelting steps and was

not recovered [6].

Hydrometallurgical methods involve chemical processes in aqueous media that may include
extraction through solvents, purification/precipitation steps, redox reactions, or reaction with acid-
alkali solutions. Compared to pyrometallurgy, hydrometallurgy is a highly effective method that
can recover nearly all materials present in LIBs, including cathodes, anodes, separators, and
electrolytes. Also, Lithium may recover as a high-pure product. Most hydrometallurgical-based
recycling methods follow a similar process with slight adjustments, such as using different

synthesizing methods, reactants, and recycling channels [7], [8], [9], [10].

Cathode recovery was the spotlight in current LIBs recycling scenarios due to the economic
importance, and low attention is given to graphite recovery. Currently, graphite, which is
responsible for 10-15% of the total economic worth of the battery, ranges from minimum of 8 USD
to maximum of 13 USD per kilogram of anode material. Furthermore, spent LIBs contain
approximately 12-21 wt% graphite [11], [12]. With the high utilization of LIBs, the quantity of
disposed graphite accumulates rapidly and soon the total would become an intolerable amount for
easy disposal [13]. Hence, it is imperative and essential to incorporate recycled graphite anodes in

a closed-loop or open-loop system.

During the use of graphite in LIBs, its structure is subjected to various deformities. For example,
changes in crystalline structure, changes in interlayer distances and defects due to repeated cycles
of charging and discharging [2]. It is widely reported that novel methods for graphite recovery
need to be developed to reuse the graphite in new battery cells [14]. Though extraction or
separation of graphite from active materials is challenging, enhancing the graphite properties to be
reused in new battery materials is even more problematic. This is mainly due to the high cost of
treatment methods identified such as leaching, surface modification, and pyrolysis [2]. Hence,
closed loop recycling of graphite is still to be fully developed to make it economical. However,
separating defective graphite from the cathode active material by physical means is experimented.
Kepper and the collaborators reported that filtration-based separation of graphite from mixture of

carbon coated LFP (LiFePO4) and graphite resulted in a low separation efficiency around 1-15%
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[15]. Moreover, an attempt made by Mennik et al (2023) to separate metals from spent LIBs
through flotation and magnetic separation resulted in graphite ending up with the critical metals
available in the cathodic part [16]. These findings suggest that hydrometallurgical methods are
much more convincing in extracting the graphite available in the active materials. However,
impurities accumulated throughout the hydrometallurgical methods along with structural
deformities of graphite prevent recycled graphite from being used in new LIB applications.
Instead, recovered graphite can be used in secondary applications such as reducing agents, negative
electrodes, synthesis of graphene or derivatives, graphite-based materials, or functional materials
[2]. Among those options, synthesis of graphene or derivatives is likely to be more convenient as

it can be used as adsorbents for wastewater treatments.

On the other hand, wastewater treatment chemicals and processes that are used for treatment of
dye wastewater or metallic ions contaminated water are at high cost [17]. However, most of these
materials act as adsorbent materials with higher adsorption capacities. For an instant, scholars
assessed the adsorption of malachite green using activated carbon, manufactured through
gasification of waste. It is assessed that the material has an adsorbent capacity of 226.06 mg/g
against malachite green [18]. Xu et al, presented methylene blue removal from distillers’ grains
hydro-char with an adsorption capacity of 340.3 mg/g [19]. Nevertheless, Cd** and Ni** removal
was studied by a group of scientists using cherry kernels biochar. It was identified that adsorption
capacities of these adsorptions to be 92.42 and 66.22 mg/g respectively [20]. Also, rice straw
biochar was used to remove Zn>" by Sakhiya et al. It was identified that the adsorption capacity
for this to be 35.71 mg/g [21]. All these materials have considerably high adsorption capacity
hence a higher cost is expected. Ighalo et al (2022) demonstrated that the costs of the adsorption
treatment are highly dependent upon the adsorption capacity and the use of virgin raw materials.
They also concluded that the cost of adsorption treatments can vary from USD 1 -200 per mol
[22]. On the positive side, it is evident that most of these adsorbent materials listed above are made
from carbon-based materials which resulted in comparably higher adsorption capacities. However,
bio-based carbon products such as bio char needs to be treated at very high temperatures (300 ~
1000 °C) prior to wastewater treatment application, utilizing higher energy for production [23].
This can lower the overall sustainability of such materials. Accordingly, the high cost of production
and less sustainable synthesizing methods can be the main drawbacks of existing adsorbent

materials. Hence a competitive adsorbent material would be made from recycled, carbon-based
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material through less energy intensive synthesis. Hence the idea of using recycled graphite-based

derivatives to replace existing adsorbents was generated.

Examining these challenges, the objective of the study is set; to assess the reusability of waste
graphite derived from end-of-life (EoL) LIBs in effective pollutant removal from wastewaters. In
achieving so, this manuscript describes a potential utilization of residual graphite that resulted as
a waste from a real-life hydrometallurgical metal extraction route. The fate of this waste product
is not yet explored in existing literature. Moreover, modification of residual graphite was carried
out to synthesis Graphene oxide (GrO) and graphite oxide (GO). Enhanced properties of graphite
derivatives (GO and GrO) such as higher surface area, increased pore spaces and higher adsorption
capacities were expected to address the objectives of the study. We examined and identified the
performances, capacities, and adsorption mechanisms of the produced graphite derivatives

(adsorbent materials) through various analysis and calculations.

As organic pollutants Methylene blue (MB) and Malachite green (MG) were used. As per the
metallic pollutants Cd**, Ni** and Zn** were used. MB and MG dyes are being used extensively in
paper, leather, and textile industries. Moreover, these two dye types are extensively studied in
literature, which makes it easier for comparative studies to understand the adsorption capacities of
the newly made adsorbents. In the case of metallic adsorbates, they also have a wide range of
applications and subjects to accumulate in the wastewaters. Hence, these adsorbates also studied

well in laboratory studies making it easier for the comparison studies.
2. Methodology

2.1 Graphite recovery

Twenty cylindrical batteries of NMC 811 were discharged completely using Ni-Cr wire (4Q).
Subsequently, the discharged modules were milled and sieved to gain particle fraction <9 mm.
Following this, another sieving step (> 5 mm) was utilized to remove the non-metallic fraction
from the mixture. The coarser fraction here contained separator materials and plastics. Later, the
finer fraction was left under the fume hood for 1 day at ambient temperature to evaporate organic
solvents and electrolytics. After, the dried material is subjected to another milling and sieving step
>2 mm. This step removed most of the copper and aluminum in the mixture leaving only active

materials for the leaching steps. 1M H2SO4 was used for the leaching step of the active materials.
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Conditions were set to 90 °C, at atmospheric pressure for 90 minutes of leaching with the
condenser. The residue material, known as waste graphite (WG), was filtered, washed with
deionized water, and dried for 24 h at 60°C [24]. The leach residue derived from this step was then

dried at 60 °C for 1 day and taken for the next steps of the experiment.

2.2 Characterization of WG

WG recovered from hydrometallurgical leaching was analyzed using X-ray diffraction (Miniflex
instrument, Rigaku), Raman spectroscopy (InVia R.M. instrument Renishaw), X-ray fluorescence-
energy dispersive spectroscopy (XRF-EDX, EDX-7000 Shimadzu), particle size analysis
(Mastersizer 2000 instrument Malvern), scanning electron microscopy (SEM-EDS, Phenom ProX
instrument Thermo Fisher), and carbon content analysis (Elementrac CS instrument ELTRA

GmbH).

2.3 Adsorption material synthesis

Chemical oxidization (Hummer’s method) was utilized to prepare the graphite derivatives; GrO
and GO [25]. This method was incorporated as it is the most widely accepted oxidization method
to produce graphite-based derivatives industrially as the process it-self is safer and convenient
compared to other existing methods [26]. To prepare GO, 230 ml of concentrated (98%) H2SO4
was mixed with WG in an ice bath (5 °C) in 1:23 (g/ml) ratio. The materials were kept in
suspension using a mechanical stirrer (180 rpm) for 1 hour. Sudden temperature elevation was
avoided while adding KMnOs (99%) slowly in the ratio of 3:1 (KMnO4: WGQG) to the mixture. Ice
baths were further used to keep the temperature less than 40°C during the addition of KMnOa.
Stirring continued for another 3 hours with the mentioned conditions. The dropping funnel method
was used to add DI water dropwise in the ratio of 1:2 (H2SO4: DI water). This step elevated the
temperature up to 90 °C and taken around 3 hours to complete. After another 30 minutes, more DI
water was added to dilute the slurry (1:1 ratio of H2SO4: DI water) using the same method. Finally,
the oxidation reaction was stopped by adding 30% of H>O> in the ratio of 1:1 with graphite added
(1 ml/g of graphite). The mixture was kept in suspension with stirring for another 15 minutes and

then the slurry was filtered to be taken into further steps.

Excess of diluted (10%) HCI was used to wash the residue derived from the filtration of the above
mixture. After further washing of the residue was carried out first by excess of 99% ethanol and

second by DI water until the pH of the effluent water becomes 5.5. The remaining material was
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dried at 50°C for 24 h, and then ground with a pestle and mortar. The resulting material was 13 g
of GO.

Ultrasonication was utilized to prepare GrO through the exfoliation of a portion of GO that had
been prepared [27]. Specifically, produced GO and DI water was inserted to a polypropylene tube
with solid to liquid ratio of 2 g/L. The charged material underwent sonication (using an Ultrasonic
Bath made of solid steel and 100W) for a period of 30 min. The 30 minutes sonication has been
done using 6 cycles, where each cycle included 5 minutes sonication followed by 5 minutes
centrifugation. The centrifugation was carried out at 3000 rpm. After the last centrifugation step,
the sediment was recovered and was then dried for 24 hours at 50°C in a furnace before being
ground using a pestle and mortar. Using 2 g of GO in total, the resulting sample was 1.4 g of GrO
[24].

Chemical analysis for the adsorption materials prepared was carried out by using Raman
spectroscopy, XRD, and SEM. Other than that, active functional groups of the prepared materials
were evaluated through Fourier-transform infrared spectroscopy (FTIR) with a diamond plate and

Smart iTR technology (Nicolet, Madison, WI, USA) before and after the adsorption processes.

2.5 Batch adsorption tests for spiked dye wastewater

A magnetic stirrer at 300 rpm was used to carry out the dye adsorption experiments. Initially,
concentrations of dye solutions were set in the range 30-100 ppm with 50 mL of volume each.
Typical dye concentration in textile effluents can vary from 50-2500 ppm. However, many authors
used the effective concentration range of 30-100 ppm (as an average) for synthetic dye waste in
laboratory studies [28]. Adsorption dosage was determined to be 10 mg for dye adsorption
experiments. This was determined by analyzing the dye removal percentages at different GO and
GrO dosages varied from 2 -25 mg with 50 ppm initial dye concentration. The adsorption
experiments were carried out for 10 min, and samples were taken for UV-vis spectroscopy
(Shimadzu AA-7000, Japan) analysis. These steps were carried out at room temperature (25 °C)
and at pH of 5.5. Previous workings that have been done for similar materials (graphite derivatives)
with MB and MG dye types showed the best effective temperature range for the maximum
adsorption to be 20-29°C and the pH at around 5-6 [29], [30], [31]. Hence, the temperature and
the pH values for the adsorption processes were pre-decided to be 25°C and pH to be 5.5

respectively. Moreover, decided values are closer to ambient temperature and pH of the waters,
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confirming that the process can be carried out without adjusting the values prior to the adsorption,

confirming the lowest cost of treatment.

The adsorption percentage and the equilibrium capacity of adsorption (qge,cal) (mg/g) were
evaluated using Equations 1 and 2, respectively. Co and C. denote the starting concentration and
the concentration at equilibrium in mg/L respectively. The volume of the effluent is given by ‘v’

and the ‘m’ stands for the adsorbent mass added in g.

adsorption % = S~ % 100% - (D)

Co

v
ecal = (co—ce) X S mmTTTTmmmmmmmmmmmmmmnennenonoooooooooooo (2)
2.6 Batch adsorption tests for spiked metal ion contaminated wastewater

Stock solutions in the range 30 - 150 ppm from each metallic ion were prepared. Metal ion
concentrations in industrial wastewater are dependent on various applications. For an instant, in
plating industry wastewater, metal ion concentration can be up to 200 ppm for Nickel [32].
However, in the textile industry this can be lower as 60 ppm [28]. In order to cover up a higher
range of concentrations this study utilizes the metal ion concentration of 30-150 ppm. Moreover,
initial dosage optimization (2-25 mg with 50 ppm initial metal ion concentration) confirmed that
20 mg of adsorbent material dosage will be a good compromise between the removal percentage
and the cost of treatment. Hence, 20 mg from each adsorbent materials were mixed with 20 mL of
solution at room temperature (25 °C) under magnetic stirring. Experiments were performed within
24h and at each 2h intervals samples were taken out. Extracted solution samples were subjected
for centrifugation for 5 min at 3000 rpm before analyzing in the Inductively Coupled Plasma (ICP-
OES) spectroscopy. At the end of the 24 h, metallic ions concentrations were also determined using

AAS.

The adsorption percentage and the adsorption capacity (qe,cal) (mg/g) of metallic ions in each of

the adsorbents were identified using the equations 1 and 2 respectively.

3. Results

3.1 Characterization

The initial characterization of the WG was done to determine the particle size distribution, specific

surface area and carbon content. The particle size analysis showed that the WG has a uniformity
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index of 0.546, which suggests that the particles vary from d(0.1) at 7.727 um to d(0.9) at 32.705
um with the mean at 16.348 um. Moreover, the specific surface area of the particles is at 0.461

m?/g. Additionally, carbon content of the sample was 96.6 %.

To determine the impurities, present in the WG, chemical and physical characterizations were also
done. Accordingly, XRD, XRF and SEM analysis were carried out. The sample contains graphite
from anode and cathode materials mostly, other than that minor amount of aluminum oxide (where
Al - 0.38%), undissolved cathode active materials (Ni-1.05%, Co0-0.38%, Mn-0.32%), case (Fe-
0.05%) and electrolyte (where CI-1.98%) were present. The source of Al,O3; should be from
cathode and anode or the AlO3 coated separators. Though these materials along with other metals
are supposed to leach and dissolved completely during the leaching steps, due to the inertness of
Al203 and the incomplete reactions between the leaching solution and the metals, some of these
materials can be present at the end of the leaching process. These results agree with the previous

results obtained by Ma et al (2019)[33].

XRD results presented in Fig. 1-a suggest that the crystalline structure of the WG is well preserved
as the (002) peak is the strongest. Further, the interlayer spacing of the recovered graphite is
identified to be 0.336 nm through the attributed peak at 2-theta = 26.50. This is slightly higher than
the standard graphite materials or fresh cell graphite materials reported (0.334 nm) by Maher and
Yazami (2014) [34]. This suggests that the recovering technique used in the study is somewhat
better in preserving the crystal structure of graphite for future applications. Also, structural

deformities of WG reported [2] were not found in the graphite recovered.

After the oxidation (preparation of GO) of WG, the XRD pattern changed. Accordingly, 26.50°
peak is no longer to be seen, instead a peak appeared at 2-theta = 10.90° resulting an interlayer
spacing of 0.81 nm. When producing graphite oxide, interlayer spacing would be enhanced due to
the introduction of functional groups (hydroxyl and epoxy groups) between the layers and due to
their repulsive forces. This confirms better oxidation of graphite according to the literature [35],

[36].

In the case of GrO prepared through ultra-sonication of GO, 2-theta peak shifted to 11.20 giving
an interlayer spacing of 0.78 nm. This reduction shows separation or exfoliation of layers in GO
hence reducing the interlayer spacing. This can be due to the GO layers that experience localized

forces created by ultrasonication which cause their separation or exfoliation. The weak van der
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Waals forces that hold these layers together are disrupted by the shear forces and turbulence
generated through ultrasonic cavitation. This leads to a reduction in the interlayer spacing.
Moreover, ultrasonication has the potential to induce dispersion and fragmentation of the graphite
oxide sheets into smaller sizes. The mechanical energy that ultrasonic waves impart promotes the
breakup of larger graphite oxide flakes or aggregates into smaller particles. In addition, the
mechanical energy caused by ultrasonication can break some of the functional groups that are
already bonded to GrO layers, making the repulsive forces between layers lower. This, in turn, can
contribute further to the decrease in the interlayer spacing while increasing the total surface area
[37]. In both GO and GrO, XRD patterns peaks corresponding to cathodic metals are completely
disappearing confirming a complete reaction between the metals and the acids used in preparing

the materials [38]

According to the Raman spectra of graphite, D-band and the G-band appeared at 1344.6 cm™' and
1572.56 cm™! respectively (Figure 5.1-b). G-band in graphite Raman Spectra corresponds to the
vibrations of carbons atoms in a sp2 configuration and provide details about the graphitic order
(stacking of layers) while the D-band corresponds to the vacant or disordered carbon atoms
(activated by single phonon scattering process) and provide details about structural deformities of
the material [34], [39]. Relative high intensity of G-band (I(D)/I(G) = 0.38) of recovered graphite
confirms the presence of well structured graphitic order with well stacked graphite layers. Here,
low intense D-band cannot be taken as a structural deformity as similar d-band was reported by
Maher & Yazami (2014) in a fresh cell graphite structure as well [34]. Moreover, the presence of
such characteristic (low intense D-band) does not contradict with the potential of augmented
stacking arrangement of the layers of graphene during repetitive lithium intercalation and de-
intercalation. Throughout this process, the layers of graphene slide against each other, ultimately
forming AA stacking in LiCs after initially exhibiting ABAB and ABCABC stacking in hexagonal
and rhombohedral graphite, respectively. During repetitive layer movement during cycling, the
potential for the resolution of stacking defects in the initial graphite anode material arises, thus

resulting in an improvement in crystallinity [38].
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Figure 5.1 Characterization of waste graphite (WG), graphite oxide (GO) and graphene oxide (GrO) a)
XRD results b) Raman spectra ¢) SEM images

In addition, the shoulder like structure appeared in G-band of the graphite Raman Spectra is known
as the D’- band which is a result by a second order band activated by double phonon scattering
effect [40]. Accordingly, D’-band also implies a possible deformity available in the graphite
structure (I(D’)/I(G) = 0.25). As the D’-band corresponds to sp? defects mostly, the reasons for this
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deformity can be caused by the adsorption of foreign atoms or chemical functionalization occurred

during the chemical reactions took place during the metal leaching [41], [42].

GO and GrO Raman Spectra (Figure 5.1-b) show a significant difference than WG as expected.
Moreover, it is vital to discuss even 2D bands that appear in the Raman Spectra of these structures
which corresponds to stacking of graphene layers. 2D region (entire region) can detect any
modification in the graphitic layers. Basically, it would appear 2 peak profiles in 2D region in 2500
cm’! to 3000 cm™! range if it’s a multilayer formation and only one peak profile very close to 2500
cm-1 if it’s monolayer stacking [43]. In the Raman Spectra of GO, intense bands of D and G
(I(D)/1(G) = 0.90) are observed with mostly flat part in 2D region. This suggests that during the
oxidation of graphite, a higher number of functional groups have attached the graphene layers
making the graphitic structures disturbed highly. This can be further convinced through comparing
the 2D band region of graphite and GO. Relative intensity of the 2D region has considerably
reduced in GO, which is highly sensitive to the number of layers available. As a matter of fact, it
is possible to conclude that oxygen containing functional groups prevents stacking graphene layers
in GO. In contrast, GrO shows further increase in the relative intensities of D and G bands
(I(D)/I(G) = 0.88) while G band has slightly increased than D band than GO. Moreover, an
identical 2 peak profile can also be seen in the GrO Raman Spectra in 2648 cm™ and 2912 cm™.
These details provide the information that exfoliation of GO causes partial healing of graphite
basal plains by removing some of its functional groups attached previously. Broader D and G peaks
of both GO and GrO are due to the availability of D’-bands as the graphitic structure is heavily
disturbed. However, through the intensity enhancement of D and G bands of GrO, than the GO
confirms that the exfoliation has occurred successfully. Similar results for Raman spectra of GO

and GrO have been reported by [43], [44].

The effect of the recovery method used on the graphite was also examined by SEM-EDS presented
in Figure 5.1-c some agglomerations and impurities can be seen on the surface of the graphite
recovered. As suggested by EDS results, the agglomerations on the graphite surface are Al,O3; and
small fraction of Cl. However, the morphology of the graphite did not show damage, giving credit
to the recovery method used. Moreover, the SEI layer was not detected, which suggests that the
recycling route removed it from the surface of the graphite. In contrast, GO shows a higher degree

of oxidation giving that atomic ratio between C:O is at 3:2 confirming the availability of a high
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number of functional groups attached. The morphology of the GO showed wrinkled and layered
flakes with a rough appearance. This confirms the full oxidation of graphite layers available in its
structure. A similar SEM image for GO was reported by [45], [46]. As reported by Yan et al (2014),
GrO should show exfoliations of stacked layers of GO under sonication. Accordingly, the SEM
image of GrO shows a degree of exfoliation under the magnification examined. The morphology
of GrO appears to be rougher than GO with much smaller fragments under the same magnification.
This is due to the shear stresses applied by the sonication. Also, under the higher magnification it
shows expansion of layers making empty spaces appear. This further confirms the production of
GrO [47]. Also, it is vital to note that in GrO, C:O ratio is slightly affected by the sonication.
Accordingly, C:O ratio has reduced to 7:3. This could be due to the intense localized forces created

by sonication making the functional groups detached or degrade during the processing.

3.2 Dye adsorption studies

The conditions were set for the initial dye solution at ambient temperature (25 °C) with pH of 5.5
for batch adsorption experiments. To ensure proper mixing and homogeneous sample, magnetic
stirrer was utilized with 300 rpm stirring. Initial concentration was set to 30 mg/L of each dye
solution with 50 mL of volume and 10 mg of adsorption materials. Dye removal capacities by each
adsorbent was studied in 2 minutes interval for a 10 minute period of time. Figure 5.2-a,b shows

time dependent dye removal efficiency by GrO and GO.

According to Figure 5.2-a,b, GrO absorbed relatively higher amount (94% for MB and 91% for
MGQG) of dye waste than GO (90% for MB and 87.5% for MG) within 10 minutes time. However,
in adsorbing MB, GO has a faster adsorption rate than GrO at the beginning. A possible reason for
this observation could be the large number of functional groups in GO structure than GrO. So, it
is possible to adsorb many pollutants at the beginning. As the time passes the surface-active groups
cover and hence declining of the speed. In the case of GrO, though it has a lower number of
functional groups than GO, the number of accessible functional groups is larger than GO given its
exfoliated nature [48]. Figure 5.2-c,d shows dye removal percentage by each of the adsorbents at

different initial dye concentrations.

According to Figure 5.2-c,d it is visible that GrO has a quite higher adsorption capacity than GO
at different dye concentrations. However, it can be noted that increase of initial dye concentration

reduces the dye removal percentage in both GO and GrO. Nevertheless, in GO this reduction is
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lower than GrO. This could be a result of having more surface-active sites in GO. Specifically, at
high concentration of dye pollutant particles are pressurized to access more functional groups that
are difficult to access at lower dye concentrations in GO. However, overall GrO shows the highest
adsorption efficiency. This is because GrO has oxygen-containing functional groups that offer
stability, antifouling, and hydrophilicity, which can interact with pollutants through hydrogen
bonding, van der Waals forces, and n-m stacking interactions easily than GO [48]. The probability
of participating in these bonding mechanisms increased in GrO due to its high surface area

compared to GO.

As per Figure 5.2-e, f, it is evident that increasing adsorbent material dosage increases the dye
removal percentage as more adsorbent material provides more functional groups and void spaces
that dye pollutants can be trapped. However, 10 mg of adsorbent dosage seems to be a good
compromise between the removal percentage and the adsorbent mass used. Further increase of
adsorbent materials does not cause a significant increase of dye removal percentage. It suggests
that though more functional groups and void spaces are provided for the adsorption, the pollutant
concentration is too low to pressure themselves into the available sites. Nevertheless, GrO shows
higher adsorption (~93%, ~90%) of dye pollutants (MB and MG) than GO (~92%, ~89%) at

different dosages due to its increased surface area and wide accessibility of functional groups.
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Figure 5.2 Dye adsorption experiment results a) Time dependent adsorption of MB dye to different
adsorbents, b) Time dependent adsorption of MG dye to different adsorbents, ¢) Dye removal percentage
by GO at different initial dye concentrations, d) Dye removal percentage by GrO at different initial dye
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concentrations, ¢) Dye removal percentage at different dosages of GO and f) Dye removal percentage at

different dosages of GrO.

Compared to literature values, these removal efficiencies are higher. For an instant, Liu et al.
(2012) recorded <85% removal of MB under neutral pH levels using aqueous solution of graphene
[49]. Also, around 85% removal efficiency of MB by graphene oxide/calcium alginate composites
was reported by Li and others at neutral pH levels [50]. In the case of MG, 90% removal was
reported by Sykam et al using exfoliated graphite [51]. Also, it is important to note that these
materials are derived from virgin materials while materials produced in this study come from
recovered graphite. In depth comparison of adsorption capacities is provided under adsorption

capacity studies.

3.2.1 Dye adsorption kinetics

Time dependent adsorption of dye with different adsorbents was used to determine the adsorption
kinetics. Liquid film diffusion (LFD), Elovich, Weber-Morris intra-particle diffusion (IPD) and
frequently used Pseudo-first order (PFO) and second order (PSO) kinetic models were used to
calculate the rate of the adsorption and adsorption mechanisms. The linear equations and parameter
values obtained for each of the models studied were reported in Table 5.1 along with experimental

conditions'.

Table 5.1 Parameter values calculated for different adsorption kinetic models.

Model Linear Function P?lrj‘rr:tzt)er GrO+MB GrO+MG GO+MB GO+MG
Qo (MY/) 14770 14391 7034  88.99
In(ge — ;) = 1
pro (4 a0 nqe']i“lt (3) ki (g/mg.min) 0.62 0.73 0.59 0.39
1 R? 0.96 0.92 0.92 0.93
. 1 ; Qo (MY/) 169.80  150.65 13349  139.36
PO o=t 4) ke (g/mg.min) 0.002 0.01 0.03 0.01
t TobsHecal  Hecal R2 0.94 1.00 1.00 1.00
1 1 o (mg/g.min) 1.22x102  9.90x10* 7.77x10® 2.64x10°
Elovich g, = zIn(@p) + It () B (mg) 0.024 0078 0123  0.056
R? 0.79 0.98 0.93 0.96
q Kea (L/min) 0.62 0.73 0.59 0.39
I (1——)=—k t
LFD A rat (6 g 0.96 0.92 0.93 0.93
Kig 4432 4436 3987 4025
_ 0.5 (mg/g.min®5)
IPD L 676 2607 2607  19.26
R? 0.91 0.82 0.79 0.87

Qe,exp (mg/g) 129.5 143.5 129.92 129.98
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! Experimental condition: pH=5.5, Temperature= 25 °C, L/S =5 L/g, Initial concentration of dye= 30 ppm

The PFO model (equation 3) developed based on the assumption that adsorption rate is
proportional to the difference between initial and adsorbate surface concentration of the dye in an
aqueous medium [52]. To evaluate the current study according to the PFO model, the linearized

PFO model equation (3) was used.

The initial rate constant for adsorption, Ki, and the calculated equilibrium adsorption capacity,
Qe.cal, were determined through the interception and slope of In(qe-q¢) vs. t graph. The plotted graphs
were given in annexure 4. Figure S4.1-a while the parameter values were shown in Table 5.1. High
R? values were obtained for all the adsorption processes (R? > 0.92), suggests that the processes
could follow PFO model. Accordingly, K1 and qe,cal was calculated. Calculated qe values for each
adsorption is significantly different to the experimented qe values (qe,exp= 129.5 mg/g for MB with
GrO, 143.5 mg/g for MG with GrO, 129.92 mg/g for MB with GO and 129.98 mg/g for MG with
GO). Having inconsistencies with calculated and experimented qe values limits the PFO model

applicability to the current adsorption process.

The PSO model assumes that rate of the adsorption process depends on chemisorption [52]. To
understand the applicability of the PSO model to the current study, equation 4 mentioned on the
Table 5.1 under PSO model was used.

The second order rate constant for adsorption, Kops, and the equilibrium adsorption capacity were
obtained by analyzing the intercept and slope of the t/qt vs. t graph. The parameter values obtained
were reported in Table 5.1 and the graphs were given in Figure S5.1-b. According to the higher
coefficient of correlation obtained, it is safe to assume that the adsorption processes follow PSO
model concluding that rate determining factor of the adsorption process is chemisorption of the
heterogeneous mixture. Moreover, calculated geca (169.89, 150.65, 133.49, 139.36 mg/g) are
somewhat similar to the experimental geexp values (129.5, 143.5, 129.92 mg/g and 129.98 mg/g).
However, slight discrepancy between the g values can be due to the other rate determining factors
(such as decreasing dye concentration and decreasing number of unoccupied active sites) involved

in the adsorption process.

Though Elovich model (equation 5) originally designed for the assessment of gas adsorption into

solid adsorbents, it has been used frequently in assessing aqueous media adsorption mechanisms
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[52]. The Elovich model also determines the second order kinetics based on the assumption that
the surface of the adsorbent materials is heterogeneous and has non uniform adsorption energies.
Moreover, it also provides information on the effect of pore sizes in the adsorption process. The

equation 5 was adapted to evaluate the Elovich model for this study.

The preliminary adsorption rate; o and activation energy/ surface coverage coefficient; p were
calculated using the interception and the slope of the graph between the qt vs. In t. Figure S5.1-c
shows the linear plot of the adsorption while Table 5.1 shows the important parameter data of the
process. Higher correlation coefficients (above 0.9 except the case of GrO with MB) confirm that
the adsorption processes may follow the Elovch model as well. Nevertheless, high values received
for the adsorption rate constant (o) suggest that chemisorption occurred fast for MB adsorption to
GO followed by MG into GrO. Also, the model suggests that there is a high surface coverage (f3)
by each adsorbate with higher adsorption rate (o). According to the model values, the slowest
adsorption was shown by the MB with GrO. More importantly, considering the ending of the
adsorption process, the process is much more likely to follow Elovich model with higher R2 values
(0.95 for GrO+MB, 0.85 for GrO+MB. 0.98 for GO+MB and 1.00 for GO+MG). Further, this

suggests that pore diffusion plays a significant role in the adsorption process [53].

LFD model (equation 6) uses the assumption that the adsorption rate depends on the rate that the
adsorbate particles diffuse in the liquid film and the rate of the direct adsorption onto the adsorbent
active sites [52]. Which means that the rate determining factor of the adsorption process is the

spread of particles of the adsorbate within the liquid film surrounding the absorbent surface.

Liquid film diffusion rate factor K¢y was determined through the graph between In (1 - ﬁ) vs. t.

qt

The high R? value obtained suggests that the adsorption process can also follow the LFD model.
However, as per Figure S5.1-d the graph does not go through the origin point of the graph (though
it’s very close to zero in most cases). This suggests that LFD model cannot describe the adsorption
process alone and there is a contribution of other processes for the total rate of adsorption. This
finding correlates with the suggestion received by Elovich and PSO models. Moreover, liquid film
diffusion rate factor (K) suggests that the highest diffusion rate received from MG adsorption to
GrO (0.73 min™) followed by MB adsorption into GrO (0.62 min™!). Adsorption of dye into GO is
comparably slower as per the model diffusion rate values (0.59 min! for MB and 0.39 min™! for

MG).
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Finally, IPD model (equation 7) assumes that the diffusion mechanism determines the total rate of
the adsorption process [52]. To evaluate this hypothesis and the corresponding diffusion

mechanism for the current study the linear equation of the model was used.

The kiq; the initial rate of intra-particle diffusion controlled adsorption was determined using the

linear graph between q; vs. t*

. The values obtained for kiq for each adsorption process are given
in Table 5.1 and the corresponding figure is given in Figure S5.1-e. The relatively low coefficient
of correlation values limits the use of IPD model to describe the adsorption process alone.
However, intercept (C) values received for the IPD model provide information about the thickness
of the boundary layer [53], [54]. As per the higher values received for C in IPD model suggests
that effect of the boundary layer is higher in each adsorption process. Moreover, it can be
concluded that the boundary layer in GrO is thinner than the GO as per the relatively lower C

values received for the GrO systems. Which suggests that more mass transfer or more adsorptions

can occur in GrO than GO.

From the evaluated kinetics models, to describe the rate determining factor of the adsorption
process, PSO model matches perfectly well with significantly higher R? value. So, it is safe to say
that chemisorption is the main rate determining factor of the adsorption process. However, in the
order of highest coefficient of correlation except PSO, Elovich> LFD > PFO models also describe
the adsorption mechanism with relatively higher R? values. Which can be interpreted as the rate of
the adsorption mechanism also depends on the amount of adsorbate over time, variation of the
maximum adsorption concentration of the adsorbents, and the rate of diffusion of adsorbate in the
liquid film. However, the identification of Elovich model applicability with higher R? values for
the ending part of the adsorption process suggests that the adsorption process turns to second order
adsorption as the dye concentration in the aqueous solution reduces. In conclusion, the dye
adsorption to the considered adsorbents initially controlled by multiple mechanisms such as the
chemisorption, variation of dye concentrations in liquid phase and the adsorbent phase, and the
diffusion of the adsorbate in the liquid film. Nevertheless, to the end, the adsorption process mainly

controlled by chemisorption and liquid film diffusion rate (second order processes).
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3.2.2 Dye adsorption isotherms

The Langmuir (LI), Freundlich (FI), Temkin (TI), Halsey (HI) and Harkins-Jura (HJI) isotherms
were employed to investigate the interactions of the adsorbent particles on the adsorbent surface
once the adsorption process reached equilibrium. Consequently, the adsorption experiments were
carried out at pH of 5.5, with stirring speed of 300 rpm in the ambient temperature, using a liquid-
to-solid ratio of 5. The initial concentrations of the dye waste were changed from 30 ppm to 100
ppm to attain the maximum adsorption capacity at each initial dye concentration. The linear
equations and parameter values obtained for each of the models studied were reported in Table 5.2.

Table 5.2 Different isotherm models used for the evaluation along with main parameters, units
and calculated values.

Model Linear Function Parameter GrO+tMB GrO+MG GO+MB GO+MG
(Units)

Qe (ME/E) 54677 640.68 52787  813.14

O C_ 1, © K (L/mg) 0.17 0.09 0.19 0.06

G Kidmar © Gmax R 0.97 0.98 1.00 0.96

Ry 0.16 0.27 0.15 037

Kr (mg/L) 112.44 7632 11189  56.56

g =hKtnG (0 0 om  0er  oon

Gomax (M/2) 55759 55450 55849  616.99

Br (J/mol) 118.06 14292 11972  172.58

TI G0 = Bylnky + ByinC,  (11) Kr(L/mg) 1.78 0.85 171 0.57

R 0.96 0.98 1.00 1.00

n 212 172 212 142

4 3 4

. nq, = il“ ko — ilnCe a3 Ko 227 %104 1.69 x10°  2.16 x10 311022

R 1.00 0.99 0.97 0.97

Amy 225x10° 1.72 x10* 2.28 x10° 1.40

1 By <104

L =, (AT,,) logCe (14 g, 1.22 126 1.23 1.23

R 0.92 0.88 0.82 0.81

Qeerp (ME/E) 42150 41055 41015 406.10

2 Experimental conditions: pH=5.5, Temperature= 25 °C, L/S = 5 L/g, Initial concentration of dye= 30-100
ppm
The Langmuir isotherm model (equation 8) was established assuming that binding sites are

homogeneous, and the adsorption energies of the binding sites are identical. Furthermore, it
assumes that there are no intermolecular interactions between adsorbents [52]. The linearized
model of the Langmuir isotherm was used for the calculation of parameters and plotting of the

graph.
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Theoretical maximum adsorption capacity (max, and Langmuir constant Ki determine the
maximum adsorption capacity of the adsorbent and the affinity of the sites that bind respectively.
These parameters were calculated through the graph Ce/qe vs. Ce. Here, Ce; dye concentration in
the solution at equilibrium, Co; initial dye concentration in the solution, ge; adsorption capacity at
equilibrium. The values obtained were depicted in Table 5.2 and the corresponding graph can be
found in Figure S5.2-a. Moreover, the unitless separation factor, Rr. provides the validity of the

Langmuir isotherm, which can be calculated through equation 9.

R, = — ©9)

1+K1.Co

When Ry > 1, the adsorption becomes adverse, if Ri<1, it shows a desirable adsorption. For R; =0,
it shows an irrevocable adsorption and for Ri=1, means a linear adsorption [52]. As per the results
obtained, it can be deduced that both adsorbent materials interactions with two different dyes
follow a linear pattern at different initial concentrations. This can be confirmed by the high R2
values obtained (0.96-1.00). Moreover, the qmax values obtained for GrO/MB, GrO/MG, GO/MB
and GO/MG are 546.7, 640.68, 527.87, 813.14 mg/g respectively. These values obtained are
somewhat like the evaluated experimented values except for the GO/MG adsorption (421.5,
410.55,410.15, 406.2 mg/g). Nevertheless, the separation factor (Rr) values obtained also suggests
a favorable adsorption, being all the values less than 1 (0.16, 0.27, 0.15, 0.37). Also, it is observed
that, Ry value for the adsorption of MB is less than MG with both GO and GrO, indicating that,

there is a higher inclination towards adsorbing MB dye by the adsorbent materials produced.

Freundlich model (equation 10) describes that energy distribution in surface sites are not uniform
and hence, multilayer adsorption can be taken place [52]. To understand the applicability of

multilayer adsorption, the linear form of Freundlich isotherm model was considered (equation 10).

The graph In ge vs. C. was utilized to determine Freundlich rate constant, Kr and unit less
heterogeneity factor ,1/n. Freundlich rate constant indicates the adsorbents maximum adsorption
capacity and heterogeneity factor describes the desirability of the adsorption process. Also,
heterogeneity factor can predict the heterogeneity of the surface of the adsorbent materials. For an
instant, if the value of 1/n becomes zero or very close to zero, it indicates that the adsorption is
much desirable [52]. On the other hand, “n” closer to 1 shows a more homogeneous structure and

deviations to the higher than 1 indicates more heterogeneous structure [55]. Hence, the logarithmic
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graph of ge vs. Ce was used to determine Kr and 1/n parameters. The important parameters of the
adsorption indicated in Table 5.2, and the graphs can be found in Figure S5.2-b. Higher correlation
coefficients (R? = 0.97 to 1.00) suggest that adsorption processes adhered to Freundlich isotherm
as well. Moreover, heterogeneity factors (1/n) for each adsorption, are closer to zero (varies 0.4 to
0.7) indicating that a better adsorption and heterogeneous structure of the GO and GrO surfaces.
The highest Freundlich rate constants were shown by GrO with MB (112.44 mg/L) followed by
GO with MB (111.90 mg/L). Rate constant for the adsorption of MG by each adsorbent material
is lower than MB (GrO showed 76.33 mg/L, GO showed 56.56 mg/L with MG). Accordingly, it is
possible to understand that MB has a higher inclination for the adsorption process than MG.
Focusing on the R? at higher concentrations (mostly ~1.00) (depicted on the graph) illustrates that
2™ order isotherms are much adhered to the adsorption process at higher concentrations better than

considering the whole range of concentrations.

The Temkin isotherm model (equation 11) is developed taking “heat of adsorption produced by
the indirect interaction between absorbent and adsorbate” into consideration. It is assumed that the
heat of adsorption of the adsorption sites declines linearly as the coverage increases. The linear

model of Temkin isotherm (equation 11) was used to determine the applicability of the model.

A graph was plotted between ge and In C. to determine the important parameters of the model.
Accordingly, the graph can be seen in Figure S5.2-c and the parameters calculated are shown in
Table 5.2. Br in the model is the Temkin constant and it provides information about the heat of
adsorption. Kr is the equilibrium binding constant [52]. Further, Br is related to br, Temkin

isotherm exponent through.

B, = e(12)

Here, R stands for the universal gas constant (8.314 J/K.mol), and T the temperature in Kelvin
(298 K). b, the Temkin isotherm exponent provides details about the favorability of the adsorption
being close to 1. Significant lower values of br, indicates negative cooperativity in binding [56].
As for the high coefficient of correlation, it is possible to consider that the adsorption follows the
Temkin model as well. However, values obtained for br exceed 1 in all cases. Higher values of bt
imply that the rate of linear reduction of the heat of adsorption is much lower than the standard

Temkin model rate, limiting the applicability of the model to the adsorption system. However, this
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suggests the surface of the adsorbates are more heterogeneous as higher br can reduce the Br (heat
of adsorption) significantly [53], [57]. Nevertheless, comparably lower values of BT for MB
adsorption (118.06 and 119.72 J/mol) suggest that adsorption requires lower energy, hence
favorable adsorption than MG into the adsorbent materials [56].

The Halsey isotherm model (Equation 13) assumes a multilayer adsorption with heterogeneous
sites available in the adsorbent which is like the assumptions made in Freundlich model. However,
there are distinguishable differences between the two empirical models. Moreover, Halsey focuses
specifically on the heterogeneity of the adsorbent surface while the Freundlich considers

heterogeneous adsorption energy distribution on the surface and affinities.

Parameters such as kun, and nu; were obtained through the graph between In ge vs. In Ce. Parameter
values obtained were shown in Table 5.2 and the plotted graphs are shown in Figure S5.2-d. Halsey
isotherm constant (ki) provides information about the adsorption capacity and Halsey equilibrium
exponent (ng) provides an insight of the heterogeneity of the surface and related to the energy
distribution of the adsorption sites available. Higher values of ny indicate a greater heterogeneity
[56]. R? values obtained for each of the adsorption mechanisms suggest that the adsorption process
follows the Halsey model as well. Accordingly, very high adsorption capacities can be identified
for GrO with MB (2.24x10%) and GO with MB (2.16x10%). For GrO with MG and GO with MG,
the adsorption values are still high (1.69x10* and 3.12x10? respectively) but lower than that of
MB. In contrast, nu values obtained for each adsorption are negative, which indicates that the

model does not correctly explain the adsorption reaction alone [56], [58].

Harkins-Jura isotherm model (Equation 14) can predict both monolayer and multilayer adsorption
between the adsorbent and the adsorbate. It was built on the assumption of availability of varied
pore sizes in the adsorbent materials which implies the heterogeneity of the surface [52], [56]. The

linear equation of the model was used to evaluate the model applicability.

A linear graph was plotted between q_12 vs. log Ce to obtain the parameter values for Byy and Any,

Harkins-Jura isotherm parameter and constant respectively. Table 5.2 denotes the values calculated
for the model parameters whereas the graph can be found in Figure S5.2-e. Goodness of fit of the
obtain values to the model shows a strong negative relationship which suggests that the adsorption

processes follow the Harkins-Jura’s model. Higher Harkins-Jura heterogeneity constant (Amy)
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received for adsorbents with MB (2.25 x10% 2.28 x10%) shows higher surface area and
heterogeneity than with MG (1.72 x10%, 1.40 x10%). This further confirms the high affinity of MB
dye to the adsorption materials studied. Further, monolayer heat of adsorption constants (1.22,
1.26, 1.23 and 1.23 for MB and MG with GrO and MB, MG with GO respectively) values are
slightly higher in GrO than GO in average. This indicates that physisorption can be involved in the
adsorption process of GrO more than GO. The reason for this could be the availability of pore

spaces in GrO than GO.

The coefficient of correlation (R?) values for each isotherm models can be listed as follows from
the highest to lowest, Freundlich>Halsey>Temkin>Langmuir>Harkins-Jura. Taking this order and
the analysis done above into consideration we can conclude that the adsorbent materials follow
Freundlich Isotherm (2nd order isotherm) with cationic dyes studied at higher concentrations with
acceptable parameter values. Also, it’s possible to deduce that adsorption can follow 1st order
adsorptions at lower concentrations. It is reasonable to think that at higher concentrations,
interactions between pores, functional groups and adsorbates are much more complex and hence
can be fit into different isotherms as studied. Though Halsey and Temkin also have very high
coefficient of correlation, it is not ideal to use these isotherms due to unacceptable parameter values
obtained as discussed above. Hence, maximum adsorption capacities (qmax) of GrO and GO for
corresponding dye waste were calculated according to the Freundlich isotherm parameters using

equation 15 for the comparison with recent studies [59].

1
Y L S— (15)

Where Kr represents the Freundlich constant and Cy is the initial concentration of adsorbate used.
Calculated qmax values are present in Table 5.2 and a comparison of qmax With recent study values
was listed in Table S5.1 in the annexure 4. Accordingly, high maximum adsorption capacities can
be observed for the material synthesized in this study (GO = 558.49 mg/g with MB, 616.99 mg/g
with MG and GrO = 557.59 mg/g with MB & 554.5 mg/g with MG for a dose of 0.2 g/L). It is
proven that the adsorption capacity is influenced by various factors such as available functional
groups, pore space structure and surface area. These factors are mainly governed by the material
modification method and the degree of oxidization of the graphite material [60]. Hence, we can
deduce that extracted graphite from LIBs can be easily oxidized to a higher degree with mild

oxidization like Hummer’s method. The reason behind this easy oxidization can be the slightly
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enhanced interlayer spacings of the spent graphite occurred due to repetitive charging and
discharging cycles of the LIBs as discussed in section 3.1. This can be further justified by the
higher maximum adsorption capacity obtained by Nataraja et al (2016) (to be around 1000 mg/g
with 5 g/L dosage). Nataraja and the collaborators also utilized graphite derived from spent LIBs
for their study [36]. However, different modification and recovery methods resulted in a higher

maximum adsorption capacity for the current study compared to the used adsorbent dosage.

3.3 Metallic ions adsorption experiments

Adsorption experiments of metallic ions were carried separately for each metal ion type at room
temperature (25 °C) with the pH of 5.5. 30 mg/L Initial metal ion concentration was used for each
stock solution with 20 mL of volume. After 20 mg of adsorption materials were added into each
solution. Metallic ions removal capacities by each adsorbent were studied in 4 hours intervals for
24 hours. Figure 5.3-a,b shows the time dependent metallic ion removal efficiency by GO and GrO
for each ion studied respectively. GrO has the highest removal efficiency compared to GO. This is
mainly due to the availability of more accessible sites in GrO. GO, on the other hand, has more
surface sites, but accessbility is limited due to the compacted nature. Further, it can be identified
that, Ni*" has the highest kinetics in adsorbing into each adsorbent material studied. Zn** showed

the slowest kinetics among all the metal ions studied.

Figure 5.3-b and 3-c presents the removal efficiency of considered adsorbates at different initial
concentrations using the two adsorbent materials. The observation received for the final
concentrations were non-monotonic, hence the mean value used to calculate the percentage
removal also shows a fluctuating nature. Hence, trending line of the observations were considered
to make the comparison between the adsorbent materials. Generally, all metal adsorption capacities
decrease along with the increasing of initial metal concentrations in the aqueous media. Moreover,
It is clear that GrO performance is better at different metallic ion concentrations for Cd*", Ni** and
Zn?>*. Moreover, Ni*" has the highest removal efficiency (95% with GrO, 92% with GO with 30
ppm initial concentration) with both the adsorbents and Zn*" is the least adsorbed metal ion (86%
removal with GrO and 80% removal with GO). Cd*" adsorption was at 90% with GO at 30 ppm
of initial Cd*" concentration and GrO showed 94% adsorption at the same initial metal

concentration.
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Metal ion removal percentages were studied with varying adsorbent dosages (2-25 mg) at 50 ppm
initial metal ion concentrations. Figure 5.3-e,f shows the results obtained through experimental
studies. Accordingly, increase of adsorbent material dosage of both GO and GrO increase the metal
ion removal percentage. As explained before, this is mainly due to the availability of more
functional groups and void spaces. Nevertheless, adsorption of metal ions is higher in GrO at
different dosages than GO. This can be explained by the availability of more accessible sites in
GrO than GO as per the exfoliated nature of GrO. Moreover, it can be predicted that metal ion may
be trapped in between the layers of GrO enhancing its total adsorption capacity. In addition, the
affinity of Ni*" seems to be higher towards both of the adsorbent materials than Cd** and Zn*".

Zn*" reported the lowest adsorption efficiency compared to the rest.

Guo et al in 2018 reported similar results for the dye removal efficiency using carbon-based
adsorption materials. According to the study, adsorption material longan hull, could remove 92%
of Ni*" and 87% of Cd*" available in the wastewater with an absorbent dosage of 1.2 gand 1.5 g
respectively [64]. In another recent study done by, Dhaouadi et al (2021), it also reported that
among the metal ion studied, Ni*" has the highest adsorption followed by Cd** and Zn**. Authors
used pyrolyzed carbon-based materials for the adsorption of these metals at 30°C and pH of 5 [65].

A detailed comparison of adsorption capacities is provided under adsorption capacity studies.
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Figure 5.3 Metal ion adsorption experiment results a) Time dependent adsorption of metal ions to
GO, b) Time dependent adsorption of metal ions to GrO, ¢) Metal ion removal percentage by GO

at different initial dye concentrations, d) Metal ion removal percentage by GrO at different initial
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dye concentrations, ¢) Metal ion removal percentage by GO at different dosages, f) Metal ion

removal percentages by GrO at different dosages.

3.3.1 Metal ion adsorption kinetics

To analyze the adsorption kinetics and mechanisms, PFO, PSO, Elovich, LFD, and IPD kinetic
models were employed. The linear equations and parameter values obtained for each of the models
studied were reported in Table 5.3 along with the experimental conditions2.

Table 5.3 Linearized kinetic models, parameter values and units calculated for different
adsorption kinetic models.

. . . GO GrO
Model Linear Function Parameter (Units) CE N T " N 7

Qecal (ME/Q) 27.56 23.18 19.47 31.84 18.72 21.68

PFO In(qe — q;) = Inqeeqr — kst ki (g/mg.min) 420x10°  3.71x10°  2.94x10°%  4.13x10°  3.34x10°  2.66x10°
R2 0.98 0.99 0.99 0.98 0.94

¢ 1 ¢ Qe cal (ME/Q) 30.08 30.32 26.72 32.03 30.56 29.68

PSO =t k, (g/mg.min) 227x10%  2.44x10*  223x10*  1.76x10*  3.24x10*  1.55x10*
Qe Kovslecar  decat o 1.00 1.00 1.00 1.00 1.00
1 1 o (mg/g.min) 0.75 0.97 0.65 0.59 2.48
Elovich q: = =In(ap) +=Int B (g/mg) 0.19 0.20 0.22 0.17 0.23
B B R? 0.90 0.90 0.98 0.96 0.85

LFD ln(l B ﬂ) = kgt kfg(l/min) 423x10%  3.50x10°  2.68x10°  4.28x10%  2.81x10°  2.44x10°
e R 0.96 0.99 0.99 0.97 0.93
Kiq (mg/g.min®) 0.40 0.38 0.35 0.45 0.33
IPD qr = kig X t*5 +C C (mg/g) 13.29 14.27 11.29 12.49 17.13
R? 0.81 0.81 0.93 0.90 0.75

Qeerp (Mg/g) 27.00 27.50 23.97 28.20 28.50 25.90

3 Experimental conditions: pH=5.5, Temperature= 25 °C, L/S = 1 L/g, Initial concentration of metal ions= 30 ppm

As shown under section 3.2.1, equation 3 explains the PFO model’s linear equation along with the
assumptions used in the model and the important parameters. Accordingly, a graph was plotted
between In(qe-qt) vs. t to understand the applicability of the corresponding model to the adsorption
process experimented with metal ions. The graph received is shown under Figure S5.3-a and the
corresponding parameter values have been demonstrated in Table 5.3. Coefficient of correlation
for each adsorption process are very high ranging from 0.94 to 0.99 suggesting that, adsorption
rate may be proportional to the variation of the dye concentration in the solution. Moreover,
adsorption capacity at equilibrium (qe) calculated using the PFO model (27.56, 19.47, 31.84 mg/g)
close to the experimented values in the case of GO with Cd**, Zn?*, and GrO with Cd**(27.00,
23.97, 28.20 mg/g) respectively. However, the rest of the values are not consistent with
experimented e values. This inconsistency reduces the applicability of PFO model to the

adsorption process entirely. In addition, it is worth noting that, coefficient of correlation is much
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higher (>0.99) for the PFO model during the initial part of the adsorption process suggesting that
the initial rate determining factor could be the concentration variation of the metal ions in the liquid

and the adsorbent phase (physisorption).

The PSO model assumes that adsorbent consist of heterogeneous functional groups is responsible
for the adsorption while chemisorption being the rate determining factor. This was previously
explained under equation 3. To understand the applicability of the model to the current study of
metal ion adsorption, a graph was plotted between t/q; and t. The parameter values calculated are
shown in Table 5.3 and the graphs are in Figure S5.3-b. Coefficient of correlation received the
highest value of 1.00 to the nearest two decimal places suggesting that chemisorption is the rate
determining factor. Moreover, calculated qe values using the model (30.08, 30.32, 26.72, 32.03,
30.56, 29.68 mg/g) have much consistency with the experimented values (27, 27.5, 23.97, 28.2,
28.5, 25.9 mg/g) for each adsorption process. Having higher consistency with experimented and
calculated qe values in PSO model, supports the idea that the PSO model can explain the rate
determining step better than PFO model. However, the discrepancy between the values could be
due to the other rate determining factors such as variation of dye concentration and unoccupied
active site availability that involved with the process as suggested by Mosaffa and collaborators

[52].

The Elovich model developed assuming that functional groups in the adsorbent surface are
heterogeneous and contain different adsorption energies. Moreover, diffusion of pore spaces and
their effect on the adsorption can be understood using the Elovich model. The model explained
above under equation 5, and it determines the second order kinetics. As per the results obtained
through the graph qt vs. In t (given in Fig. S3-c), Elovich model also suggests that the adsorptions
follow second order kinetics with higher R? values (above 0.9 except GrO adsorption with Ni*").
On the other hand, adsorption rate constant (o) determined through the Elovich model explains the
rate of the adsorption process (parameters given in Table 5.3). It is possible to observe that Ni**
adsorption into GrO is quite faster (2.48 mg/g.min. while the rest is < 1.00 mg/g.min.) than the rest
of the adsorption. This fast adsorption could be a reason for the less coefficient of correlation
received for the adsorption process with Elovich model. However, considering the ending part of
the adsorption process, the coefficient of the correlation is above 0.93 in all the cases (even reached

1.00 in the case of GrO with Ni** and Zn?"). This suggests that the rate can be due to the second
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order adsorption during the later part of the adsorption process. This suggests that physisorption
may start the adsorption process due to the pore spaces at the starting and later, when adsorbates

attract to active sites turns the process into the second order adsorption (chemisorption).

Equation 6 in section 3.2.1 explains the LFD model. As per the model, it is assumed that the rate
of the adsorption determined by both by the speed of liquid film diffusion around the solid

adsorbent and the adsorption of the adsorbates onto the active groups of the adsorptive material.

To understand the applicability of the model, the graph was drawn between In ( — ﬂ)vs. t. Table

de

5.3 contains the parameter values received for the model while the Fig. S3-d shows the graph
plotted. High R? values (>0.93) received for the model suggest that the interaction between the
liquid film and the adsorbent can also determine the rate of the adsorption. Moreover, Liquid
diffusion rate for Cd*" is higher with both GO and GrO (4.23 x 10 min™ and 4.28 x 107 min’!
respectively) suggesting that higher adsorption rate of Cd2+ into the adsorbents. The second
highest diffusion rate reported by Ni** and the Zn** (3.50 x 10 min, 2.68 x 10 min’
respectively with GO and 2.81 x 107 min™! and 2.44 x 103 min™! respectively with GrO). This
suggests that Cd*" has a higher affinity towards the adsorbents studied followed by Ni** and Zn?".

Finally, equation 7 explained above deals with IPD model, which suggests the diffusion
mechanism can determine the rate limiting factor. A linear graph was drawn (q; vs. t*°) to determine
the compatibility of the process with the IPD model. Table 5.3 consists with the important
parameters worked out for the model while the graph is given in Figure S5.3-e. The low R? values
received for the graphs compared to the initially studied models suggest that the incompatibility
of the IPD model to the adsorption process studied. Nevertheless, close monitoring of the last part
of the adsorption process suggest that the R? value enhanced. This suggests that intra particle
diffusion can be a part of the rate determination of the process at the ending part of the adsorption
mechanism. Moreover, higher intercept values received for the model values suggests that
comparably lower thickness of the layers in GrO increasing the mass transfer of the same than the

GO [54].

Referring to the graph demonstrated in Figure S5.3, it is possible to see that initially adsorption
processes are much more likely to follow the PFO model and later it’s much adhered to second
order graphs like PSO and Elovich models. This suggests that the rate of the adsorption process

initially controlled by saturation of dye particles in the liquid and the adsorbate. However, when
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the time passes the rate will be controlled by several other factors like chemisorption and liquid
film diffusion rather than the concentration of the metal ions. In physical meaning, initially, as the
concentration of the metal ion particles are higher and there is more availability of unoccupied
active sites, the concentration variation can undertake a fast adsorption which adhered with the
first order adsorption. Nevertheless, as the unoccupied sites and concentration of metal ions are
diminishing over time, adsorption rate will be determined by the diffusion of the adsorbate in the
liquid film surrounded the functional groups and bonds that involve interactions between

molecules [53], [54]. This explains the findings of the adsorption kinetic evaluation.

3.3.2 Metal ion adsorption isotherms

Five different isotherms; Langmuir (LI), Freundlich (FI), Temkin (TI), Halsey (HI) and Harkins-
Jura (HJI) were employed to investigate the interface correlation between the metal ions; Cd*",
Ni** and Zn?>* with the two adsorbents (GO and GrO) under equilibrium conditions. Consequently,
experimental conditions were set to pH of 5.5, liquid-to-solid ratio of 1 (L/g), stirring speed of 300
rpm at ambient temperature of 25 °C. Initial metal ion concentrations were changed from 30 -150
ppm to evaluate the highest adsorption capacities as a function of changing initial concentrations.
Table 5.4 reports the linear equations and parameter values obtained for each of the models studied
along with the experimental conditions used *.

Table 5.4 Different isotherm models used to evaluate along with main parameters, units and
calculated parameter values of metal ion adsorption.

. . . GO GrO

Model Linear Function Parameter (Units) cE N 7 " NE 7
Qrmax (ME/g) 146.41 154.54 204.80 138.54 15232 171.86
LI Ce_ 1 4 Ce K (L/mg) 0.05 0.05 0.02 0.07 0.06 0.03
e KiQmax Gmax R2 0.91 0.87 0.77 0.83 0.77 0.84
R, 0.40 0.39 0.65 0.32 0.34 0.52
Ky (mg/L) 14.48 15.85 6.60 19.90 21.07 10.34
- Ing, = InK, + 1 nc 1/n 0.52 0.51 0.69 0.44 0.44 0.60
e Flp e R2 0.98 0.97 0.99 0.95 0.91 0.97
Qumax (ME/) 83.99 89.85 68.30 88.03 93.19 78.29
B (J/mol) 28.92 29.17 35.51 25.03 25.42 32.33
TI q. = Brlnk; + B;InC, Kr (L/mg) 0.63 0.72 0.26 1.14 1.28 0.40
R2 0.91 0.88 0.89 0.82 0.78 0.89
ny -1.93 -1.96 -1.46 229 229 -1.68
HI Ing, = iln ey — ilnce Ku 175.96 225.19 15.59 934.94  1068.08 50.61
R2 0.98 0.97 0.99 0.95 0.91 0.97
1 By 1 An 883.78 924.62 547.03 1097.85 111435  711.98
HII rriy <A—) logC, Bu 1.57 1.54 1.63 1.56 1.52 1.59
e Hy Hy R2 0.92 0.94 0.92 0.97 0.98 0.94
Qeomax (ME/g) 106.77 111.02 101.91 113.15 116.63  104.66

4 Experimental conditions: pH=5.5, Temperature= 25 °C, L/S = 1 L/g, Initial concentration of metal ions= 30-150 ppm
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The Langmuir isotherm was built based on monolayer adsorption with sites that have uniform
adsorption energies as explained under equation 8. Moreover, it rejects the idea of having
intermolecular interactions. To evaluate the applicability of the model to the current metal ion
adsorption process, equation 8 was utilized. Accordingly, a graph was drawn using the ratio
between equilibrium concentration and adsorption capacity vs. equilibrium concentration. The
obtained graph was reported in Figure S5.4-a and the parameter values obtained were reported in
Table 5.4. The R? values recorded for the adsorption processes are comparably lower for most of
the processes. The maximum coefficient of correlation was given by GO with Cd** (0.91) and the
minimum coefficient of correlation was reported by GO with Zn?>" and GrO with Ni** (0.77).
However, it is worth understanding that, at lower metal ion concentrations, the adsorption follows
the Langmuir model better with higher coefticient of correlation (>0.90 in all cases). For instance,
GO with Zn*", the R? was 0.98, and GrO with Cd** the coefficient of correlation was 0.97. Hence,
it is possible to assume that the adsorption processes follow the Langmuir model at lower
concentrations. Moreover, Considering the separation factor Ry, it is possible deduce that, the
adsorption is much favorable for Cd** and Ni** with both the adsorbents (R1=0.39 with GO and
0.33 with GrO). However, Zn** adsorption Ry is much closer to 1 (0.65 with GO and 0.52 with
GrO) showing less favorability than the other two metal ions considered. Nevertheless, Zn**
adsorption is more favorable with GrO than GO given the slightly less Rr value received.
Maximum adsorption capacities (146.41, 154.54, 204.80, 138.54, 152.32, and 171.86 mg/g)
modeled by the Langmuir isotherm is not similar to the experimented adsorption capacities
(106.77, 111.02, 101.91, 113.15, 116.63, and 104.66 mg/g), limiting the further application of the
model fully to the current metal ion adsorption process. Though Langmuir model assumes
monolayer adsorption with uniform adsorption energies, real application could be much more
complex than that. Specifically, heterogeneity of the adsorbent sites, variations in the adsorption
energies, interactions between adsorbates can influence the experimental maximum adsorption
capacities to deviate from the model values. Moreover, ideal conditions assumed by the model do
not exist in real life applications influencing experimental values to deviate from the expected
model values. Further, this suggests that other adsorption mechanisms can be incorporated into the

studied sorption process.

Freundlich Isotherm on the other hand hypothesis multilayer adsorption with non-uniform

adsorption sites as described under equation 10. The applicability of Freundlich model was also
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tested with the current adsorption using the graph depicted in Figure S5.4-b. The graph resulting
from In ge vs. In C. was used to work out the important parameters that are given under Table 5.4.
Freundlich isotherm model fitted well with the processes with higher R? values. For an instant, R?
values are 0.98, 0.97, 0.99, 0.95, 0.91, and 0.97 for Cd**, Ni**, Zn?" with GO and Cd*", Ni*', Zn**
respectively. Moreover, it is possible to observe that the R? is much higher if only higher
concentrations were considered (0.98, 0.99, 1.00, 0.98, 0.98, and 0.96). This suggests that
multilayer adsorption is much preferable for medium to higher concentrations mostly.
Heterogeneity factor 1/n, shows that, the adsorption is favorable for all the metal ions considered
given the value of 1/n less than 1. Moreover, it is possible to assume that the affinity decreases in
the order of Ni**>Cd*"™>Zn*" (1/n = 0.52, 0.51, and 0.69 with GO and 0.44, 0.44, and 0.60 with
GrO respectively). Also, the affinity of metal ions towards the GrO is higher than GO as the 1/n
values received are comparably lower for GrO with metal ions. This further confirms by the
Freundlich rate constant received for each metal ion adsorption with the adsorbents. Further,
analysis of the value of “n” can provide information about the heterogeneity of the surface [55].
The higher values (n>1) received for the heterogeneity factor “n” suggests that the functional
groups available in the adsorbent surfaces are heterogeneous and contains different adsorption

energies.

Temkin’s model is described under equation 11, section 3.2.2. According to Temkin’s model,
indirect coordination of the adsorbate and the adsorbent produce the heat of adsorption which
linearly decreases as the coverage of the adsorption sites increases. Figure S5.4-c was developed
based on the linear equation of the Temkin’s model taking qe on the y-axis and In Ce on the x-axis.
The parameters calculated for Temkin’s model were depicted under Table 5.4. Though R? values
received for the model (varies from 0.78 to 0.91) are not very high like Freundlich model, it is
possible to observe that for higher concentrations the R? value is comparably higher (varies from
0.94 to 0.99). This suggests that there is a possibility of linear decline of heat of energy of the
adsorption process at higher concentrations, elevating the adsorption. Moreover, Lower values
received for the Br (heat of adsorption) suggest that the adsorption process is favorable. In fact,
the favorability of the adsorption decreases in the order of, Cd**>Ni*">Zn?" in both the cases of
GO and GrO. Moreover, the favorability of metal adsorption towards the GrO is higher than that
of GO according to the Bt values received. Though the model provides useful information about

the adsorption process under many aspects, the values received for the br (Temkin isotherm
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exponent) according to the equation 12 are higher than 1 in all cases. This limits the applicability

of the model to the current metal ion adsorption.

The Halsey isotherm model, which is built upon the base of heterogeneous functional groups
availability in the adsorbents as explained under section 3.2.2, equation 13 was also employed to
assess the adsorption process in question. It further assumes that heterogeneity of functional groups
supports multilayer adsorption of adsorbates on to the adsorbent surface. The graph In ge vs. In Ce
was used to determine the Halsey isotherm constant (ki) and Halsey equilibrium exponent (nn) as
per Figure S5.4-d. Table 5.4 shows the parameters calculated for the model. High coefficient of
correlations (>0.91 in all cases) received for each of the graphs confirms the applicability of the
Halsey model to the metal adsorption mechanism confirming greater heterogeneity of adsorption
sites. The Halsey Isotherm constant values received confirms that the affinity of Ni*" is
significantly higher towards GrO (ku=1068.08) than the other metals. Zn** affinity to GO
(ky=15.59) is the lowest among. Comparing the two adsorbents, GrO (kuCd=934.94,
kuNi=1068.96, knZn=50.61) seems to be more efficient in adsorbing metal ions than GO
(knCd=175.96, kuNi=225.19, knZn=15.59) with significantly high ku values received. However,
values calculated for ny become negative as the slope of the graph shows a positive relationship

which limits the applicability of the model to adsorption mechanism.

The application of Harkins-Jura’s Isotherm model was also examined using the graph between %

e

and log Ce according to the equation 14. The model assumes a heterogeneous adsorption with
different affinities towards multi sized pore spaces. Moreover, the model can predict both
monolayer and multilayer adsorptions through its parameter. The parameter values received for
the model were given in Table 5.4, while the graph is shown in Figure S5.4-e. High R? values
(>0.92) received for the model confirms the applicability of the model to the current adsorption
mechanism. Accordingly, parameter Any gives an implication on the heterogeneity and the surface
area of the adsorbent and Buy shows the affinity of the adsorption via monolayer heat of adsorption
[56], [66]. GrO shows very high surface areas with the highest heterogeneity as per the high values
received for the heterogeneity factor (for GrO with Cd**, Ni*" and Zn*" A= 1097.85, 114.35,
711.98 while for GO, Anj=883.78, 924.62, 547.03 respectively). Among the metal ions, higher
adsorption can be seen from Ni** given the high Auy values received. On the other hand, low

monolayer heat of adsorption values reported for the model indicate that monolayer adsorptions
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are also possible. The monolayer heat of adsorption is lowest in GrO with different metal ions (For
GrO Buy= 1.56, 1.52 and 1.59 for Cd**, Ni** and Zn?" respectively, For GO Buy= 1.57, 1.54 and
1.63 for Cd**, Ni** and Zn** respectively). However, observed slight changes in By values indicate
that the heat of monolayer adsorption is the same for both the adsorbent materials. Hence,
considering both parameters it is safe to say that the adsorption is mainly governed by

heterogeneity of the active sites and pore sizes which leads to multilayer adsorption of metal ions.

Considering the coefficient of correlation values obtained for the different isotherms studied, it is
possible to order the models that best describe the adsorption of metal ions to the adsorbents.
Accordingly, Freundlich> Halsey> Harkins-Jura> Temkin> Langmuir explains the adsorption in
the decreasing order. Hence, authors are confident enough to conclude that the adsorption follows
the Freundlich model (2nd order) isotherms the best. However, with the other findings and partial
analysis of R? values indicate that it is possible for the metal ion adsorption to follow physisorption

at lower concentrations.

Table 5.4 has given the maximum adsorption values for each metal ion with each adsorbent
according to the Freundlich model calculated through equation 15. Further, Table S5.2 compares
the maximum adsorption capacities of other similar carbon-based materials with the current study
values. As per the results reported by other authors, the adsorption materials synthesized in this
study show a competitive adsorption capacity (for GO = 88.03, 93.19, 78.29 mg/g while GrO =
83.99, 89.85, 68.30 mg/g with Cd**, Ni*" and Zn** respectively). Maximum adsorption capacities
for metal ion adsorption are comparably lower than dye waste adsorption values. This is due to the
size of the ionic radii of the metal ions and their comparably high charge density [67]. Moreover,
the affinity of functional groups for the dye waste can be higher than that of metal ions [68].
However, comparing metal ion adsorption of this study with existing studies, the reported values
for the maximum adsorption capacities varies in a very high range. For instance, Murphy et al
(2023) reported 76.3,45.5, and 32.6 mg/g (Cd**, Ni*" and Zn?" respectively) maximum adsorption
capacities for a dosage of 0.025 g/L which is 40 times lower than the dosage used in this study
[66]. Moreover, Chen et al (2020) reported only 3.25 mg/g maximum adsorption capacity with
Ni%* for a dose of 0.25 g/L [69]. However, the maximum adsorption values we received in this
study consist within the average values found in literature. Nevertheless, considering the maximum

adsorption capacity with dye waste and metal ions in the current study, it is safe to say that the
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modified materials have a higher affinity towards the dye waste rather than metal ion adsorption.

Key findings of the kinetic and isotherm analysis for each adsorbent across pollutants were briefly

given in the Table 5.5.

Table 5.5 Key findings of the adsorbent materials across pollutants.

Pollutant GrO GO
type
Dye Initial rate determinants govern Rate  determination  mainly

pollutants by multiple mechanisms (both governs by second order kinetics
physisorption and throughout the process
chemisorption) (Chemisorption and liquid film
Chemisorption and liquid film diffusion).
diffusion responsible for the rate Fast adsorption than GrO in the
determination at the ending first few minutes.
Multilayer adsorption is highly Multilayer adsorption IS
probable at higher prominent, active sites have
concentrations as the surface of considerable differences and
the adsorbent is heterogeneous. adsorption energies.
Both functional groups and pore Availability of functional groups
spaces distribution are mainly responsible for the
responsible for the adsorption. adsorption.
Lower layer thickness. The thickness of the layer is
Very high adsorption. higher than GrO.
Higher affinity towards MB. Relatively lower adsorption than

GroO.
Higher affinity towards MB
Metal ions Overall rate of adsorption is Initial fast adsorption due to

determined by Chemisorption.
Initially,  physisorption  can
make the adsorption faster.
Multilayer adsorption IS
observed.

Both functional groups and pore
spaces are responsible for the
absorption.

Low adsorption than dye
pollutants govern by the size of
the atomic radii, changes in the
charge and affinity.

multiple mechanisms, mainly
physisorption and
chemisorption.

As per the ending, the influence
of chemisorption and liquid film
diffusion is higher.

Multilayer adsorption.
Functional groups are
responsible for the adsorption.
Low affinity towards the metal
ion than dye pollutants.
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e Relatively  higher  affinity e Relatively  higher  affinity
towards Ni?*. towards Ni?".

3.4 Evaluation of adsorption mechanism

The study was carried out using mono-elementary synthetic solutions to evaluate the performance
and mechanisms of the adsorption process of the newly modified adsorbent materials. It is
important to note that, if used multi-elementary solutions, it would be difficult to assess the
mechanisms of the adsorption due to complexity arise according to the many elements contain in

the solution.

According to the FTIR analysis (Figure 5.4) (4000-400 cm™' range at 4 cm™! resolutions) of the
adsorbent materials, it is possible to understand that the availability of functional groups such like
epoxide (C-O-C) at 1065-1226 cm™!, hydroxyl (-OH) at 3254-3420 cm’!, carbonyl (-C=0) at 1622-
1739 cm™! and carboxyl (-C-OH) at 951-1015 cm™! which are readily disperse in aqueous solution
and make the solution negatively charged. This finding is also in line with the latest publication by
Fauziyah et al. (2023) [73]. Hence, cationic dyes and the cations which act as positively charged
ions can easily absorb onto adsorbents through electrostatic bonding. Moreover, Pi-Pi bonding is
another key factor that enhances the adsorption capacity of the graphite-based adsorbents
considered. Aromatic rings of the dye and the adsorbent materials can interact with each other
through Pi-Pi bonding. Nevertheless, Pi-Pi interactions can also occur between aromatic rings of
the metal ions and the surface of the adsorbents. Also, all the adsorbents contain H containing

hydroxyl groups on their surfaces which can induce H-bonding with the cationic dyes.
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Figure 5.4 FTIR analysis of the two adsorbent materials GrO and GO before and after the adsorption of

dye and metal ions.

Mostly, N and S atoms in MB and MG cationic dyes may act as H-bonding acceptors. Another
main reason to have higher adsorption between metallic ions with adsorbents is coordination
bonding. Since adsorbent surface contains more O containing functional groups, coordination
bonding can occur through the donation of electron pairs from O atoms to the metal ions forming

a stable complex. This is also visible through the differences between the intensities of each



200

functional group before and after the adsorption processes. In addition, given the structure of the
graphite materials, interplanar Vander-walls forces can also interact with dye particles that can also
affect absorbing the dye particles. Another important factor for the observed high adsorption of
modified materials is the pore size distribution. The approximate size of dye particles is 1.2 — 1.8
nm and for metals it is even less. The pore size of meso-porous materials such as graphite
derivatives vary between 2-50 nm [74]. Hence, dye particles and metal ions can trap inside the
pores of adsorbents making the adsorption of the same very high. These mechanisms are also

validated by previous studies [36], [S51], [75], [76].

GrO has a slightly lower number of adsorption sites compared to GO as per the intensities of the
FTIR analysis. However, GrO showed very high adsorption towards cationic dyes and metallic
ions, even though it has a lower number of active sites than GO. The main reasons for this
observation could be the larger surface area and high porosity of GrO. It has a relatively higher
surface area giving a higher number of accessible sites for organic dye and metals owing to the
exfoliated structure. This can be further convinced by the adsorption isotherm (Harkins-Jura
isotherm findings) studies carried out previously. Also, expanded nature provides more pores that
can trap pollutants inside enhancing the adsorption capacity. Moreover, it is studied that the
reactivity of the GrO is higher than GO due to its high oxygen contain monolayer structure and

can contribute to its high hydrophilic nature and excellent ion-exchange capacity [77].

Figure 5.5 depicts a possible adsorption mechanism that explains the arguments made above. In
the figure D’ stands for cationic dye while M’ stands for the metallic ion and the red dot represents

metal or dye pollutants.
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Figure 5.5 Possible adsorption mechanisms by (a) Graphene oxide surface active sites (b) Graphite oxide
surface active sites with cationic dyes (as D) and metallic ions (as M*") (c) graphene oxide adsorption

through cross section (d) graphite oxide adsorption through cross section.

The results and the discussion support the idea that the waste graphite recovered from spent LiBs
are a better source to synthesize adsorption materials such as graphite oxide or graphene oxide.
Also, better results can be expected from such prepared materials than the commercially available
ones as the interlayer spacings have a slight expansion than natural graphite leading to easy
oxidation. The adsorption material can be used for dye waste removal more efficiently than the
metal ion removal due to the high maximum adsorption capacities received with dye pollutants.
The adsorption will be mainly governed by chemisorption. However, the effect of physisorption

also provides considerable support for the process.
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4. Conclusions

The graphite recovered from spent LiBs through a real-life hydrometallurgical route. Graphite was
modified using chemical oxidation, to produce value-added materials such as graphite oxide and
graphene oxide. Characterization of the produced adsorbents showed synthesis of desired
materials with higher quality than the commercially available substances. The main reason for
better synthesis is identified to be the expanded nature of the used-up graphite as it was subjected
to continuous charge and discharge cycles. Graphite oxide showed high oxidization and higher
number of functional groups further identified through the FTIR analysis. Graphene oxide was
shown to be having less functional groups but higher surface area with high porosity due to the
ultrasonic vibration. The best adsorption was shown by GrO and in the case of dye waste, the
adsorption rate was at around 95% with 30 ppm dye concentration, and for metallic ions around
94% at 30 ppm concentration. Kinetic analysis revealed, rate determinant factor of the overall
process is chemisorption. However, initial, high concentration of dye or metal ion can lead to
physisorption during the first few minutes. Dye adsorption of the adsorbents occurred in 10
minutes; nevertheless, metal ion adsorption took around 24 hours to complete. Isotherm analysis
showed that, adsorbent contain heterogenous structure with different adsorption energies.
Multilayer adsorption was shown by graphene oxide due to the availability of functional groups
and pore spaces. Graphite oxide seems to have different functional groups that drive it to show
multilayer adsorption. High affinity towards the dye adsorption was shown by the adsorbents with
the best adsorption between methylene blue and graphene oxide. Ni** absorbed the best to
graphene oxide than other metal ions. The highest adsorption capacity with dye waste was shown
by GO at 616.99 mg/g for MG and 558.49 mg/g for MG. In the case of metallic ions, the highest
adsorption capacities were shown by GrO with Cd**, Ni** and Zn?'; 88.03, 93.19, 78.29 mg/g
respectively. Compared to existing maximum adsorption materials, the synthesized material
showed higher capacities, attributed to the possibility of preparing high quality adsorption material
from spent graphite. This is mainly because waste graphite from spent LiBs shows slightly more
exfoliated nature than natural graphite making it easier to generate value-added materials like

graphite oxide and graphene oxide.
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Chapter Six-Conclusion
In response to the critical challenge of spent lithium-ion battery (LIB) disposal and the subsequent
environmental impact, this thesis has explored sustainable methodologies for LIB recycling,
focusing on recovering essential materials such as cathode metals, anode graphite, and potential
value additions. Driven by the growing demand for LIBs, largely fueled by the electric vehicle
(EV) market, the proper treatment of end-of-life (EOL) batteries becomes crucial to alleviating the
stress on natural resources, reducing environmental harm, and meeting future circular economic
requirements. The proposed recycling approach spans from a detailed pretreatment phase, which

then prolonged to cathode and anode parts.

The findings are presented over four key chapters, each contributing unique insights into specific
aspects of LIB recycling. Chapter two focused on pretreatment methodologies to separate and
prepare LIB components, presenting a decentralized collection and pretreatment strategy. Chapter
3 assessed the efficacy, environmental impact and economic impact of various hydrometallurgical
techniques for metal recovery. Chapter 4 introduced and optimized three novel methods—cold,
hot, and wet processes—for graphite recovery from anodes, each evaluated through Life Cycle
Assessment (LCA) and Life Cycle Costing (LCC). Chapter 5 explored value-added applications
for recovered graphite, demonstrating successful transformation into adsorbents for dye and metal

ion removal from aqueous solutions.

1. Key Findings
1.1 Chapter 2 - Pretreatment

Chapter 2 emphasized the importance of pretreatment in enhancing the overall efficiency of LIB
recycling by providing a common processing line for diverse LIB types. The proposed approach
overcomes collection and sorting challenges by leveraging decentralized pretreatment facilities,
which improve material recovery quality while reducing environmental costs. The literature
review provided guidance for dismantling LIBs safely, using innovative methods such as N: and
water sprays for dismantling without discharging. A two-step mechanical separation using
flotation-based techniques was shown to maximize recovery of plastics, separators, and current
collectors like Cu and Al. Utilizing of CaO for the decompose of Polyvinylidene fluoride (PVDF)

can reduce the pyrolyzing temperature to 300 °C. By implementing these steps, the pretreatment
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line optimized in this chapter offers an efficiency exceeding 98% in the recovery of electrode and

current collector materials.

1.2 Chapter 3 — Environmental and economical evaluation of emerging hydrometallurgical

treatment for cathode.

Hydrometallurgical recovery processes were evaluated in Chapter 3, focusing on efficiency,
economic viability, and environmental impact. While Supercritical Fluid (SCF)-based leaching
offers improved environmental performance, its lower metal recovery rate limits its current
feasibility. Conversely, electrochemical (EC)-based and conventional leaching methods achieved
higher recovery rates, up to 78%, while balancing emissions and costs. Adsorbent-based
purification was found superior to solvent-based extraction, which showed high emissions,
especially when recovery exceeded 80%. Inorganic acid-based leaching, followed by ion-
exchange resin-based purification with hydroxide calcination, achieved the best balance,
demonstrating high recovery efficiency (78%), lower CO: emissions (33.8 kg CO: eq.), and
favorable economic performance ($119/kg). This comprehensive route serves as a benchmark for

future scaling of hydrometallurgical recycling processes for LIBs.

1.3 Chapter 4 - Graphite Recovery from Anodes

The graphite recovery methods developed in Chapter 4—cold, hot, and wet processes—
demonstrate varied efficacy depending on environmental and economic priorities. The wet process
achieved the highest graphite yield (307.8 g/kg anode), though it resulted in significant
environmental impacts due to emissions and corrosive acid use. The hot process, with a slightly
lower recovery (281.5 g/kg anode), yielded high-quality graphite (70% carbon content) and proved
the most promising overall. The annealing effect of heat reduced interlayer spacing in graphite,
enhancing structural integrity. CaO was utilized to decompose PVDF binders efficiently,
decreasing both heat demand and costs. Meanwhile, the cold process achieved the lowest recovery
rate (197.6 g/kg anode) but showed superior environmental performance with minimal emissions
and a low net cost (-$40/kg of graphite). These findings highlight the need for selecting recovery

processes that match the economic and environmental goals of future LIB recycling facilities.
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1.4 Chapter 5 - Value-Added Applications for Recovered Graphite

Chapter 5 explored the transformation of recovered graphite into adsorbents, specifically graphite
oxide (GrO) and graphene oxide (GO), which exhibited remarkable adsorption capacities for dye
and metallic ions. The oxidized nature and expanded surface area of recovered graphite, attributed
to prior charge-discharge cycles, enhanced its adsorption efficiency, with GrO achieving
adsorption rates as high as 95% for dyes and 94% for metallic ions at 30 ppm initial dye
concentrations. GrO showed multilayer adsorption, while GO demonstrated high affinity for
methylene blue dye and Ni** ions due to increased pore space and functional group density. With
adsorption capacities up to 616.99 mg/g for dyes and 93.19 mg/g for Ni**, these materials surpass
existing commercial adsorbents, proving that waste graphite can indeed be transformed into high-

quality, sustainable materials for wastewater treatment.

2. Overall Implications

This study provides significant advancements in the field of LIB recycling. It identifies efficient
pretreatment, hydrometallurgical, and graphite recovery processes that not only maximize material
recovery rates but also minimize environmental impacts. Furthermore, by transforming waste
graphite into valuable adsorbents, this work highlights a sustainable pathway to utilize spent LIB

components in water treatment, contributing to broader environmental and economic benefits.

The proposed pretreatment line and hydrometallurgical process establish a comprehensive
recycling framework with high recovery efficiency and economic viability. The research
demonstrates that optimizing process parameters can enhance material yield, quality, and
economic feasibility, ultimately encouraging the adoption of LIB recycling. Future work should
focus on scaling these methods, especially the promising applications of graphite-based

adsorbents, to foster a more circular and sustainable approach to LIB end-of-life management.
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Annexure 1
Comparative Environmental and Economic Assessment of Emerging Hydrometallurgical

Recycling Technologies for Li-lon Battery Cathodes.

This document contains a detailed flow diagrams designed by the authors for easy understanding
of the different processes used in Chapter 3. Moreover, figures and tables generated by the SimaPro
software for various analysis done were also given in this document. Specially, characteristic
impacts of different technologies under each impact category and Monte-Carlo analysis done under
standard and improved scenarios are given in this document.
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Table S3.1 Impacts made by each leaching method studied under different impact categories.

Impact catesor Unit Inorganic DES EC based SCF based
P gory acid leaching  leaching leaching leaching
Global warming kg COs eq 2.14x10'  2.80x10? 6.39x10° 1.34x10!
Stratospheric ozone ., gy g 892x10¢  1.12x10%  5.23x10° 1.06%10°
depletion
Ionizing radiation  kBq Co-60 eq 2.35x10° 2.88x10! 5.91x10! 1.12x10°
Ozone formation, 2 1 2 2
Haar ool kg NO eq 490x102  6.01x10 1.94x10 3.13x10
Fine particulate = 5y 5o 522x102  5.71x10" 3.25%102 2.94x102
matter formation
Ozone formation,
Terrestrial kg NOy eq 4.95x10%  6.11x10" 1.97x10 3.17x1072
ecosystems
Terrestrial kg SO, eq 9.58x102  9.42x10" 8.65%102 5.85x107
acidification
Freshwater kgPeq 1.04x102  1.26x10" 3.65x10° 5.86x10°
eutrophication
Marine kg N eq 7.95x10%  1.12x102 6.54x10" 6.94x10™
eutrophication
Terrestrial kg 1,4-DCB 530x10'  4.92x10? 5.78x10! 7.30x10'
ecotoxicity
Freshwater ke 1,4-DCB 1.58x10°  1.60x10! 1.09x10° 1.04x10°
ecotoxicity
Marine ecotoxicity kg 1,4-DCB 2.01x10° 2.03x10! 1.39x10° 1.35x10°
_ Human * . 4DCB 1.08x10°  1.08x10' 5.83x10"! 6.47x10°!
carcinogenic toxicity
Humannon- .y 4 hep 2.54x10'  2.47x10? 1.43x10" 1.94x10"
carcinogenic toxicity
Land use m?a crop eq 3.30x10"! 3.83x10° 1.93x10"! 2.81x10"
Mineral resource kg Cu eq 1.49x107  3.67 x10" 5.52x10"! 1.21x10"
scarcity
Fossil resource ke oil eq 5.63x10°  8.78x10! 1.60x10° 3.21x10°
scarcity
Water consumption m? 3.17x10! 2.45x10° 1.35x10! 3.26x10!
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Table S3.2 Impacts made by each separation/purification method studied under different impact

categories.
Impact category Unit Ion-exc_hange Oxalate Solver_lt
resin based extraction
Global warming kg CO eq 1.99x10! 7.50x10! 2.18x10?
Stratospheric ozone depletion kg CFC11 eq 8.38x10* 2.60x107 1.59x10*
lonizing radiation kBq Co-60 eq 4.67x107! 2.00x10° 7.14x10°
Ozone forrr]nat'on’ Human kg NOy eq 2.86x107  9.53x107 5.18x10"!
ealth
Fine p?”'cu"".‘te matter ke PM2.5 eq 2.05x102  8.88x102 2.87x10"!
ormation
Ozone formation, Terrestrial ke NO; eq 2.97%10° 9.89%102 6.08%10°!
ecosystems
Terrestrial acidification kg SO, eq 4.74x10? 2.41x107! 7.10x10!
Freshwater eutrophication kg Peq 4.40x107 1.64x10? 6.12x1072
Marine eutrophication kg N eq 1.34x1073 1.45%1073 4.66x10
Terrestrial ecotoxicity kg 1,4-DCB 4.63x10! 1.55%10? 5.93x102
Freshwater ecotoxicity kg 1,4-DCB 7.20E-01 2.76x10° 9.28x10°
Marine ecotoxicity kg 1,4-DCB 9.41E-01 3.57x10° 1.22x10!
Human carcinogenic toxicity kg 1,4-DCB 1.12x10° 1.33x10° 1.06x10!
Human non-carcinogenic ke 1,4-DCB 1.62x10! 4.46x10! 1.74x10?
toxicity
Land use m?a crop eq 1.96x107! 6.96x10! 3.39x10°
Mineral resource scarcity kg Cueq 5.81x1072 1.93x107! 7.33%10!
Fossil resource scarcity kg oil eq 5.64x10° 2.66x10! 1.18x10?
Water consumption m? 2.00x10! 6.75x10°! 2.30x10°
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Table S3.3 Impacts made by two calcination methods studied under different impact categories
for Cobalt.

Impact category Unit Metal oxic.le by Mets.ﬂ 0xide§ by.
oxalate calcination  hydroxide calcination
Global warming kg COz eq 9.47x10" 6.06x10!
Stratospheric ozone depletion kg CFCl11 eq 4.00x107 2.59%107
lonizing radiation kBq Co-60 eq 1.13x10! 7.30x10°
Ozone formation, Human ke NO, eq
health * 2.04x10"! 1.32x107!
e p?;?r%lgggenmatter kg PM2.5eq 2.07x10" 1.34x10"
Ozone formation, Terrestrial ke NO, eq 2.05%10"! 1.33x10°!
ecosystems
Terrestrial acidification kg SO, eq 3.24x10! 2.10%x10!
Freshwater eutrophication kg Peq 4.72x102 3.05%102
Marine eutrophication kg N eq 3.19x103 2.06x1073
Terrestrial ecotoxicity kg 1,4-DCB 1.50x10? 9.67x10!
Freshwater ecotoxicity kg 1,4-DCB 5.82x10° 3.76x10°
Marine ecotoxicity kg 1,4-DCB 7.35%10° 4.75%10°
Human carcinogenic toxicity kg 1,4-DCB 3.89x10° 2.51x10°
rlumen nt%iig%cmogemc kg 1.4-DCB 8.65x10! 5.59x10!
Land use m?a crop eq 1.36x10° 8.82x107!
Mineral resource scarcity kg Cu eq 9.27x10? 5.99x107
Fossil resource scarcity kg oil eq 2.34x10! 1.51x10!

Water consumption m? 7.01x107! 4.53x10"!
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Annexure 2
Comparative Environmental and Economic Assessment of Emerging Hydrometallurgical

Recycling Technologies for Li-lon Battery Cathodes.

This document contains the inventories of standard scenario, improved scenario and the inventory

of the economic analysis used in Chapter 3.

Section 1. Inventory of the standard scenario.



Simapro input/output

Unit

Inputs from technosphere
Sulfuric acid {RoW}| market for sulfuric acid | Cut-off, U
Hydrogen peroxide, without water, in 50% solution state {RoW}| market for

Electricity, low voltage {GLO}| market group for | Cut-off, U

Emmisions to air
Oxygen

Outputs to technosphere
Leached metalions (Co2+, Ni2+, Mn2+)

Inputs from technosphere

Deep Eutectic Solvent (Oxalic acid & Choline Chloride)

Electricity, low voltage {GLO}| market group for | Cut-off, U

Outputs to technosphere
Leached metalions (Co2+, Ni2+, Mn2+)

Inputs from technosphere

Sulfuric acid {RoW}| market for sulfuric acid | Cut-off, U
Iron sulfate {RoW}| market for iron sulfate | Cut-off, U
Electrolyte, KOH, LiOH additive {GLO}| market for | Cut-off, U
Steel, chromium steel 18/8 {GLO}| market for | Cut-off, U
Electrode, negative, Ni {GLO}| market for | Cut-off, U
Electricity, low voltage {GLO}| market group for | Cut-off, U
Emmisions to water

Potassium compounds, unspecified

Outputs to technosphere

Scrap steel{GLO}| market for | Cut-off, U

Leached metalions (Co2+, Ni2+, Mn2+)

Inputs from technosphere

Sulfuric acid {RoW}| market for sulfuric acid | Cut-off, U

Hydrogen peroxide, without water, in 50% solution state {RoW}| market for
Carbon dioxide, liquid {RoW}| market for | Cut-off, U

Sodium hydroxide, without water, in 50% solution state {GLO}| market for |
Water, deionised {RoW}| market for water, deionised | Cut-off, U

Electricity, low voltage {GLO}| market group for | Cut-off, U

Emmisions to water

Wastewater

Sodium compounds, unspecified
Outputs to technosphere

Leached metalions (Co2+, Ni2+, Mn2+)

Material per 1 g of NMC cathode
treatment

3.68+1.67
1.43+1.91

0.0024

0.59

15.5+4.58

0.57

0.767+0.01
0.00112+0.001
2.5+0.01
0.118+0.01
0.0225+0.01

25

0.14
0.566

2.085+2.60
0.599+0.51
3.706+1.55
6.488+2.50
0.1622+0.06

0.163
8.595

0.445

Energy per1g of NMC

Remarks
cathode treatment

Data source

Wh
nventional leachin,

Guimareus (2022), Vieceli et al

(2023), Chen et al (2018)

24.5£0.01 1.4 KWh heating coil, 10 min preheat, 30% working
o capacity through out the reaction time (110 min.).

Stoichiometry

Stoichiometry

DES based leaching

50% recycling assumed, authors reported 80%-100%
recycling.

1.4 KWh heating coil, 10 min preheat, 30% working
capacity through out the reaction time (110 min.).

Changet al (2022), He et al
(2022), Tang et al (2022), Naik et

288.6+64.7 al(2023)

Stoichiometry

EC based leaching

Strauss et al (2021), Diaz et al
(2020) Electrode use for 20 times is assumed
Electrode use for 20 times is assumed

0.00333+0.001
mass balance

mass balance Electrode use for 20 times is assumed
Stoichiometry

SCF based leaching

Bertuol (2016), Zhang et al (2022)

4.6 W ,C0O2 dosing pump work for 5 min. & 1KW reactor
for 10 min pre-heat and 30% working potential for 5
min.

0.0478+0.008

Stoichiometry
Stoichiometry

Stoichiometry

LCA process

Eco-invent
Eco-invent

Eco-invent

Eco-invent

Dummy variable

Zaib et al (2022), Vahidi & Zhao (2017)

Eco-invent

Dummy variable

Eco-invent
Eco-invent
Eco-invent
Eco-invent
Eco-invent
Eco-invent

Eco-invent
Eco-invent

Dummy variable

Eco-invent
Eco-invent
Eco-invent
Eco-invent
Eco-invent

Eco-invent

Eco-invent

Eco-invent

Dummy variable
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Inputs from technosphere

Dimethyl sulfoxide {GLO}| market for | Cut-off, U

Water, deionised {RoW}| market for water, deionised | Cut-off, U
Sodium hydroxide, without water, in 50% solution state {GLO}| market for

Electricity, low voltage {GLO}| market group for | Cut-off, U

Emmisions to air

Oxygen

Outputs to technosphere

Spent solvent mixture {GLO}| market for | Cut-off, U
NiC204

CoC204

MnC204

Inputs from technosphere

Anionic resin {RoW}| market for anionic resin | Cut-off, U

Sulfuric acid {RoW}| market for sulfuric acid | Cut-off, U

Water, deionised {RoW}| market for water, deionised | Cut-off, U
Sodium hydroxide, without water, in 50% solution state {GLO}| market for
Ammonium hydroxide

Ammonium acetate

Electricity, low voltage {GLO}| market group for | Cut-off, U

Emmisions to water
Waste water
Outputs to technosphere

Spent anion exchange resin from potable water production {RoW}| treatme

Hazardous waste, for incineration {RoW}| treatment of hazardous waste, b
Ni(OH)2

Co(OH)2

Mn(OH)2

Inputs from technosphere
Hydrochloric acid, without water, in 30% solution state {RoW}| market for

Solvent, organic {GLO}| market for | Cut-off, U

Sodium hydroxide, without water, in 50% solution state {GLO}| market for
Water, deionised {RoW}| market for water, deionised | Cut-off, U
Electricity, low voltage {GLO}| market group for | Cut-off, U

Emmisions to water

Waste water

Outputs to technosphere

Spent solvent mixture {GLO}| market for | Cut-off, U

Hazardous waste, for incineration {RoW}| treatment of hazardous waste,
Ni(OH)2

Co(OH)2

Mn(OH)2

Precicpitation (Oxalate) based purification for DES leaching

13.357+0.01
7.285+0.01
0.003+0.001

0.027

35.257
0.493
0.4252
0.47

Eco-invent
Eco-invent
Eco-invent
150 W centrifuge machine for 5 min., 200 W filter pump Eco-invent

Chang et al (2022), He et al
(2022), Tang et al (2022)

0.0128+0.01 . . .
for approx. 10 min filtration (2 times)
Stoichiometry Eco-invent
Stoichiometry 50% recycling assumed through the authors mentioned Eco-invent
Stoichiometry Dummy variable
Stoichiometry Dummy variable
Stoichiometry Dummy variable

Adsorbent material (ion-exchange resin) based purification

2.242+0.02

0.276+0.07
7.500+0.01
0.00065+0.0001
0.075+0.03
0.075+0.01

7.926

0.00922

1.006
0.305
0.305
0.292

13.14+0.58
46.479+11.54

1.800+0.01
187.5+0.01

189.665

46.479

12.78

0.28
0.274
0.257

Assumed 8 years shelf life.
(https://www.lenntech.com/Data-sheets/Dowex-M-  Eco-invent

4195-L.pdf)
Eco-invent
Eco-invent
Strauss et al (2021), Zhang et al Eco-invent
(2023) Eco-invent
Eco-invent
Circulating pumps, 65 W, working with minimum flow .
0.0185+0.01 rate 0A25rig1l?lmir? 30% working piwer, time 12 hours Eco-invent
Stoichiometry Eco-invent
Assumed 8 years shelf life.
mass balance (https://www.lenntech.com/Data-sheets/Dowex-M-  Eco-invent
4195-L.pdf)
mass balance
Stoichiometry Dummy variable
Stoichiometry Dummy variable
Stoichiometry Dummy variable
Solvent extraction based purification
Eco-invent
50% recycling is used, though authors reported more Eco-invent
Xuan et al (2022), Wang et al than that
(2020), Omelchuk et al (2017) Eco-invent
Eco-invent
2.00+0.4 Eco-invent
Stoichiometry Eco-invent
mass balance 50% recycling is used, though authors reported more Eco-invent
than that
mass balance Eco-invent
Stoichiometry Dummy variable
Stoichiometry Dummy variable
Stoichiometry Dummy variable
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Inputs from technosphere
Air

Electricity, low voltage {GLO}| market group for | Cut-off, U

Emmisions to air

Water

Outputs to technosphere
CoO

NiO

MnO

Inputs from technosphere
Air

Electricity, low voltage {GLO}| market group for | Cut-off, U

Emmisions to air

Carbon dioxide

Carbon monoxide

Water

Outputs to technosphere
CoO

NiO

MnO

0.0574

0.5903

0.864
0.806
0.797

0.112

1.515
0.191
0.202

0.546
0.509
0.496

Metal hydroxide precicpitate calcination

Stoichiometry

0.591+0.42
Stoichiometry
Stoichiometry
Stoichiometry
Stoichiometry
M o R
Stoichiometry
0.573+0.05

Stoichiometry
Stoichiometry
Stoichiometry

Stoichiometry
Stoichiometry
Stoichiometry

Lietal(2017), Eilers-Rethwisch et al (2018), Zhang et al Eco-invent
Calcination of metal residue, pre-sintering at 490 C for
2 hours, sintering 870 C with 1.8 kW, 40 min pre heat,
30% working capacity for 30 hours. Li etal (2017),  Eco-invent
Eilers-Rethwisch et al (2018), Zhang et al (2018), Xu et
al (2018)

Li et al (2017), Eilers-Rethwisch et al (2018), Zhang et al Eco-invent

Dummy variable
Dummy variable
Dummy variable

Yang et al (2014), Zhu et al (2019), Yao et al (2019), Wu (Eco-invent
Calcination of Co residue pre-sintering at 500 C for 2
hours and Sintering at 850 C for 29 hours with 1.8 kWh, Eco-invent
40 min pre heat, 30% working capacity

Eco-invent
Yang et al (2014), Zhu et al (2019), Yao et al (2019), Wu oo Ve
Eco-invent
etal (2021) .
Eco-invent

Dummy variable
Dummy variable
Dummy variable
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Section 2: Inventory of the improved scenario.

Simapro input/output

Unit

Inputs from technosphere

Sulfuric acid {RoW}| market for sulfuric acid | Cut-off, U

Hydrogen peroxide, without water, in 50% solution state {RoW}| market for
Electricity, low voltage {CH}| market for | Cut-off, S

Emmisions to air

Material per 1g of NMC cathode  Energy per 1g of NMC

treatment cathode treatment
g Wh
Conventional leaching
3.68
0.715 Decreased the reducing agent by 50%

24.5 Energy mix

Oxygen 0.0024
Outputs to technosphere
Leached metalions (Co2+, Ni2+, Mn2+) 0.59

DES based leaching
Inputs from technosphere
Deep Eutectic Solvent (Oxalic acid & Choline Chloride) 6.2 80% recycling
Electricity, low voltage {CH}| market for | Cut-off, S 288.6 Energy mix
Outputs to technosphere
Leached metalions (Co2+, Ni2+, Mn2+) 0.57

E leachin,

Inputs from technosphere
Sulfuric acid {RoW}| market for sulfuric acid | Cut-off, U 0.767
Iron sulfate {RoW}| market for iron sulfate | Cut-off, U 0.00112
Electrolyte, KOH, LiOH additive {GLO}| market for | Cut-off, U 2.5
Steel, chromium steel 18/8 {GLO}| market for | Cut-off, U 0.0472 Electrode use for 50 times is assumed
Electrode, negative, Ni{GLO}| market for | Cut-off, U 0.009 Electrode use for 50 times is assumed
Electricity, low voltage {CH}| market for | Cut-off, S 0,00333 Energy mix
Emmisions to water
Potassium compounds, unspecified 2.5
Outputs to technosphere
Scrap steel{GLO}| market for | Cut-off, U 0.056 Electrode use for 50 times is assumed
Leached metalions (Co2+, Ni2+, Mn2+) 0.566

SCF based leaching
Inputs from technosphere
Sulfuric acid {RoW}| market for sulfuric acid | Cut-off, U 2
Hydrogen peroxide, without water, in 50% solution state {RoW}| market for 0.599
Carbon dioxide, liquid {RoW}| market for | Cut-off, U 0.741 Recyling of 80% of CO2 assumed
Sodium hydroxide, without water, in 50% solution state {GLO}| market for | 1.298 80% of reduction due to higher CO2 recirculation
Water, deionised {RoW}| market for water, deionised | Cut-off, U 0.1622
Electricity, low voltage {CH}| market for | Cut-off, S 0.0478 Energy mix
Emmisions to water
Wastewater 0.163
Sodium compounds, unspecified 1.719 80% of reduction due to higher CO2 recirculation
Outputs to technosphere
Leached metalions (Co2+, Ni2+, Mn2+) 0.445

Precicpitation (Oxalatt rification for DES leachin,

Inputs from technosphere
Dimethyl sulfoxide {GLO}| market for | Cut-off, U 9.350 30% reduction of consumption
Water, deionised {RoW}| market for water, deionised | Cut-off, U 7.285
Sodium hydroxide, without water, in 50% solution state {GLO}| market for | 0.003
Electricity, low voltage {CH}| market for | Cut-off, S 0.013 Energy mix
Emmisions to air
Oxygen 0.027
Outputs to technosphere
Spent solvent mixture {GLO}| market for | Cut-off, U 14.102 80% recycling
NiC204 0.493
CoC204 0.4252
MnC204 0.47



Adsorbent material (ion-exchange resin) based purification

Inputs from technosphere

Anionic resin {RoW}| market for anionic resin | Cut-off, U 1.794
Sulfuric acid {RoW}| market for sulfuric acid | Cut-off, U 0.276
Water, deionised {RoW}| market for water, deionised | Cut-off, U 7.5
Sodium hydroxide, without water, in 50% solution state {GLO}| market for | 0.00065
Ammonium hydroxide 0.075
Ammonium acetate 0.075

Electricity, low voltage {CH}| market for | Cut-off, S
Emmisions to water

Waste water 7.926
Outputs to technosphere

Spent anion exchange resin from potable water production {RoW}| treatme 0.00738
Hazardous waste, for incineration {RoW}| treatment of hazardous waste, k 0.905
Ni(OH)2 0.305
Co(OH)2 0.305
Mn(OH)2 0.292

Solvent extraction based purification

Inputs from technosphere

Hydrochloric acid, without water, in 30% solution state {RoW}| market for 13.14
Solvent, organic {GLO}| market for | Cut-off, U 18.59
Sodium hydroxide, without water, in 50% solution state {GLO}| market for | 1.8
Water, deionised {RoW}| market for water, deionised | Cut-off, U 187.5

Electricity, low voltage {CH}| market for | Cut-off, S
Emmisions to water

Waste water 189.665
Outputs to technosphere

Spent solvent mixture {GLO}| market for | Cut-off, U 18.59
Hazardous waste, for incineration {RoW}| treatment of hazardous waste, k 11.502
Ni(OH)2 0.28
Co(OH)2 0.274
Mn(OH)2 0.257

Metal hydroxide precicpitate calcination

Inputs from technosphere

Air 0.0574
Electricity, low voltage {CH}| market for | Cut-off, S

Emmisions to air

Water 0.5903
Outputs to technosphere

CoO 0.864
NiO 0.806
MnO 0.797

Metal oxalate precicpitate calcination

Inputs from technosphere

Air 0.112
Electricity, low voltage {CH}| market for | Cut-off, S

Emmisions to air

Carbon dioxide 1.515
Carbon monoxide 0.191
Water 0.202
Outputs to technosphere

CoO 0.546
NiO 0.509

MnO 0.496

230

Shelf life of 10 years assumed

0.0195 Energy mix
Shelf life of 10 years assumed

10% reduction via treatment

80% recycling

2 Energy mix

80% recycling
10% reduction via treatment

0.591 Energy mix

0.573 Energy mix
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Section 3: Inventory of economic analysis.

Data source for Electricity prices (world average) ect cesvs-co2-intensities/
Data source for chemical prices. hitps://wwn. alloaba, com!
Harzardous waste disposal prices. 1 nesses!
Diwater prices (industrial) hitps Water.5/2622.htm
Hydrochloric acid prices (industrial) hitps: a
Hydrogen peroxide (industrial) ttps://uny Food-Grade: Hyd 310t
Sulfuric acid prices (industrial) hittps://ww.chemuorld.c SF-apy 66 htm
Scrap metal disposaU/recycling prices hitps://doi.org/10.1016/Lclepr0.2022.133130
Constituent M) (s/M)) (M) hgof ($)per1 necost(§) Variance  Remarks
Route
Deep Eutectic Solvent (Oxalic acid & Gholine Chioride) 6.20 1238 1063 7673 65.88 7130 313 981 price of DES
Dimethylsulfoxide (GLO}| market for | Cut-off, S 9.35 6.25 4375 432.04 409.06 42075 675 4553
Electricity, lowvoltage (CH}| market for | Cut-off, S 1995.42 0.5 o1 304.30 21451 259.41 %92 67191
3 O} market for | Cut- 0.00 108 0.90 0.00 0.00 0.00 0.00 0.00
Spent solvent mixture (GLO}| market for | Cut-off, S 1410 -39.38 4163 555,27 -567.00 57113 916 83.90 Price of the DMSO was taken with 10% reduction
Water, deionised (RoW) | market for water, delonised | Gut-off, S 853 131 123 1120 10.48 1084 021
19116 28.48
Route 2
Ammonium acetate 0.08 48.13 4688 361 352 356 0.03 0.00
Ammonium hydroxide: 0.08 025 025 0.02 0.02 0.02 0.00 0.00
Anionic resin {(RoW}| market for anionic resin | Cut-off, S 179 117 109 200 196 203 0.04 0.00
Electricity, lowvoltage (CH}| market for | Cut-off, S 639.00 0.5 011 97.45 68.69 83.07 830 68.90
Electrode, negative, Ni {GLO}| market for | Cut-off, § 0.01 5188 33.13 0.47 030 038 0.05 0.00
Electrolyte, KOH, LIOH additive (GLO}| market for | Cut-off, 250 136 135 339 338 339 0.00 0.00
,for treatment of , hazarc 091 177 153 160 139 149 0.06 0.00
Iron sulfate (RoW)| market for iron sulfate | Cut-off, S 0.00 0.07 0.07 0.00 0.00 0.00 0.00 0.00
Scrap steel{(GLO}| market for | Cut-off, S 0.06 107 107 0.06 0.06 0.06 0.00 0.00
O} market for | Cut- 0.00 108 090 0.00 0.00 0.00 0.00 0.00
Spent treatment of, 0.01 403 3.49 0.03 003 0.03 0.00 0.00
Steel, chromium steel 18/8{GLO}| market for | Cut-off, S 0.05 2420 2080 114 098 0.08 061 0.38
Sulfuric acid {RoW)| market forsulfuric acid | Gut-off, S 104 021 020 021 021 021 0.00 0.00
Water, deionised (RoW) | market for water, deionised | Cut-off, S 7.58 131 123 994 930 962 0.8 0.03
103.94 833
Route 3:
Electricity, lowvoltage (CH}| market for | Cut-off, S 607.33 0.15 o1 9262 65.29 78.95 7.89 6224
Electrode, negative, Ni {GLO}| market for | Cut-off, § 0.01 5188 33.13 0.47 030 038 0.05 0.00
Electrolyte, KOH, LIOH additive {GLO)| market for | Cut-off, § 250 136 135 339 338 3.39 0.00 0.00
,for tr , hazarc 11.98 177 153 2118 1836 1977 0.81 066
Hydrochloric acid, without water, in 30% solution state (RoW} | market for | Cut- 13.69 o011 0.0 145 083 104 024 0.08
Iron sulfate (Row)| market for ron sulfate | Cut-off, S 0.00 0.07 0.07 0.00 0.00 0.00 0.00 0.00
Scrap steel (GLO}| market or | Cut-off, S 0.08 107 107 0.06 0.06 0.06 0.00 0.00
3 O} market for | Cut- 187 1.08 050 202 169 186 0.09
Solvent, organic {GLO}| market for | Cut-off, S 1936 663 438 12828 8472 106.50 1258 158.18 D2EHPA price
Spent solvent mixture {GLO}| market for | Cut-off, S 1936 394 596 7624 -115.46 -95.85 1132 12813 Price of D2EHPAWith 10% reduction
Steel, chromium steel 18/8{GLO}| market for | Cut-off, S 0.05 2420 2080 114 098 0.08 061
Sulfuric acid {RoW)| market for sulfuric acid | Gut-off, S 077 021 020 0.16 016 0.16 0.00 0.00
Water, deionised (RoW) | market for water, deionised | Cut-off, S 195.30 131 123 256,24 239.83 248,08 478 2243
364.37 1929
Route 4:
Carbon dioxide, liquid {RoW} | market for | Cut-off, S 074 1779 127 13.18 835 1077 139 194
Electricity, lowvoltage (CH}| market for | Cut-off, S 520.07 0.5 o1 79.92 56.34 68.13 681 4635
,for treatment , hazarc 9.40 177 153 1661 14.40 1551 064 041
Hydrochloric acid, without water, in 30% solution state (RoW} | market for | Cut- 1074 011 005 114 049 0.82 0.19 0.03
without market for hydrc 0.60 322 3.00 193 180 186 0.04 0.00
O} market for | Cut- 277 108 050 298 250 274 0.4 0.02
Solvent, organic {GLO}| market for | Cut-off, S 1519 663 438 10062 66.45 8353 986 97.31
Spent solvent mixture {GLO}| market for | Cut-off, S 1519 394 596 -59.80 -90.56 7518 888 78.82
Sulfurc acid {RoW)| market for sulfuric acid | Cut-off, S 209 021 020 0.43 042 0.42 0.00 0.00
Water, defonised (RoW) | market for water, defonised | Cut-off, S 153.35 131 123 201.19 188.31 194.75 372 1383
30335 15.45
Ammonium acetate 0.06 48.13 4688 283 276 279 0.02 0.00
Ammonium hydroxide 0.0 025 025 0.01 001 0.01 0.00 0.00
Anionic resin {RoW} | market for anionic resin | Cut-off, S 141 117 109 164 154 159 0.03 0.00
Carbon dioxide, liquid {RoW} | market for | Cut-off, S 074 1779 127 13.18 835 1077 139 194
Electricity, lowvoltage (CH}| market for | Cut-off, S 549.00 0.15 o1 872 50.02 7137 7.13 50.86
. for treatment , hazarc o7 177 153 125 109 117 0.05 0.00
without market for hydrc 060 322 3.00 193 180 186 0.04 0.00
0} market for | Cut- 130 108 0.90 1.40 117 129 0.07 0.00
Spent treatment of, 0.01 403 349 0.02 0.02 0.02 0.00 0.00
Sulfuric acid {RoW)| market for sulfuric acid | Gut-off, S 230 021 020 0.47 047 0.47 0.00 0.00
Water, deionised (RoW) | market for water, deionised | Cut-off, S 610 131 123 8.01 7.50 775 0.5 0.02
.10 727
Route 6:
Water, deionised (RoW) | market for water, delonised | Cut-off, S 7.89 131 123 1035 969 10.02 0.9 0.04
Sulfuric acid {RoW)| market forsulfuric acid | Cut-off, S 397 021 020 0.82 0.80 0.1 0.00 0.00
Anlonic resin {RoW} | market for anionic resin | Cut-off, S 187 117 109 218 204 211 0.04 0.00
Ammonium acetate 0.08 48.13 4688 376 366 a7 0.03 0.00
Ammonium hydroxide 0.08 0.25 025 002 0.02 002 0.00 0.00
without market for hydrc 072 322 3.00 230 215 222 0.04 0.00
spent. treatment of, 0.01 403 349 0.03 003 0.03 0.00 0.00
3 O} market for | Cut- 0.00 108 090 0.00 0.00 0.00 0.00 0.00
,for treatment of , hazarc 054 177 153 167 144 156 0.06 0.00
Electricity, lowvoltage (CH}| market for | Cut-off, S 754.00 0.5 o1 11499 81.06 98.02 979 95.94
118.50 280
Route
Electricity, lowvoltage (CH}| market for | Cut-off, S 72083 0.5 011 109.93 77.49 9371 936 87.68
,for treatment of , hazarc 1248 177 153 2206 1913 2059 085 072
Hydrochloric acid, without water, in 30% solution state (RoW} | market for | Cut- 14.26 011 0.05 151 066 108 025 0.08
without market for hydrc 072 322 3.00 230 215 222 0.04 0.00
O} market for | Cut- 195 108 090 210 176 193 0.10 001
Solvent, organic (GLO}| market for | Cut-off, S 2017 663 438 133,63 88.25 11094 1810 17164
Spent solvent mixture {GLO}| market for | Cut-off, S 2017 394 596 79.42 12027 9984 179 13908
Sulfurc acid {RoW)| market forsulfuric acid | Gut-off, S 368 021 020 076 074 075 0.00 0.00
Water, deionised (RoW) | market for water, deionised | Cut-off, S 203.44 131 123 266.92 249.83 258.37 493 2434
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Comparative Analysis of Facile and Novel Graphite Recovery Methods from Spent Li-Ion

Batteries: Environmental and Economic Implications.

This document contains figures and tables generated by the SimaPro software for various analysis

done by the authors for easy understanding of the life cycle analysis of Chapter 4. Specifically,

damages under the hotspot analysis are given here with actual values instead of the percentages

shown in the original chapter. The percentage values are calculated based on these figures. Also,

comparison between different leaching agents with corresponding conditions that can be utilized

for the copper dissolving are shown here.

Table S4.1 Damage assessment of cold process by each component.

: . . Spent

Damage category Unit Total Electricity coppper
Acidification mol H* eq -2.90x10%3 9.23x10%  -2.99x10%
Climate change kg COz eq -1.17x10*° 2.20x10°%%  -1.19x10%%°
Ecotoxicity, freshwater CTUe -5.43x10*%° 6.83x10%?  -5.50x10*%
Particulate matter disease inc. -2.18x10 4.55x10°  -2.23x108
Eutrophication, marine kg N eq -6.41x10% 1.38x10% -6.55x107%
Eutrophication, terrestrial mol N eq -7.01x10% 1.50x10% -7.16x10
Human toxicity, cancer CTUh -3.75x10 5.65x101!  -3,75x10°8
Human toxicity, nhon-cancer CTUh -2.30x10% 2.73x10°  -2.30x107°°

Photochemical ozone formation kg NMVOC

eq -2.20x103 6.43x10% -2.26x10
Resource use, fossils MJ -6.73x10%0° 3.52x10°%  -7.08x10+00
Resource use, minerals and metals kg Sb eq -3.72x10%7 2.74x10 -6.46x107
Water use m? depriv. -2.40x1072 1.59x102 -3.99x10




Table S4.2 Damage assessment of hot process by each component.
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Damage Unit Total Hot CaO Wat?r' Electricity Scrap
category process deionized copper
Acidification Z;O'H 9.06x10°  0.00x10*° 9.10x10%  4.30x10% 8.95x10°®  -8.46x10
Climate change Z'z €02 ) 9710  0.00x10"° 1.74x10°  4.05x10% 2.13x10°° -3.38x10°1
Ecotoxicity, CTUe 3.61x10°2  3.55x10*2 856x10°! 5.10x10°" 6.63x10"° -1.56x10%%

freshwater
Particulate disease 5 cox10%  0.00x10°° 1.87x10%°  3.40x10%0 4.41x10%  -6.31x10°
matter inc.
:‘:::‘Zh'catw“’ keNea | 1hi10%  0.00x10°° 2.70x10%  3.36x10% 1.34x10%  -1.85x10°%
Eutrophication, mol N 02 +00 03 05 0 03
; 1.52x10°?  0.00x10°® 2.68x10°® 3.35x10% 1.46x10°? -2.03x10
terrestrial eq
Human CTUR 4 42x10%  0.00x10°® 6.98x10%° 2.96x107M1 5.48x10%°  -1.06x10°
toxicity, cancer
Human CTUh
toxicity, non- 7.40x10%  6.97x10% 1.27x10%® 591x10 2.65x10%®  -6.51x10"
cancer
Ozone kg
depletion CFC11  2.56x10%  0.00x10°° 1.74x10%° 1.52x10%° 4.90x10%  -2.66x103
eq
Photochemical kg
ozone NMVOC  6.40x10%  0.00x10*® 7.90x10% 1.32x10°%° 6.24x10%  -6.40x10°%
formation eq
f:si‘i’l‘;rce use, M 3.42x10°1  0.00x10"® 2.00x10*®  5.25x10°2 3.41x10"! -2.01x10%%
Resource use, kg Sb
minerals and eq 2.69x10°%  0.00x10%%° 4.02x10%7 5.43x10% 2.66x10°%  -1.83x10%
metals
3
Water use m 1.71x10°°  -4.27x10%  1.67x10%"  4.42x10° 1.54x10*°  -1.13x10°2

depriv.




Table S4.3 Damage assessment of wet process by each component
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Damage category Unit Total Wet Nitric acid Hydrochlori Water, Electricity Spent Leached
process c acid deionized solution Copper

Acidification mol H* 2.15x10°%? 1.54x10? 2.55x10% 2.29x10%  4.13x10% 5.92x10% 5.41x10% 5.04x107°
eq

Climate change kg CO; eq 1.84x10"°  0.00x10%%° 2.92x10%! 3.18x10°%  3.89x10% 1.41x10°* 1.07x10*° 7.46x10°3

Ecotoxicity, CTUe 1.48x10%%! 6.48x10% 6.96x10! 4.41x10*°  4.89x10°' 4.39x10°' 8.22x10*° 5.36x10°

freshwater

Particulate matter disease 4.22x10°7  3.80x107% 1.28x107°® 1.63x10%  3.26x10° 2.92x10%  8.70x10%  7.35x10%°
inc.

Eutrophication, kg N eq 9.32x10%%  9.24x10% 2.05x10% 2.65x10%  3.22x10% 8.84x10% 2.23x10%  1.88x10%

marine

Eutrophication, mol N eq 3.68x10 3.51x10°%  1.04x10°2 2.63x10%  3.21x10% 9.64x10%  1.88x10% 1.94x10*

terrestrial

Human toxicity, CTUh 4.40x10%°  0.00x10*® 7.27x10?° 2.53x10%°  2.84x10'! 3.63x10° 7.03x10?%° 4.65x10!

cancer

Human toxicity, CTUh 3.33x10%  2.36x10% 2.04x10%° 4.88x10%° 5.67x10 1.75x10%° 8.88x1071° 7.04x10!

non-cancer

Ozone depletion kg CFC11 6.43x10%  0.00x10*° 6.18x10%° 5.01x10%  1.46x10%°  3.24x10%  322x10% 1.17x10%°
eq

Photochemical kg 2.40x10°%  2.37x10°% 6.91x10% 9.83x10%  1.27x10%  4.13x1004  578x1004 g 11x1005

ozone formation NMVOC
eq

Resource use, fossils M) 1.30x10*%*  0.00x10%%°  3.54x10*° 5.39x10'°  5.04x10%? 2.26x10"° 1.62x10*®° 1.03x10™™

0 0

Resource use, kg Sb eq 1.07x10%  0.00x10*®° 2.86x10° 5.51x10%  5.21x10% 1.76x10%  4.60x10% 2.12E%

minerals and metals

Water use m3 4.76x10°1  -4.10x10°' 1.27x10™ 2.00x10°%  4.25x10° 1.02x10°  3.10x10°* 5.66x10*

depriv.
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100

Damage in percentage (%)

mAquaregia M H,SO4(H,Ox+heat) mHCI(H.O0x+heat) = HNO,

Figure S4.1 Comparison of different acid reagents with corresponding conditions for the utilization of

graphite leaching.
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Annexure 4
Recycling Lithium-Ion Battery Graphite: Synthesis of Adsorbent Materials for Highly Efficient

Removal of Dye and Metal Ions from Wastewater.

This document presents the kinetic and isotherm graphs used for the investigation carried out in
Chapter 5. We used Liquid film diffusion (LFD), Elovich, Weber-Morris intra-particle diffusion
(IPD) and frequently used Pseudo-first order (PFO) and second order (PSO) kinetic models for the
evaluation of the adsorption processes. Moreover, as the isotherm models, Langmuir (LI),

Freundlich (FI), Temkin (TT), Halsey (HI) and Harkins-Jura (HJI) isotherms were utilized.

Other than that, comparison of maximum adsorption values received for the current study with

existing literature values were carried out and demonstrated in this document.
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Figure S5.1 Adsorption kinetics plots for dye adsorptions (a) Pseudo First order model (b) Pseudo second
order model (c) Elovich model (d)Liquid Film diffusion model (¢) Weber-Morris intra-particle diffusion

model.
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Figure S5.2 Adsorption isotherm plots for dye adsorptions (a) Langmuir model (b) Freundlich model (c)
Temkin model (d) Halsey model (e) Harkins-Jura model
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Table S5.1: Comparison of recent maximum adsorption values obtained for similar adsorbent
materials with dye waste.

Maximum
Adsorbent Experimental condition adsorption Dye Ref.
capacity (mg/g)
Graphene pH=5, T=19.85 °C, 0.5 g/L dose for 855 153.85 MB [72]
(Commercial) min. ‘
H=5, T=25°C, 0.5 g/L d for 300
GrO (Commercial) rfﬂn g/L dose for 243.90 MB (73]
H=5.4,T=25°C,0.5 g/L d for 420
GO (Commercial) rfﬂn g/L dose for 144.92 MB [74]
H=10,T=30°C,5.0 g/Ld for 5
GO from LIBs rfﬂn g/L dose for Up to 1000 MB [75]
H=5.5,T=25°C, 0.2 g/L for 1
GrO from LIBs rI:lin 5:5,T=25°C, 0.2 g/L dose for 10 557.59 MB Current study
GO from LIBs ;)lli-ln:S.S, T=25°C, 0.2 g/L dose for 10 558.49 MB Current study
Reduced Gro pH=6, T=30 °C, 1 g/L dose for 3 hrs. 279.85 MG [76]
ZnCl2 treated
H&T ilable, Ld fi
pyrolyzed mesoporous }?rs & T unavailable, 5 g/L dose for 3 90.1 MG [77]
biochar '
Exfoliated Graphite Iz'i"nz 6,T=26.85°C, 1 g/L dose for 10 1923 MG [78]
GrO from LIBs Ifll:nzs'S' T=25°C, 0.2 g/L dose for 10 554.50 MG Current study
H=5.5,T=25°C, 0.2 g/L for 1
GO from LIBs PH=5.5,T=25°C, 0.2 g/L dose for 10 616.99 MG Current study

min.
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Figure S5.3 Adsorption kinetics plots for metal ion adsorptions (a) Pseudo First order model (b) Pseudo
second order model (c¢) Elovich model (d)Liquid Film diffusion model (e¢) Weber-Morris intra-particle
diffusion model



241

A 4.8 1 (b) ® GO+Cd**
=P 5 ® GO+Ni2*
3 L% - 4.6 4 A GO+Zn**
- v Gro+Cd*
s 4.4 4 ¢ Gro+Ni#*
v < Gro+zn*
4.2 ]
* *
g &£ 4.0 et
Uw = feniace
3.8 Gie A
-Yom.” -
. e
= GO+Cd* 3.6 ¢ A
e GO+Ni? 3
A GO+zZn* 3.4 o
v Gro+Cd?* *Yew .
+  Gro+Ni®* 3.2 : b
< Gro+Zn*
0 0 T T T T T 30 T T T T T T T T
10 20 30 40 50 00 05 10 15 20 25 30 35 40
C, (mg/L) InC,
(€ | = corce 48 (d) GO+Ca?* i
® GO+Ni** GO+Ni?* "
A GO+zZn* 46 o
v GrO+Cd?* ¥
100 * Gro+Ni#* 444
< GrO+Zn**
4.2 y
~ 80+ 2
g w4 i
=4 ) 04 e S
E i c A,
o ., % = 2 e ®
T g0 3.8 et
e 36 A
S Vem . s
40 - Seha P Sl
g3 ANPCI sad <
P o v
® m g . 3 ..! 45
% iR 3.2 ’ b
20 . :
T T T T T T T 3‘0 T T T T T T T T
0.0 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
In Ce In Ce
18(€ —————
( ) A = GO+Cd?*
) ® GO+Ni*
> A GO+zZn*
o v Gro+Cd?
. ¢ Gro+N®
12 «v . < Gro+zZn**
Tg 10 ..
X A
N2 g "
= S
. s WS
| R
4 4
24
0 o
00 02 04 06 08 10 12 14 16
logC,

Figure S5.4 Adsorption isotherm plots for metal ion adsorptions (a) Langmuir model (b) Freundlich
model (¢) Temkin model (d) Halsey model (¢) Harkins-Jura model



242

Table S5.2 Comparison of maximum adsorption values for considered metal ion adsorption
process through Freundlich Isotherm reported in recent studies.

Maximum
Adsorbent Experimental condition adsorption Metal ion Ref.
capacity (mg/g)
o 76.3 Cdz
Activated Carbon IEI;]_S'S' T=25°C, 0.025 g/L dose for 60 455 Zn2+ [79]
) 32.6 Ni2+
Carbon Nano Tubes pH&T e?re Unavaialable, 0.01g/L dose 945 cdz [80]
for 60 min.
Chemically modified 29.04 Niz+
GrO with waste news pH=4, T=25 °C, 0.04 g/L dose for 12 hrs. 31'35 cdz [81]
paper ’
BPED modified GrO pH=7, T=20 °C, 0.25 g/L dose for 24 hrs. 3.25 Niz+ [82]
- - pI.-I=7, T=25 °C, with 0.25 g/L dose for 25 63.7 Inz+
Magnetized GrO with  min. [83]
iron particles . 51.02 Niz*
pH=8, T=25 °C, 0.25 g/L dose for 25 min.
83.99 Cdz+
GroO from LIBs pH=5.5, T=25 °C, 1 g/L dose for 24 hrs. 89.85 Niz* Current study
68.30 Zn%
88.03 Cdz+
GO from LIBs pH=5.5, T=25 °C, 1 g/L dose for 24 hrs. 93.19 Niz* Current study
78.29 Zn%




