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RC Reactor 

RSM Response surface methodology 

S/L Solid-to-liquid ratio (m/v) 

S/N Signal-to-noise ratio  

SD Standard deviation 

SEM Scanning electron microscope 

SX Solvent extraction 

T Temperature 

TK Tank 

WW Wash water 
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1. Introduction

Currently, battery recycling as a topic is garnering the interest of the public, industry, and ac-
ademia alike on a magnitude that is rarely seen, due to its power to bring different actors from 
a multitude of disciplines together, along with the funding necessary for the research.  This 
dissertation, with the help of the contributions presented in the research papers, aims to im-
prove the methodology and understanding through which recycling of hydrometallurgical bat-
teries and battery waste in general, is conducted. In the context of the thesis research that was 
performed, it aims to provide improved guidelines in order to avoid pitfalls and provides de-
tailed information that tempers some of the claims that might be presented in the scientific 
and technical literature. 

1.1 Background

In order to chart a course for our future actions, we need to be able to understand how we have 
arrived at the present moment. Like many scientific adventures, this begins with a footnote 
from history, describing how, over decades and centuries, small deeds have grown into meta-
phorical giants, upon whose shoulders entire modern societies rest.  

After an extraordinary night in 1881, the world would never be the same, as unbeknownst to 
most people in the world, the planet Earth had just witnessed the first installation of electric 
bulbs in the home of one Joseph Swan, the British inventor of the incandescent light bulb [1]. 
The complete transformation of society followed the invention of electricity as the streets were 
lit at night and powerful new factories and electrified automation were born. Moreover, the 
world and people’s way of life were shaped by the spread of numerous new inventions, such as 
the telegram and the electric bulb. One of these numerous inventions was preceded by the pi-
oneering scientific work of Alessandro Volta [2], who created the voltaic pile, an electrochem-
ical cell, which was a rudimentary battery that could be used to store and harness this new 
power of electricity on demand. Years later, in 1886, Carl Gassner invented the first commer-
cialized dry cell battery [3], a major triumph over the previous electrochemical batteries that 
all relied on having a liquid electrolyte (wet cell). Nevertheless, the technical limitations and 
limited applications of batteries of the 1880s were already clear, and it would take another 
hundred years until the dawn of electronics, the creation of rechargeable secondary batteries, 
and the rapid miniaturization of technology in the late 20th century would again change society 
in ways that humans could not have even begun to dream about on that night in 1881. Mastery 
of electricity would define the future of humankind in the way that the invention of fire defined 
the technological prowess of the hominids of Africa and Eurasia hundreds of thousands of 
years ago. 
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During the Second World War, the Axis powers utilized an encryption tool called Enigma. 
The encryption that this tool employed was eventually cracked and made obsolete, but the in-
tricate electromechanical engineering that was required in its creation, and all the preceding 
electromechanical inventions, had already heralded the times to come. During the war, in 
Bletchley Park, United Kingdom, Alan Turing, an English mathematician, code breaker and a 
great influencer in the creation of theoretical computer science—as the father of the Turing 
Machine—helped to crack Enigma, aiding the Allied war effort to victory [4]. As a side-product 
of the creation of horrific atomic weaponry, solvent extraction, a now common metals separa-
tion method, was established on industrial scale [5]. In the years following the war, under-
standing of materials science and material chemistry took huge leaps forward. Modern elec-
trochemical theories capable of better explaining corrosion were formed [6], and the rapidly 
improving understanding of the effect of the microstructure on material properties resulted in 
the creation of numerous inventions, from ultra-strong permanent magnets, solar panels, and 
viscoelastic materials to hundreds of different types of steel. The first transistor, invented in 
1947 [7], and subsequently the microprocessor, built in 1971 [8], were also created. Later, hu-
mans learned to grow huge unitary, ultrapure silicon crystals, the basis for our current micro-
chips. Consequently, computers that were huge in the first generation, started to rapidly shrink 
in size as the miniaturization of electronics from millimeter scale to nanometer scale took 
place. Ultimately, in 2020, nearly every person has in his or her pocket something akin to a 
Turing Machine, a smart phone, and presently these devices are almost unequivocally powered 
by rechargeable lithium ion battery cells. 

The very first lithium ion batteries (Li-ion batteries, LIB) were developed over the course of 
the 1970s, 1980s, and 1990s, work for which a Nobel prize in chemistry was awarded to Akira 
Yoshino, M. Stanley Whittingham, and John B. Goodenough in 2019 [9]. LIBs were commer-
cialized in the 1990s by Sony, and soon after proliferated for smart phones and laptops, and 
later, newer generations of lithium-ion batteries would find themselves in electric vehicles and 
even in stationary applications. Similarly, NiMH batteries have been developed over decades. 
In particular, the R&D has involved the investigation of various types of hydride forming metal 
alloys. This mischmetal-NiCoAlMn alloy was preceded by alloys containing e.g. Zr, Cr and Ti 
[10]. In 1980, Huibert J. H. van Deutekom invented the LaNi5 electrochemical cell [11]. The 
present day ‘AB5’ type anodes with multimetal alloys are a further development of the inven-
tion. Subsequently, in 1986, a rechargeable battery was patented that was described as func-
tioning due to the anode material being capable of absorbing hydrogen from an electrolyte as 
the battery was being charged [12]. In, 1993 the batteries were first tested in vehicles as a power 
source [13], and for a long time, have remained as a viable option for hybrid electic vehicles, 
only recently being overshadowed by Li-ion batteries in many applications due to less impres-
sive electrochemical properties. 

This rapid introduction of secondary rechargeable batteries has also created a new societal 
problem: they are full of valuable elements, but their metallurgical processing is unlike any 
other terrestrial mineral. These batteries contain highly ordered, man-made, designed atomic 
structures, and compounds that influence any subsequent chemical processing. These miner-
als are unlike anything the nature has produced without the help of humans, and therefore 
their chemical processing may encounter surprisingly different challenges from those of min-
erals dug straight from the Earth. Furthermore, spent batteries contain toxic volatile compo-
nents that exacerbate the challenge of their processing by imposing harsh, harmful conditions 
within the batteries, from which living things must be protected.  
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Current recycling processes have evolved around differing strategies on how to treat the ma-
terials. Such procedures are presently operated by businesses within the constraints of differ-
ent jurisdictions and recycling is often done for profit, not for holistic reasons. This is not the 
wrong approach per se, as it yields some results, albeit with certain characteristics. It is a dif-
ficult question: how should the recycling of materials be defined? What needs to be recycled, 
and at what price? Presently, there is no easy answer to this complex question, and many re-
cycling processes utilize a destructive pyrometallurgical approach [14]. This is possible due to 
the metal-rich nature of the current batteries: relatively huge quantities of Ni and Co can be 
found in both Li-ion and nickel-metal hydride (NiMH) batteries, and these elements are par-
ticularly suitable for pyrometallurgical processing, even within smelters that usually operate 
with primary raw materials. The resulting metal matte can then be treated hydrometallurgi-
cally to obtain pure metals. Then there is a pyro-free approach that involves any permutation 
or combination of traditional minerals processing methods: mechanical, hydrometallurgical, 
electrometallurgical, and mechanochemical, which some recycling operators have been brave 
enough to examine and implement in their pyro-free processes [14]. Interested readers are 
provided with several references to review articles that specifically discuss industrial recycling 
processes that utilize spent batteries [14]–[16]. In this thesis, however, the focus will be on the 
investigation of pyro-free processing of spent battery materials. 

The premise of this thesis recognizes that, regardless of the widespread use of batteries, bat-
tery recycling is still lacking and there are major opportunities for improvement, from collec-
tion to reprocessing of the materials. For instance, primary metallurgical smelting processes 
can be utilized in the recycling of batteries, but this approach has its disadvantages, namely the 
inability to selectively process all the valuable metals. This is exemplified by copper converting 
conditions, where, for example, Li is lost to the slag phase resulting in further dilution [17] that 
makes any extraction more challenging. Consequently, alternative processing routes must be 
investigated, and this is one of the reasons why the field is currently active with hundreds of 
proposals for unique recycling processes and techniques. Unfortunately, amidst the craze for 
battery recycling research, several researchers have forgotten what it means to provide mean-
ingful data; basic research is being mixed with the theme of recycling, and scientifically mar-
keted and hyped as novel, innovative processes. True, it is possible to treat lithium cobalt oxide 
(LCO) active cathode materials with oxalic acid, achieving the separation of Co (which precip-
itates as an oxalate) and Li (that dissolves in the acid), but the study lacks a grounding in real-
ity: a leaching process has been created based on the assumption that millions of battery cells 
will be manually opened and components carefully separated. It can be argued that the current 
mechanical separation technology is not at a level that allows the precise removal of cathode 
materials from the rest of a spent battery on an industrial scale. Consequently, the chemistry 
of impurities and their chemical separation must be considered – it is not merely a physical 
separation problem. 

On top of all these challenges, there is also the problem of mixed heterogeneity and homoge-
neity within the raw materials found in these wastes. How then will the investigation of wastes 
be successful, if you need to emulate the waste with virgin materials? Industrially, it has not 
yet been shown to be possible to manually process batteries in a manner that would result in 
an easy, minimally destructive way of separating the battery components from each other with-
out significant cross-contamination. This variance can cause unexpected effects in chemical 
treatment and variability between different studies using similar methods but differently ob-
tained raw materials. The mixing of different battery components will also cause challenges in 
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planning on how to best experiment upon these wastes in order to obtain holistically relevant 
information in a scientific framework. In this thesis, based on the facts learned in the creation 
of the metallurgical research papers highlighted, these issues are discussed and solutions pro-
posed. 

1.2 Objectives and Scope

As was alluded to in the background of this work, the present literature is rife with extraction 
and recovery studies, some of which neglect to consider the realities of working with battery 
waste. In this thesis, the hydrometallurgical processing of industrially processed spent batter-
ies is investigated in order to better understand the nature of industrially processed materials 
in contrast to manually dismantled and virgin materials. As a result, the thesis has several gen-
eralized objectives: 
 

i) To better understand the influence of impurities and the different components of bat-
teries – which end up in a black mass due to the limitations of physical separation – 
on the aqueous chemistry of recycling systems. 

ii) To consider ― where possible ― the creation of sidestreams and whether they could 
be re-utilized through a combination of flowsheet modeling, metamodeling, and ex-
perimental work. 

iii) To suggest improved practices for the metallurgical research of complex waste 
streams in order to avoid a disparity between research on synthetic materials and 
industrially processed streams. 

 
The primary objective of the thesis is to improve the methodology that a researcher should 
follow when investigating metallurgical recycling, along with research examples. As the field 
of battery recycling currently is extremely vibrant, full of ideas, and published research, it is 
important to keep in mind the function of research into battery recycling: it should be for the 
betterment of human society through the advancement of our collective knowledge, and the 
methodology by which knowledge is produced.  
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Fig. 1: Schematic of the thesis outline with publications. The red outline indicates research involving NiMH batteries and 
the green outline indicates research involving Li-ion battery materials. 

1.3 Dissertation Structure 

This thesis consists of six scientific peer-reviewed journal publications (I-VI) ― attached in the 
Appendices ― and the present compendium. Section 2 contains a theoretical background re-
lated to the treatment of spent NiMH and Li-ion batteries, and associated theories of leaching 
and precipitation. The structure of current spent batteries is explored and their physicochem-
ical characteristics covered. Following this examination, the battery components are consid-
ered from the perspective of their reactivity, composition as well as value, and the related aque-
ous chemistry of these components is introduced. Furthermore, process modeling and the sub-
sequent regression modeling of these processes are highlighted. Overall, Section 2 attempts to 
tackle the issues–both methodological and ideological–found to be lacking in current research.  

Section 3 outlines the experimental methods utilized in this study, which include the pre-
treatment and characterization of, and extraction, and recovery of metals from spent batteries. 
Process flowsheet modeling tools that were used in this dissertation along with regression 
modeling techniques such as DOE are presented. 

Section 4 contains the overarching results, which are discussed in the context of the claims 
presented along with the theoretical background in Section 2. Section 4 also contains a chapter 
dedicated to a discussion of the important issues that lie at the core of the work.  

 

1.4 New Scientific Contributions and Applications 

The author proposes that the following are original findings: 
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1) The presence of reactive organic residues in industrially processed NiMH waste. Carbon, 
nitrogen, and oxygen were found in a mass that precipitated out from acidified wash wa-
ter. 

2) A more thorough wash water analysis of NiMH waste revealed that both Na and K are 
present. If not removed, this will cause REE precipitation. K will be embedded in the 
mixed crystal matrix of REE double salts. 

3) Observations on reductive conditions during leaching of NiMH waste along with acid 
consumption and equilibrium pH measurements. 

4) The raw material analysis of a industrially processed spent Li-ion battery black mass as a 
function of particle size. 

5) The use of a combination of response surface methodology, process flowsheet modeling 
(HSC Chemistry), literature, and experimental data in understanding how a part of a pro-
cess behaves as a function of several process parameters. 

6) Experimental investigation on how a) ferrous sulfate, b) metallic Cu, and c) a combina-
tion of ferrous sulfate and metallic Cu influence the dissolution of LCO in sulfuric acid. 
Extraction and rate data is provided for the first time for such a leaching system. Electron 
transportation by ferrous and ferric is indicated, akin to redox catalysis. 

7) Wet-air oxidation of Ce simultaneously while the REE double salts are being converted 
to REE hydroxides. It was indirectly observed and hypothesized that conversion is not 
complete when a high quantity of double salts are present in the solution, and that the 
presence of sulfates prevents its dissolution and subsequent hydrolysis. Furthermore, it 
was difficult to obtain higher than 93% Ce oxidation. This was determined to be because 
of the encapsulation of Ce. 
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2. Theoretical Background

 
This section will outline the theoretical background of this thesis. In particular, two different 
cell systems and their components are investigated: spent Li-ion and NiMH batteries. Their 
hydrometallurgical treatment will be considered. If lead-acid batteries are excluded, these two 
types are the most likely consumer grade rechargeable batteries encountered, as they are found 
in applications that range from consumer electronics to electric vehicles (EVs) and stationary 
energy storage. However, although both Li-ion and NiMH are secondary batteries, the foun-
dation of their technology is distinctly different—a classic example of technological evolution 
where the storage of electrochemical power is attained by two different techniques. This in turn 
changes the aqueous chemistry in such a way that the materials of these cell systems exhibit 
dramatic differences in hydrometallurgical processing, which will be explored and discussed 
in Section 2.2. Recovery of REE from the PLS obtained from leaching is also discussed, along 
with methods on how to examine the generated sidestreams and their usability with flowsheet 
modeling and metamodeling. This section highlights the lack of knowledge in some parts of 
the current recycling research and which the publications presented in this thesis were aimed 
to address. 

2.1 Structure of Li-ion and NiMH batteries

As stated above, LIBs and NiMH are both secondary batteries, and they are both used to store 
electricity in an electrochemical manner. Nevertheless, this is the point where their similarities 
end and the disparities begin.  

Starting from the electrolyte, NiMH batteries contain an alkaline aqueous electrolyte, filled 
with KOH, NaOH, and sometimes even with LiOH [18]–[20]. In contrast, Li-ion batteries con-
tain an organic electrolyte, usually made up of organic carbonates or sulfamates, within which 
a lithium-carrying salt such as LiPF6 or LiBF4 is dissolved [21]. The reason for these different 
systems is the fact that these batteries operate on different physicochemical principles: NiMH 
batteries are made of hydrogen storage alloys, wherein the charging of the batteries results in 
the formation of metal hydride on the anode, whereas charging of Li-ion batteries results in 
the lithiation of a graphite anode–two very different electrochemical processes with different 
levels of electrical potentials, although the potential gaps are not necessarily dissimilar. 

In NiMH batteries, anodes can consist of mischmetals of type AB2, A2B7, or most commonly, 
AB5 (e.g., LaNi5), although a mixture of light REEs (La, Ce, Pr, Nd) can be used instead of La 
[22]. Moreover, Ni can also be alloyed with other metals such as Al, Zn, Co, and Mn. On the 
cathode, there can be a mixture of Ni(OH)2 and NiO·OH, depending on the history of the bat-
tery and the state of charge prior to dismantling.  
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In contrast, Li-ion batteries have a variety of different cathode types and so far, LCO, LMO, 
NMC, NCA, and LFP have been widely commercialized [21]. Furthermore, in addition to the 
use of graphitic anodes, there are other alternative anode materials that have been commer-
cialized, such as lithium titanate (LTO) [21]. 

Both battery types contain current collectors, but the difference is that in LIBs the cathodes 
comprise Al foils (coated with e.g., lithium-containing oxide materials) and the anodes are Cu 
foils (coated with graphite for example), whereas a nickel-plated steel can be utilized for both 
in NiMH batteries. Due to the different chemistry, the safety-related issues are different as 
well. In Li-ion batteries, the volatile organic compounds are dangerous and can result in ex-
plosive fires or even evolution of highly toxic fumes. In NiMH batteries, the presence of metal-
lic powders can result in a metal fire when exposed to air and, additionally, many Ni com-
pounds are known to be carcinogenic. Consequently, recycling operators—or anyone handling 
the batteries—need to take these factors into consideration when planning the disassembly of 
batteries by dismantling and comminution. 

The differences caused by the various types of components are significant, and one must be 
able to understand how they influence mechanical processing as well as the aqueous chemistry 
in hydrometallurgical unit processes or any process that utilizes water. Thermal behavior 
should be understood as well, wet or dry. Table 1 tabulates the different components in these 
battery types for ease of comparison.  

 
Table 1: Li-ion and NiMH battery components [15]. 

Component NiMH Li-ion Type 
Electrolyte solvent Water EC, DEC, DMC, PC, 

and others 
Solvent (liquid) 

Electrolyte salt NaOH/KOH LiPF6, LiBF4 Salt (dissolved) 
Anode  
current collector 

Ni-plated steel Cu Mesh/foil 

Cathode  
current collector 

Ni-plated steel Al Mesh/foil 

Cathode  
active material 

Ni(OH)2 LCO, LMO, NMC, 
NCA, LFP 

Powder paste 

Anode  
active material 

AB2, AB5, A2B7 Graphite, LTO Powder paste 

Separator Polypropylene/poly-
amide [23] 

Polymembrane Membrane 

 
Batteries are utilized in several different applications, ranging from consumer electronics 

through power tools all the way to (hybrid) electric vehicles and large stationary power storage 
applications. In these systems, the battery cells are integrated as part of a larger whole, i.e., 
battery modules, and in turn battery packs composed of battery modules. For example, a Tesla 
Roadster’s battery pack contains 6800 type 18650 cells controlled by battery management sys-
tems [24]. Electrochemically, even rechargeable batteries are a commodity that has an end-of-
life as their performance will degrade over time. Each charge-discharge cycle will cause minor 
irreversible chemical changes in both NiMH and Li-ion batteries. Over time, these eventually 
make it impossible to use the batteries due to lack of performance, and either their application 
needs to change, or they must be downcycled through recycling. In contrast to EV batteries, 
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consumer brand secondary battery systems are often smaller, have only a few cells, and have 
less complex battery management systems, wirings, and casings.  

Within the actual battery, the individual components themselves are of different shapes and 
sizes, which results in a size and shape-based divide between components. As these compo-
nents are made of different materials, there are additional material property differences. Ac-
cess to the inner core content of the batteries is necessary for any kind of recycling activity, 
therefore the inherent size and property differences between components make these im-
portant factors that can be exploited in the recycling process. Typically, the most sought-after 
metals are found as active electrode paste with a very fine particle size distribution, whereas 
conversely, the less-valuable materials are composed of larger pieces, although Cu foil is also 
arguably valuable. Due to these factors, size separation is already extensively utilized by the 
battery recycling industry, which allows the industrial actors with mechanical processing ca-
pacity to sell the separable valuable fractions as raw material for primary production. Magnetic 
separation has been investigated by several researchers, and it is employed by some industrial 
processes as well to separate ferrous fractions from active materials. However, the magnetic 
separation is not perfect and some impurities can end up in the impure black recycled black 
mass. [14]  

 Regarding the research literature, the variations in shape, size, and chemical composition of 
the batteries present a challenge in terms of the comparability of hydrometallurgical battery 
recycling research results. The aqueous chemistry of the system relies on the components pre-
sent, and which components are present is not only dependent on the prior processing of the 
spent batteries, but also on how they have been used during their lifetime. Such aspects may 
affect the performance of suggested recycling processes, e.g., leaching efficiency, when not all 
the influencing factors are known. Taking this chain of reasoning further, whereas one operator 
might deem the manual dismantling of batteries to be viable, another might opt for indiscrim-
inate shredding and crushing with strong safety considerations for the recovery of volatiles as 
in the Duesenfeld process [14]. Some circumvent the difficulties of mechanical processing by 
going directly to a pyrometallurgy-first approach, for example Umicore and their UHT process 
[16], wherein the graphite is burned along with other incinerable materials. The problem of 
raw material complexity and variability is also compounded by the variation in active material 
compositions: not all NiMHs or LIBs are identical. These issues are also evident in the recycling 
research literature, as many papers rightfully investigate the very basics of dissolving pure ac-
tive materials. Unfortunately, some of these studies fail to recognize that whatever is viable 
with purely virgin active materials will not necessarily be viable in a reality where batteries are 
shredded, and impure black masses are created. In this thesis, the overriding aim was to con-
sider these issues in each publication as the work was performed with both industrially pro-
duced fractions and synthetic materials. 

As can be seen from this short review of the components of the batteries they are packed with 
valuable elements that important to many sectors of technology: Cu, Al, REEs, Co, Ni and Li 
are all integral not only to batteries, but to many other applications as well. In terms of Europe, 
the circularity of the material flows can be considered important: most of the Co deposits in 
the world reside in Congo, Africa [16]. Likewise, vast majority of the REE sources lie outside of 
Europe in China. By obtaining the means to recycle the raw materials present in the wastes the 
impact on Earth and European economy could potentially be impacted. Whether the impact of 
a particular recycling technology is positive or not is being investigated by means of life-cycle 
assessment (LCA). Furthermore, the current legislation in the European Union (Directive 
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2006/66/EC, amended by Directive 2013/56/EU) necessitates that states have certain collec-
tion rates as set by the directive. The directive also dictates that certain fraction of the spent 
batteries must be recycled to be used in new products. In other words, legislative incentives 
are in place that mandate recycling activities. 

2.2 Spent Batteries in Aqueous Leaching Systems

In the recent scientific literature related to Li-ion batteries, two primary routes for active bat-
tery material recycling have emerged: 1) total downcycling of the active materials back to asso-
ciated salts or hydroxides [16], [25] and 2) methods of regeneration and resynthesis of the 
cathode materials without complete downcycling [26]. In this thesis, total downcycling was 
investigated, as regeneration and resynthesis would have necessitated high precision impurity 
removal. The recycled black mass utilized in the studies within this thesis was impure, which 
was considered a critical factor for its total downcycling. In the case of NiMH batteries, several 
studies have investigated the production of value-added products from spent NiMH materials, 
some examples of which are referred to herein [27]–[30]. Unlike Li-ion batteries, active mate-
rial reactivation and regeneration type recycling schemes for NiMH batteries have not been 
investigated, primarily as a result of the chemical differences and high reactivity of the active 
materials found in this battery type. Furthermore, the usage of this battery type is in decline, 
therefore there is a decreased level of interest in the development of new recycling schemes. 

When compared to Li-ion batteries, the hydrometallurgical recycling challenges related to 
NiMH batteries are different due to the relatively high reactivity of the electrode materials. 
Compositionally, these materials also differ from Li-ion batteries in the elements that can be 
found therein. In terms of pre-treatment, pyrometallurgical treatment methods were deemed 
to be outside the scope of this experimental research, mandating the leaching of valuable ele-
ments as the main method of downcycling immediately following size-based separation in an 
effort to partition the elements present in the batteries. Size and density separation were briefly 
investigated as a pre-treatment step prior to aqueous processing. As the industrial process 
samples were quite heterogeneous, the emphasis in this thesis and its studies are on under-
standing the character of these waste streams by exploring the use of different types of tech-
niques for classification, including leaching-related characterization.   

This theoretical overview on leaching also considers the difference of investigating virgin 
(i.e., synthetic) materials, manually dismantled spent batteries, and industrial waste streams. 
There is an important distinction between the hydrometallurgical processing of industrially 
recycled active materials and virgin active masses that have yet to be manufactured into the 
shape of a battery: aging, impurities, and changes caused by the manufacturing of batteries 
and pre-processing of spent batteries all have the potential to influence the chemical charac-
teristics of the components within a battery. For instance, impurities can influence the disso-
lution processes, one example being LCO, which has a high standard reduction potential. It has 
been shown that metallic Cu can dissolve NMC-type active material in an H2SO4 medium, and 
even metallic Al can also enhance this process [31]. 

Literature relating to the recycling of Li-ion batteries is extremely diverse. A significant num-
ber of papers have been published in recent years, involving a multitude of different lixiviants, 
starting from strong mineral acids, weak organic acids, and even ammonia and other alkaline 
leaching media, such as glycine [32]–[38]. In this thesis, H2SO4 was the main lixiviant used 
throughout Publications I-III and V, and HCl was explored only in Publication IV. The main 
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reasons for this is the stability of H2SO4 when in contact with highly oxidizing raw materials 
and the fact that it is more commonly utilized in the hydrometallurgical process industry. In 
Publication IV, HCl was investigated due to the reductive properties of the Cl- ion in relation to 
active cathode materials. In Publications I-IV, the leaching of industrial spent battery samples 
was considered from several unique aspects, including water leaching, acid consumption test-
ing, and the more traditional batch leaching. In contrast, for Publication V, synthetic virgin 
active cathode materials along with synthetic impurities were utilized to better elucidate and 
utilize the phenomena suggested by the previous literature [31], [39] for the leaching of indus-
trially processed waste streams. As a result, this section aims to provide the theoretical back-
ground to these investigations. 

2.2.1 Leaching of Spent NiMH Batteries 

When in pristine condition, NiMH batteries contain active anode materials that, by design, 
function as hydrogen storage alloys [40], as also shown in Table 1. These components are man-
ufactured from powders, and have strongly reductive properties due to the presence of metallic 
REEs. These powders are volatile and can react with moisture in air (1), as suggested in a study 
by Srivastava and Srivastava [41]: 

 
 

 
Therefore, it is also probable that mischmetal will react violently with acids, as was suggested 
by Meshram et al. [42], generating H2 gas, as in reaction (2): 

 
 

 
This is explained by the fact that LaNi5 is an extremely reductive alloy that is thermodynami-
cally capable of reducing H+ to H2(g), as indicated by the reduction potential of the reaction, 
calculated with HSC 9.4.1 at T = 25 °C (3): 

 
 

 
Several researchers have investigated the leaching of these batteries in different acid media in 
conjunction with a variety of additives; the recent related literature is outlined in Table 2. Over-
all, it is notable that most of the investigations involve manually dismantled batteries and, 
moreover, that investigations relating to the electrolyte residues are relatively rare. Several 
studies [18], [43], [44] claim to have washed the raw materials prior to leaching, but do not 
provide analysis of the wash waters or give very limited information related in some way to this 
step; there is also a lack of measurements of the solution ORP. 
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Table 2: Prior literature on NiMH leaching. 

 

Reference Raw  
Materials Pre-treatment 

Leaching 
Exps. 

Lixiviants 
S/L T (°C) t (h) 

Ahn et al. [28] Automotive 
NiMH 

Discharging, 
Grinding  

(Pulverization), 
Calcination  

(200 °C) 

1-4 M H2SO4 Pulp 25 - 
200 g/L 90 4 

Bertuol et al. 
[45] Unclear Manually  

removed powder 

2 M H2SO4/ 

HCl/ 
HNO3 

1/20 90 4 

Bertuol et al. 
[46] 

Cylindrical 
AB5 cells 

Manual disman-
tling. Powders 
were homoge-

nized. 

2 M H2SO4  1/20 90 4 

Fernandes et 
al. [47] 

Cell phone 
cells 

Dismantling, 
Separate anode, 

cathode and  
separator, Milling 
machine, Dried at 

105 °C for 3 h 

12 M HCl Pulp 150 
g/L 40 1.66 

Innocenzi et 
al. [43] 

<500μm  
>500μm  
of spent 
NiMH  

powders 

Dried at 105 °C 

2 - 4 M 
H2SO4 

0-30 g/L  
Citric Acid 

15 % 40-80  

Korkmaz et 
al. [48] Cells 

Manual  
disassembly,  
Separation of  
anode from  

cathode, Separate 
milling of anode 

and cathode,  
Sulfated in  

concentrated 
H2SO4 (12 M), 

Dried & Roasted 
(850 °C) 

H2O after 
roasting. Ob-

tains REE 
sulfates sep-
aration from 
Ni & Co Ox-

ides. 

50 ml per  
1 g solids 25 1-72 

Larsson et al. 
[49]  

Panasonic 
HEV Cells 

Discharging. 
Manual 

dismantling. 

Titrimetric 
pH = 1, 1.5, 2 

and 3 

Initial S/L: 
50/1 30  

Larsson et al. 
[50]  HEV Cells 

Shredding whole 
cells, Removal of 
separators and 
anode backing 

material 

8 M HCl    

Mantuano et 
al. [51] Cells 

Manual  
dismantling,  

Active powders 
were dried (24 

h/60 °C). Dried 
powders were 

milled & 
screened. 

2-8 %, v/v 
H2SO4 

0, 2, 4% v/v 
H2O2 

1/10, 1/30, 
1/50 

g powder 
per mL 

50/80 1 

Meshram et 
al. [52] Cells 

Scutter crushing 
in water,  

Wet-screening,  
Powder collected 
and dried (353 K, 

24 h) 

0.5 - 3 M 
H2SO4 

20 - 150 
g/L 32-95 0-5 
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Meshram et 
al. [42] Cells 

Scutter crushing 
in water,  

Wet-screening,  
Powder collected 
and dried (353 K, 

24 h) 

0.5 - 3 M 
H2SO4 

20 - 150 
g/L 32-95 0-5 

Nan et al.[18] AA-size cells 

Dismantling, 
Washing, Baking 
(350 - 700 °C), 

Griddling 

3 M H2SO4 S/L: 1/2 - 
1/16 60 1-7 

Petranikova 
et al. [53] 

Toyota Prius 
HEV Cells 

Manual disman-
tling. Manual 
separation of 

steel grid and an-
ode active mate-
rials. Ni grid was 

not separated 
from cathode ac-

tive materials. 

8 M HCl. Ti-
trimetric 

control (pH 
meter + 
pump). 

Ambiguous 30  

Pietrelli et al.  
[54] AB5:AB2 (6:1) 

Dismantled,  
Mechanically 

crumbled  
anode/cathode 

2 M H2SO4 

1/10 (n.b. 
paper con-
tradicts it-
self – re-

ports use of 
only the 

1/10 ratio 
but results 
“depend on 

S/L”) 

20 2 

Pietrelli et al. 
[55] 

AB5/NiCd 
(1/4) 

Manual 
dismantling 

(cutting 
longitudinally). 

0.5, 2, 4 M 
H2SO4 1/10 20 1.166 

Rodrigues et 
al. [56] 

Active  
materials 

Manual  
dismantling, 

Dried (60 °C, 24 
h), Knife milling, 

Ball milling,  
Sieving 

2-10% (v/v) 
H2SO4 

0-7% (v/v) 
H2O2 

1/10, 1/20, 
1/30, 1/40 30-70 1 

Tzanetakis et 
al. [57] AA Cells 

Manual 
dismantling 

(cutting 
longitudinally).  

2 - 6 M HCl 1/10 25 3 

Yang et al. 
[58] 

Various 
spent 

batteries 

Manual  
dismantling, 

Dried (100 °C, 1 
h), Ground to -74 

μm 

20% HCl 1/10 50 - 70 0-1.166 

Zhang et al. 
[59] 

Cylinder-
shaped 

(Toshiba TH-
3A) 

Cut half longitu-
dinally. Manual 

dismantling. 
2 M H2SO4 17.8 g / 350 

mL 95  

Zielinski et 
al. [60] 

Various 
types. 

Dismantling, 
thermolysis, 

knife-milling and 
sieving (< 1 mm). 

HCl. pH-
controlled 

leaching (3, 
4, 5.5). Pilot 
reactor (10 

L). 

 25, 40, 60  
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As the active anode materials are metallic, there is also a risk of metal fire if the contents of the 
metallic anode powders are abruptly exposed to air [18]. A mixture of Ni(OH)2 or its oxidized 
state of NiO·OH resides on the cathodic side [61]. The hydroxides are easy to dissolve, but it 
has been claimed that the oxidized Ni3+ compounds are much harder to reduce and dissolve. 
Improvements to enhance leaching efficiency have been previously attempted via the utiliza-
tion of citric acid [43]—which did not show any improvement—and H2O2 [62], which is sug-
gested in a patent to ensure dissolution of a higher valence of Ni, Mn, and Ce compounds that 
may result from the battery aging during usage. Moreover, the Fe in nickel-plated steel has also 
been shown by the NiMH study of Pietrelli et al. [54] to be slow-dissolving to such a degree 
that some selectivity can be obtained. In addition, the basic electrolyte residues may cause loss 
of acid by the neutralization reaction.  

If these two Ni compounds were all the materials within the battery, it would be easy to dis-
solve most of the valuable metals. However, the reality is more complicated, as is evident from 
reaction (1), which shows how exposure of anode materials to humidity causes a reaction. The 
formation of slowly dissolving species had been suspected of being responsible for lower than 
expected yields of Ni and Co, in particular. Nevertheless, these hard-to-dissolve compounds 
may be in such small quantities that it can be difficult to isolate and characterize them; only 
recently, Zielinski et al. managed to characterize and publish results of such phases from the 
leach residues of an industrial waste stream [60]. The understanding of the reductive property 
of NiMH battery wastes was utilized in a study by Liu et al. [63] that exploited the oxidizing 
power from spent LIBs to dissolve NiMH batteries, demonstrating synergistic leaching of dif-
ferent battery types. It is evident that the complexity of waste systems is not just in the com-
plexity of having different unique compounds present in the material, but also in the intricacy 
of the chemical interaction between the lixiviant, raw material, and ions dissolved from the raw 
material. The question is whether this chemical interaction could be controlled and utilized to 
the advantage of the metallurgical recycling operator. An example of such interaction is dis-
cussed in Section 2.2.3 and later investigated in Section 4.2.3.  

2.2.2 Leaching of Spent Li-ion Batteries 

In Li-ion batteries, the active cathode materials are metal oxides that contain Li as an interca-
lation element. These materials are highly-ordered, functionalized materials, and understand-
ing their physicochemical and electrochemical functioning is important for understanding 
their leaching behavior. In a simplified form, Nan et al. were the first to describe the dissolution 
of spent LCO in H2SO4, shown in reaction (4), in a generalized manner [37]: 

 
 

 
However, this equation fails to describe the actual mechanism by which the electrons are trans-
ferred from the O present in the oxide structure to the Co3+ present in the oxide. It has been 
shown in several investigations that the dissolution of Co is not extensive in H2SO4 alone, and 
at room temperature will be less than 50% [64]. Billy et al. provided an explanation for this 
behavior and have extensively described the dissolution mechanisms of NMC type Li-ion bat-
tery active materials [65]. They described how, when the surface of the material is exposed to 
a potential difference caused by the acidity of the solution, it will lead to a cascade of redox-
reactions that result in delithiation, charge transfers, dissolution, and later, precipitation of 
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Mn. In short, even though the materials have in principle a high standard reduction potential, 
the mechanisms by which dissolution occurs are complicated, especially in the case of NMC, 
and probably in the case of LCO as well. As LCO and NMC materials are electrically conductive, 
it is not enough to understand the reactions between the aqueous solution and the solid, since 
the interactions also continue within the structure of the material as the reactions on the sur-
face progress [65].  

In general, it is challenging to dissolve the active cathode materials of this oxide type, whether 
LCO, NMC, or NCA. Being in a higher oxidation state within a highly ordered structure, their 
dissolution mandates the destabilization of the oxide structure. This has been achieved with 
reducing agents such as sulfites, organic acids, and others. A commonly utilized reductant is 
H2O2, although in most cases H2O2 would be considered an oxidant. The reaction between LCO 
and H2O2 has been proposed to be as follows in reaction (5) [64]: 

 
 

 
Like the dissolution of LCO in H2SO4 with the aid of a reductant, HCl leaching of LCO has 

been investigated. It has been suggested in the previous literature [66] that HCl may be able to 
reduce Co3+ due to the standard reduction potential of the following half-reaction (6): 

 
 

 
If this reaction is true and does occur, generating Cl2, it remains debatable whether Cl2, a strong 
oxidant, would immediately go on to react with components such as Cu, Al foils, or steel pieces. 
At high acidity–akin to what can be found in the battery recycling literature–Cl2 is unlikely to 
hydrolyze [67]. To the best of the author’s knowledge, no one has reported an experimentally 
verified detection of Cl2(g) due to the following leaching reaction, even though the reaction is 
suggested to occur according to reaction (7) [59]: 
 

 
 

In addition to strong mineral acids, weak organic acids have been extensively studied in re-
cent scientific literature, including reagents such as citric, formic, acetic, malic, succinic, and 
oxalic acid. Several organic additives have also been utilized in the role of a reductant, e.g., 
glucose. However, as use of these organic acids can be limited by their instability and chelating 
power, the design of suitable process solution circulation circuits is unnecessarily complex. 
Consequently, although these studies are interesting and valuable for human knowledge on 
their own, so far they have not provided the expected industrial innovations, nor have they 
resulted in numerous follow-up studies on metals recovery from such solutions. One of the key 
issues that is neglected in the present literature is how metals would be recovered from these 
organic acid solutions, and how the organic ligands would influence the downstream pro-
cessing of these aqueous solutions. The ligands released in the dissociation processes of organic 
acids are often strong chelatants, capable of influencing metal recovery behavior all the way to 
multimetal precipitation and solvent extraction. The influence of this chelating behavior is ex-
emplified in a recent study investigating the effect of citrates on the solvent extraction of metals 
from an aqueous sulfate medium [68]. Table 3 summarizes the leaching studies in the recent 
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literature along with their pre-treatment processes, highlighting how a multitude of different 
pre-treatment options have been investigated along with various acids and additives. 

 
Table 3: Some of the recent leaching studies along with their pre-treatment steps. 

Ref. Raw Material: 

Pre-treatment 

Leaching Exps. 

Lixiviants 

S/L, T, t Reductant 

[36] SONY NP-F530 

Cut in half crosswise. 

Manual 

dismantling/scraping. 

4 M HCl, H2SO3, 

NH2OH.HCl 

10 g/L, 80 °C, 60 min The lixiviants were 

chosen based on 

hypothesis of them being 

reducing 

[69] LIBs (LiCoO2): 

Dismantling  

(by cutting, manual), 

NMP ultrasonic assisted 

(100 °C, 1 h). 

4 M HCl 1/10, 80 °C, 60 min The lixiviant was chosen 

based on hypothesis of it 

being reducing 

[70] LIB: 

Thermal treatment (100 

– 150 °C, 30 min), High-

speed shredding  

(5 - 20 min),  

Thermal treatment (500 

- 900 °C, 0.5 - 2 h). N.B. 

The pre-treatment proce-

dure is lacking in detail in 

the paper. 

0 - 1 M HNO3 and 
H2O2 (0 - 3.5 vol.%) 

5 - 40 g/L, 25 - 90 °C, 0 

- 120 min 

H2O2 functions as a re-

ductant 

[37] LIBs: 

Discharging, Disman-

tling, ASAP after disman-

tling into alkaline sol. 

2-4 M H2SO4 1/5, 50-90 °C, 60-240 

min 

No 

[71] LIBs: 

Dismantling (manual, 

knife, screwdriver), Im-

mersed into liquid nitro-

gen, Fixed to lathe, Man-

ual uncurling of electrode 

foils, Drying 

1. sequence, H2SO4 (2 

- 8% v/v), 10 g battery 

sample (50:50 cath-

ode:anode) 

2. sequence, H2O2 (0-4 

vol.%) evaluation as ox-

idizing agent (sic.) 

(H2SO4 6% v/v, 65 °C, 

1/30) (anode, cathode 

leached separately) 

1/10 - 1/50 

g/ml, 20-80 °C, 60 min 

H2O2 functions as a re-

ductant-oxidant 

[64] LIBs: 

Dismantling as per [51], 

[71]. Cathode-anode un-

curling separation. Foils 

cut to pieces. 

1st: Al: 0.25 - 3.75 M 

NaOH 

2nd:  The rest: 0.75 - 1.5 

M H2SO4 

1st: Al: (1 - 15 wt.%, 30 - 

70 °C) 

2nd: The rest: 1:30 

g/mL, 40 – 80 °C 

H2O2 (0 - 0.64 M), only 

in H2SO4 leaching 
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[72] LIBs: 

Crushing+screening, 

Ultrasonic wash-

ing+screening 

1-5 M HCl Solution volume nor 

feed material quantity 

not reported, 40-100 °C, 

30-180 min 

No additives 

[73] LIBs: 

Discharging, Dehydra-

tion, Drying, Crushing, 

Magnetic separation, 

Screening (+8 mesh, -8 + 

16 mesh, -16 mesh. 

2 M H2SO4 

N.B. study has 

incorrectly 

balanced 

leaching 

reaction 

100 g/L, 60 °C, 60 

min) 

H2O2 (6 vol.%) 

[33] Spent LIBs: 

Discharging, Disman-

tling (manual), Ultra-

sonic-assisted NMP active 

materials separation from 

foils, Drying, Calcined at 

700 °C, Planetary ball mill 

(2 h) 

0.3 - 1.5 M Citric acid   10 - 40 g/L, 20 - 100 

°C, 10-60 min 

H2O2 (0 - 1.6 vol.%) 

[74] LIBs: 

Crushing, Sieving, Mag-

netic separation, Fine 

crushing, 700 °C calcina-

tion (5 h), planetary ball 

mill. NMP to separate 

cathode, materials from Al 

0.5 - 3 M DL Malic 

Acid 

17 - 33 g/L, 20-100 °C, 

10-50 min 

H2O2 (0 - 2.5 vol%) 

[75] LIBs: 

Manual dismantling. 

Vacuum pyrolysis (600 

°C), Vacuum evaporation 

(30 min), Residual gas 

pressure (1 kPa) 

0.5 - 4 M H2SO4 25-150 g/L, 50-90 °C, 

17-75 min 

H2O2 (0-20 vol.%) 

[76] Phone LIBs: 

Manual dismantling. 

Anode & cathode powder 

grinding, Thermal treat-

ment (150-200 °C, 2-3 h) 

Sequence of leaching: 

NaOH (5% w/v) fol-

lowed up by, roasting 

(700-800 C, 4-5 h) and 

leaching in 4 M H2SO4  

NaOH: L/S = 10, t = 4 

h, 480 rpm, 250 ml). 

H2SO4: L/S = 10, 2h, 

85 °C, V = 250 ml). 

H2O2 (10% w/v) 
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[77] Mixed,  

cylindrical LIBs: 

Discharging, Disman-

tling (manual), Ultra-

sonic-assisted NMP ac-

tive, materials separation 

from foils, Roasting (450 

°C, 1 h), Planetary ball 

mill grounding (30 min) 

0.3 - 1.5 M Ascorbic 

acid 

15 - 50 g/L, 30-90 °C, 

5-50 min 

Ascorbic acid itself 

[78] LIBs: 

No details available 

about the dismantling. 

0.5 - 2.5 M H2SO4 

Ultrasonication-as-

sisted leaching 

33 g/L, 20-70 °C, 0.5-

2.5 h 

H2O2 (0.9 – 3.2%) 

[79] LIBs 

(Cathodes): 

Discharging, Disman-

tling, Vacuum pyrolysis 

(of cathode materials 

manually separated) 

0.5 - 2 M H2C2O4 10 - 90 g/L, 40-90 °C, 

30-180 min 

0-20 vol.% H2O2 

[32] Discharging, Disman-

tling, Cathodes cut to 

small pieces, Ultrasonic 

washing in NMP & ther-

mal treatment (30 min, 

80 °C), Cathode active 

materials calcined (120 

min, 800 °C, muffle 

oven), Drying, calcination, 

grinding of cathodes mats 

0.25 - 3 M Citric Acid 5-50 ml/g, 20-90 °C, 

30-150 min 

0-6 vol.% H2O2 

[80] Spent LIBs: 

Discharging, Disman-

tling, NMP immersion to 

recover active materials 

(100 °C, 1 h), Drying (120 

°C, 24 h), Calcining (700 

°C, 3 h), Grinding (Ball 

mill, 2 h) 

ULTRASONIC-AS-

SISTED (60, 90, 120 

W), 2 M Citric acid, 2 M 

H2SO4, 2 M HCl 

25 g/L, 20-60 °C, 2-6 h 0.55 M H2O2 

[81] LIBs (laptop): 

Discharging. Disman-

tling. 

Active material recovery 

from Al foil by heating 

(250-300 °C, 30 min) 

Particle size was deter-

mined (avg. 10 - 12 um) 

0.5 - 3 M H2SO4 5 - 100 g/L, 308-368 K, 

<= 300 min 

Not used 
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[82] HEV LIB  

cathode  

materials: 

Discharging (E = 0.1 V), 

Dismantling, Drying, 

Crushing, Grinding, Siev-

ing, Grain size separation 

0 - 4 M (NH4)2SO3 

0 - 4 M (NH4)2CO3 

0 - 3 M NH3 

10 g/l, 20-80 °C, 0-120 

min 

(NH4)2SO3 

[66] LIBs: 

Crushings, Sieving (0.71 

mm) 

0.1 - 2 M HCl 

0.1 - 2 M H2SO4 

L/S = 50, 20; 80 °C; 90 

min 

No additives 

[83] Sony Ericsson Mo-

bile Communications 

(China) Co., Ltd. LIBs: 

Discharging, Disman-

tling (manual, everything 

separated), Calcination 

(active materials, 500 °C, 

1 h) 

2.5 - 4 M H2SO4 20 g/L, 20-100 °C, 50-

130 min 

HCl:H2O2,  

(1:0 - 25:1 Vol.) 

[84] Spent LIBs: Scraped 

powder (100 g): 

Water washing (PD = 

20% w/v, T = ambient), 

Roasting (900 °C) 

HCl (pH 2.5) and 

H2SO4 (pH 2.5) 

“Dilute acid washing 

of the roasted black 

mass” 

Pulp density: 20% No additives, roasting 

was the key component 

[34] LIBs (NMC): 

Separation of powders 

from Al foil by hand, “fol-

lowing industrial proce-

dures”. Industrial proce-

dures were undefined in 

the paper. Powder heated 

(550 °C, p = 1bar, 1 h). 

The material was used in 

leaching 

0 - 4 M NH3 + 0 – 2.5 

M (NH4)2SO4 

10 - 50 g/L, 50-80 °C, 

0-420 min 

Reductant: 

0 - 0.7 M Na2SO3 

[85] Spent LIBs: 

Discharging in 10 w/v% 

Na2SO4 solution (24 h). 

Washed with de-ionized 

water, dried at 90 °C for 

12 h. Manual disassembly 

to obtain LiCoO2, NMP at 

90 °C for 2 h 

0.5 - 0.7 M H3PO4 15 – 30 mL/g, 40 – 80 

°C, 0 – 150 min 

1-4 vol.% H2o2 
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[86] Spent LIBs (NMC): 

Discharging and manual 

dismantling, Thermal 

treatment 

4 M H2SO4 125 g /L, 90 °C, 120 

min 

2 M H2O2 

[87] LIB 

(phone): 

Discharging, Manual 

dismantling, Binder re-

moval experiments with 

Citrus Juice (CJ) (T = 90 

°C, t = 20 min, 50 g/L of 

CJ, refluxed, filtered) 

Citrus juice: Citric 

acid, malic acid + 

ascorbic acid, flavo-

noids 

90 °C, 20 min + 30 min Flavonoids, ascorbic acid 

[88] Pure NMC materials: 

Oxidation & psd 

determined 

0.5 – 2.5 M H2SO4 20 - 200 g/L,  

20 – 90 °C, 

0 – 540 min 

0 – 1 vol.%  H2O2 

[89] LIB (LiFePO4): 

Discharging (in 5 wt.% 

NaCl solution). Manual 

dismantling and separa-

tion of components. 

0 – 1.0 M Acetic acid 100 - 200 g/L, 25 - 70 

°C, 0- 60 min 

0-8 vol.% H2O2 

[90] Spent LIBs: 

Discharging. Manual 

dismantling and separa-

tion of components. Dried 

at 60 °C for 24 h. 

1 - 5 M Acetic acid 

(3.5 M) 

30 - 90 g/L (40 g/L), 

30 - 80 °C (60 °C), 120 

min 

0 - 4 vol% H2O2 (2%) 

[35] LIB  

active mats 

(Li, Co, Ni, Mn): 

Manual disassembly, 

Cathode foils treated un-

der air atmosphere (300 

°C, 1 h), PVDF treated in 

muffle furnace (at 300 

°C), calcined (550 °C) 

1.5 - 3.5 M (NH4)2SO4 67 - 200 g/L, 180 °C 

(autoclave), 120 min 

0.5 - 1.5 M (NH4)2SO3 

[91] LIB: 

Wet scrubbing, Scutter 

crusher (-4 mm), Wet 

scrubbing (centrifuga-

tion), settling (12 - 15 h), 

Drying 

1 - 2.5 M H2SO4 75 g/L, 30 - 90 °C, 15 - 

180 min 

10 % H2O2 
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[92] LIB: 

Discharging, Crushing, 

Pneumatic separation, 

Magnetic separation of 

steel shell, Reduction 

(600 °C, 120 min, 

LiCoO2:C6 = 2:1) 

2.25 M H2SO4 100 g/L, 80 °C, 30 min None, reductive pre-

treatment 

[93] LIB 

 (phone): 

Discharging in NaCl 

solution. 

Manual dismantling. 

Washing with H2O and 

dried at 70 °C for 12 h.  

Al foils immersed in 

dimethylformamide 

and sonicated. 

Calcination at 700 °C.  

1 - 4 M Acetic acid 10 - 40 g/L, 60 - 90 °C, 

15 - 60 min 

2.5 - 10 vol.% H2O2 

[94] LIB: 

Discharging, Shredding, 

Magnetic separation, Siev-

ing (6.7 mm), Water den-

sity separation, Secondary 

grinding 

0.5 M H2SO4 

(n.b. this is likely 

too little, explaining 

bizarre leaching 

behavior) 

L/S = 10 L/kg, 60 °C, 

15 – 240 min 

Na2S2O5, H2O2, Na2SO3, 

Iron scrap, Water 

[95] LIB: 

Dismantling, NaOH-

treatment to separate Al 

from powders, Carbona-

tion roasting, Water 

leaching to remove 

LiHCO3 

2-stages: 

1st Carbonated water  

leaching (CO2 purging) 

2nd H2SO4 leaching 

(dosing, based on  

estimated reaction  

stoichiometry) 

2 – 10 mL/g, 

25 – 85 °C, 30 –  

150 min

No additives 

[96] LIBs: 

Discharging, Disman-

tling, Heat treatment 

0.5 - 3 M H2SO4 1 - 10% pulp density, 

30 - 90 °C, 180 min 

0 - 4 vol.% H2O2 

[97] LIB  

 LiCoO2: 
Discharging in Na2SO4 

solution. Manual disman-

tling. Peeling off Al-foils. 

Al foil calcination (700 °C) 

and ball milling. 

0.2 – 1 M Tartaric 

acid 

10-50 mL/g, 60 – 95 

°C, 10 – 50 min 

1 – 5 vol.% H2O2 
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In terms of the active cathode materials themselves, looking at the standard reduction po-
tentials of Ni, Co, and Mn [98], Mn is especially an interesting element, as it has several stable 
‘cyclable’ oxide compounds between aqueous Ni, Co, and LCO. Indeed, it has been shown by 
Billy et al. that, over an extended leaching period, the already-dissolved Mn2+ will be oxidized 
and precipitated from the solution by the active materials [65]. As discussed previously, in the 
present literature, the stability of the metal oxides is commonly broken down with the addition 
of H2O2 during leaching [25]. However, it is well-known–although not investigated in the bat-
tery recycling literature–that MnO2 is an excellent catalyst for H2O2 decomposition [99]–[101] 
as well as for several other different metal cations such as Fe2+ [102]. Nevertheless, the poten-
tial catalytic losses that occur during the utilization of H2O2 in active material leaching have 
not been studied in detail within the current scientific literature.  

Consequently, taking into consideration the results of Billy et al., which show considerable 
interaction between the solution and NMC materials itself, better strategies are required in 
order to dissolve industrially processed spent batteries efficiently. This requires in-depth 
knowledge of the reaction mechanisms through which Co3+ is liberated from the stable oxide 
matrix. Additionally, improvements to the leaching selectivity have also been subject to inves-
tigation. One such strategy is to try to avoid the permanent dissolution of Cu by mixing a 
strongly reducing agent within the lixiviant, such as glucose, sulfites, or ascorbic acid, which 
may ensure the reduction of Cu in the event it is dissolved [103]. Another, more recent ap-
proach detailed in the literature is the mechanical mobilization of the powders from the Cu and 
Al foils [104], in order to achieve improved physical separation, therefore potentially allowing 
the regeneration of the active materials [26]. This concept would necessitate the separation of 
graphite from the active materials, which is an ongoing field of study worldwide that involves 
pyrolysis and flotation studies, for example [75], [105]–[109]. 

Another major concern in the recycling of battery waste is safety. Not only can the spent bat-
teries retain an electrical charge, they also contain dangerous chemicals, which when heated, 
such as in the case of fire, may release toxic gases [110]. In the case of electrolyte salts, it has 
been shown by several researchers that the electrolyte salt (LiPF6) utilized in Li-ion batteries 
can react under laboratory conditions to produce HF as a result of its hydrolysis from contact 
with moisture in the air [111], [112]. Furthermore, dry active material paste can become pow-
dery again once mobilized from the foils, and this powder contains particles of a few microm-
eters or less. As some of these compounds are also carcinogenic or otherwise harmful, proper 
and reasonable safety procedures must be utilized to avoid exposure to such particulate matter. 

In this thesis, the primary contribution to novel scientific information is the description of 
how dissolved Fe and Cu(s) may influence the leaching reaction rates of LCO in the H2SO4 

system. This is described in detail in the next section. 

2.2.3 Redox Reactions in the LiCoO2-Cu-Fe-H2SO4 System 

As has been previously discussed, man-made devices often contain materials in close prox-
imity to each other in a manner that would not be common in a mine of terrestrial minerals. 
These materials are tailor-made and highly ordered in a manner that serves their intended 
functionality. Chemically, large potential differences can exist between the materials, ready to 
react rapidly when exposed to the appropriate conditions. The relevant half-cell reactions for 
reduction in the context of this thesis are given in Table 4. In a preliminary investigation based 
on the reduction potentials of the half-reactions, it was determined that it could be possible to 
utilize a small quantity of dissolved Fe to aid the leaching of both LCO and metallic Cu, with 
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the dissolved Fe acting as a carrier for the electrons, i.e., a redox catalyst. This is the primary 
premise of the study presented in Publication V: to investigate the interaction of the catalyst 
(Fe) and the electron source (Cu) on the leaching of LCO. 
 
Table 4: Half-cell reduction potentials for reactions relevant to the thesis and its publications. Calculated with HSC 9.4.1. 
at T = 30 °C. 

Half-cell reaction E (V vs. SHE) Eq. (#) 
LiCoO2(s) + 4H+ + e- = Li+ + Co2+ + 2H2O 2.152 (8) 
H2O2(l) + 2H++2e- = 2H2O 1.832 (9) 
O2(g) + 4e- + 4H+ = 2H2O 1.225 (10) 
Fe3+ + e- = Fe2+ 0.644 (11) 
O2(g) + 2H- + 2e- = H2O2 0.619 (12) 
Cu+ + e- = Cu(s) 0.515 (13) 
Cu2+ + 2e- = Cu(s) 0.337 (14) 
Cu2+ + e- = Cu+ 0.16 (15) 
Fe2+ + 2e- = Fe(s) -0.408 (16) 
 
When performing leaching in a multi-component system, which mixed waste streams essen-

tially always are, it is necessary to consider the interaction of different compounds. The leach-
ing of Li-ion battery waste already raises several challenges in understanding and rationalizing 
the plethora of reactions that may occur in impure battery waste. The waste can contain active 
materials, as well as current collectors, electrolyte residues, adhesives, and graphite. This is the 
reason why synthetic materials were utilized in Publication V, as the phenomena associated 
with the chemical interaction could be studied in more detail.  

The active materials are themselves extremely oxidizing and are operated at high voltages 
that necessitate the use of organic electrolytes. LiCoO2 can be calculated to have a reduction 
potential of over 2 V (vs. SHE), a high value in comparison to the oxygen evolution reaction. 
Therefore, it is possible to speculate that the active materials could be broken down by a suit-
able reductant. Based on this, one surprising reductant could be the Fe associated with impure, 
industrially processed black mass–as shown in Publication IV–and it has been shown by sev-
eral researchers that the current collectors from spent battery waste are able to enhance the 
dissolution of the active materials [31], [39]. Moreover, Peng et al. hypothesized that the rea-
son why the current collectors improve the extraction of active material metals into solution is 
the presence of dissolved Fe2+. They proposed that the following reaction (17) occurs: 

 
 

 
Taking this chain of reasoning on the interaction further, Casas et al. have investigated the 
kinetics of dissolving metallic Cu with ferric ions in a plain sulfuric acid medium, as shown in 
reaction (18) [113]. By combining the reactions (11, 14) in Table 4, it is possible to obtain the 
reaction for Cu dissolution by Fe3+. As can be seen, this is thermodynamically possible and has 
been shown previously to occur in acidic sulfate media by Casas et al. 
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In Publication V, the two phenomena shown in reaction (17, 18) were combined, and the re-
sulting catalytic reaction (19) was suggested and studied. Although several researchers have 
reported successful utilization of scrap materials as a reductant [31], [39], Publication V takes 
the system further, investigating the interaction of the catalyst (Fe) and electron source (Cu) 
with small, lower, or near-stoichiometric quantities. Their influence on reaction rates was in-
vestigated, as well as the quantity of Fe required for the catalysis reaction to occur at an appre-
ciable rate.  

 

 

 
Additional factors were also considered, such as the galvanic interactions between the solids, 

as there is a possibility that these reactions occur as well, as claimed by Joulié et al. [31]. Re-
gardless of this, a simple Pourbaix investigation on the behavior of these LiCoO2 materials is 
not enough to understand their leaching behavior. As outlined in Section 2.2.2, it has been 
shown by numerous researchers that active material dissolution is dependent on delithiation, 
which results in redox reactions within the material itself. 

2.3 Kinetics of Extraction of Metals to an Aqueous System

The study of the dissolution rate of minerals is at the heart of hydrometallurgy. Different rate 
processes may limit the reaction rate, and in the leaching of multicomponent minerals, there 
may be different barriers to the achievement of a reasonable dissolution rate. Empirical models 
have been developed to determine the effect of diffusion and temperature in leaching, and the 
cubic rate law has been shown to apply to activation controlled mineral dissolution [114]: 

 

However, the cubic rate law and its set of associated equations is derived for minerals in 
which the valuable materials may be trapped within a less reactive matrix.  

Within battery waste, the materials are often individual, mostly free components, e.g., me-
tallic Cu, Al, steel, LCO, and NMC. It is necessary to characterize the materials being dissolved 
in order to better estimate the applicable rate equations. The cubic rate law, amongst others 
[81], [115], has been successfully applied previously to describe the dissolution of active mate-
rials, even though the mechanisms are probably slightly different than originally intended, as 
the investigated target minerals (e.g., LCO) are not necessarily embedded in a more inert min-
eral matrix.  

2.4 Separation and Recovery of Metals from an Aqueous System

There are various generalized groups of techniques of metals separation and recovery in the 
field of hydrometallurgy. These include crystallization (evaporative, freezing) [116] and reac-
tive crystallization, i.e., chemical precipitation (ionic, hydrolytic, substitution, and redox). Re-
dox precipitation reactions include solid-phase redox precipitation (i.e., cementation) and 
electrolytic precipitation (such as electrowinning) [117]. Other separation methods include sol-
vent extraction (i.e., liquid-liquid extraction) [118] and ion-exchange resins. In this thesis, pri-
marily ionic and hydrolytic precipitation reactions were utilized as a means of achieving the 
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partial separation and bulk recovery of several elements. A brief introduction to solvent extrac-
tion (SX) is provided, as the method was utilized in Publication IV. 

Solvent extraction is based on the mixing of two immiscible liquids, i.e., non-polar organic 
solution (organic solvent with dissolved extractant molecules) and an aqueous solution with 
dissolved metals (e.g., the PLS from leaching). The goal is to achieve high selectivity and pref-
erably often the concentration of the target metal(s) as well. Separation efficiency is based on 
metal complex formation and the chemical affinity between the target metal ions, ionic, or 
neutral metal complexes, and the extractant molecule. Aqueous and organic phases come into 
contact by mixing, and this blending causes the two phases to break up into smaller droplets, 
increasing the surface area of contact between the two liquids. The large surface area either 
allows rapid ion-exchange reactions to occur–in the case of anion or cation exchanger extract-
ants–or the transfer of neutral complexes to the organic phase (solvating extractants) [118]. 
The extractant molecule can be a designer molecule, prepared for the specific purpose of the 
selective extraction of certain elements in preference to others. Once extraction reactions are 
completed, the phases are separated–or left to disengage–and the loaded organic phase is 
stripped by bringing it into contact with an aqueous solution to reverse the extraction reaction. 
This can also be conducted under several conditions, providing selectivity in stripping; the re-
moval of impurities is called ‘scrubbing’. After SX, the electrolyte obtained can be treated by 
precipitation, e.g., the recovery of REEs as oxalates, after which, the REE oxalates could be 
calcined. Stripping can also be followed by electrowinning, where pure metal is produced elec-
trochemically through the application of a potential difference between an anode and cathode, 
which are immersed in the electrolyte originating from the stripping process [119]. 

2.4.1 Principles of Reactive Crystallization 

In chemical precipitation, a chemical is added to a solution, causing a reaction that results in 
the formation of compounds whose solubility in the solvent is much lower than that of the 
original materials. The reaction causes an immediate increase in the degree of supersaturation, 
and can result in the nucleation of precipitates [116], known as chemical precipitation, or al-
ternatively, reactive crystallization. Depending on the exact mechanism by which the precipi-
tation occurs, it can be divided into either homogeneous or heterogeneous nucleation. Super-
saturation is the degree to which the solubility has been exceeded by the formation of the now-
insoluble chemical: 

 

 

 
or alternatively: 

 

 

where aA and aB are the activities, and π their solubility product. Ksp is the solubility product of 
the insoluble compound in equilibrium [116].  

This in turn determines the driving force of the precipitation, and the quantity of driving 
force determines the mechanisms that are active during the precipitation, which in turn dictate 
the particle size and reaction rates. Due to the rapid and dynamic change in supersaturation, 
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the dominant mechanism of precipitation is often nucleation, which limits the particle size ob-
tainable to less than 10 μm [116]. Unlike in cooling or evaporative crystallization, where the 
supersaturation can be carefully controlled, in chemical precipitation the change is often sud-
den. In this thesis, precipitation processes were utilized only as a means of metal removal and 
recovery from solutions in which the supersaturation degree has an important influence. The 
kinetics of precipitation were not investigated in significant detail, but rather considered as a 
limiting factor if slow enough. Essentially as a result, the methodology utilized in Publications 
I-IV to study precipitation revealed the degree to which other impurities co-precipitate. In par-
ticular, in Publication VI, the hydrolysis of REEs was utilized as a simple tool to ascertain the 
level of conversion. In contrast, the study of crystal growth and supersaturation would neces-
sitate a more rigorous approach with different methodology and controls and is therefore out-
side the scope of the current thesis. 

2.4.2 Recovery and Treatment of REE Double Sulfates 

REE double sulfates are lanthanides in the form of REEM(SO4)2·H2O, where REE is any triva-
lent lanthanide, Y, or Sc. This means that the REE double sulfates belong to a group that is 
generally known as alums, which in turn originally gained their name from being known as 
double sulfate salts of aluminum.  

REE double sulfates have several intriguing properties: First, they exhibit the effect of lan-
thanide contraction in how their solubility in water changes as a function of atomic number: 
La with the largest ionic radii is the least soluble, whereas Lu is the most soluble [120]. This 
difference in solubility has been utilized in the past for the fractional precipitation of REEs, to 
separate light lanthanides (La, Ce, Pr, and Nd) from the heavier REEs [120]. Although there 
are many cations and anions that can form these double sulfates, in this thesis, the double salts 
that incorporate SO42- as well as Na+ and K+ are of particular importance. They all have differ-
ing solubilities, and the thermodynamic properties of double sulfates that incorporate Na ions 
have been the most consistently and comprehensively reported in the literature. For example, 
Das et al. have exhaustively investigated the pre-existing literature on the solubility of such 
double sulfates in their recent publication [121]. As was shown previously in Section 2.1, NiMH 
batteries mostly consist of light REEs (La, Ce, Pr, Nd); therefore the method of double sulfate 
precipitation is particularly suitable in the sulfuric acid treatment of NiMH batteries. It has 
been demonstrated, in permanent magnet recycling studies for example, that it is not feasible 
to utilize this method to recover dilute quantities of heavier REEs such as Dy and Gd, even if 
the method works well with the lighter REEs that are also often present in the magnets [122]. 
In contrast to the oxalate precipitation of REEs, double sulfate precipitation is selective in pref-
erence to a range of elements typically found in battery recycling (such as Ni, Co, Mn, Al, Zn, 
Cu, etc.). In contrast, the precipitation of REEs as oxalates is less selective in direct precipita-
tion from the leach solution due to the formation of strong bonds with various different ele-
ments, including Ni and Co [123], even under acidic conditions, and therefore the method does 
not provide adequate separation for REEs. 

Nevertheless, despite the obvious advantages, double sulfates themselves are not immedi-
ately useful and must be further treated, which, industrially, can be achieved by conversion 
with NaOH [124]. The conversion can be followed by further separation and purification steps 
or direct calcination. Moreover, in the case of Ce, its trivalent hydroxide—especially under al-
kaline conditions—is easily converted to tetravalent hydrated oxide (CeO2·2H2O), which may 
be an advantage if selective recovery of Ce is planned through its tetravalent oxidation state. 
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The recovery of REEs as double sulfates from sulfuric acid solutions, their subsequent con-
version to hydroxides, and circulation of the resulting process solutions were investigated in 
Publications I-III and VI. These studies contribute a valuable insight into the treatment of REE 
double sulfates, as well as reagent re-utilization. 

2.4.3 Wet-air Oxidation of Ce 

Ce is the only REE that can exist as a stable, dissolved tetravalent cation (Ce4+) in an aqueous 
solution, and consequently this property has been commonly utilized in order to achieve sep-
aration from other REEs. Wet-air oxidation of Ce(OH)3 is a common method for the oxidation 
of Ce, and is generally undertaken under basic conditions. The ease at which Ce3+ is oxidized is 
highly dependent on the solution pH, and under acidic conditions, the transition of aqueous 
Ce3+ species to Ce4+ is difficult and requires high oxidizing power such as that provided by 
Caro’s acid or persulfate [125]. This is exemplified by the fact that, under acidic conditions, the 
presence of H2O2 is not sufficient to oxidize Ce, whereas under basic conditions, atmospheric 
oxygen is sufficient to cause the oxidation of Ce [126]. 

Wet-air oxidation of Ce from mixed sources has been investigated by several researchers, for 
example, Zou et al. studied the oxidation of Ce within a synthetic mixture of rare earth hydrox-
ides whose source salts were nitrates [127]. Several researchers have already investigated the 
conversion of double sulfates from various sources, including Abreu and Morais, and Um and 
Hirato [128], [129]. The study presented in this thesis differs from the previous investigations 
in several ways: First, conversion and oxidation were primarily investigated at T = 30 °C; the 
amount of base was kept at near stoichiometric level; and the simultaneous oxidation of Ce 
with air purging was attempted. Although similar in concept to Zou et al., this study differs by 
utilizing rare earth double salts obtained from spent batteries as a raw material instead of syn-
thetic hydroxides. In this thesis, the challenges of conversion and oxidation directly from REE 
double sulfates (Publication VI) are described, which to the best of the author’s knowledge have 
not been previously outlined in detail in the current literature. 

2.5 Other Tools in Metallurgy

2.5.1 Design of Experiments 

Design of experiments (DOE) describes the basic principles for obtaining the maximum 
amount of useful information out of the system of interest as a function of several parameters 
and testing their validity statistically. This method has been widely applied both in industry 
and the scientific literature [130], including an application in the field of analytical chemistry 
[131]. At its simplest, DOE is based on having, at minimum, two different parameter levels 
from which observations (responses) are recorded and compared. With higher complexity, 
more levels than two are possible and the parameters are chosen in a manner that maximizes 
the clarity of the information obtained about the parameter space. It is important to recognize 
that DOE is just a tool with inherent strengths and weaknesses, which must be employed care-
fully by a user with at least a basic understanding of the methodology. 

Several categories exist that can be divided into screening, factorial, and optimization de-
signs. Screening designs are utilized to determine the most significant and important parame-
ters, i.e., those whose main effects are the most important. Consequently, non-significant pa-
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rameters can be eliminated and follow-up studies performed, as exemplified by Plackett-Bur-
man screening designs [132]. Full or fractional factorial designs can be used to elucidate the 
main effects as well as first and second-degree interactions. Two-level full factorial designs can 
be amplified with so-called star points, which turn a two-level full factorial design into a re-
sponse surface design. Central composite designs (CCD) are a commonly utilized group of de-
signs in optimization and these also include circumscribed central composite (CCC) design. 
Response surface designs allow the simultaneous clear-cut observation of the main effects, first 
degree interactions, as well as binomial effects. [131] 

The models created in this manner are regression models. For instance, a response surface 
design (2nd full factorial design with augmented star points α) would be a linear regression 
problem. The model itself is binomial, but the estimates that need to be solved, βi, are linear. 
These coefficients βi can be fitted by least squares regression in order to obtain the regression 
model for the system, as in equation (23): 

 
 

 
In estimating the error and the significance of individual parameters, statistical tools are uti-

lized and analysis of variance (ANOVA) is used for investigating whether the obtained model 
is a valid representation of the predicted effects in comparison to the actual effects. The ques-
tions being asked are essentially: 1) How repeatable are the experiments? (test for lack-of-fit); 
2) Are the residuals well-behaved? and 3) Which effects are statistically significant? Regression 
results (R2) can also be used to infer whether the model is a good representation of the test 
results or noise. 

The benefits of going for an experimental route utilizing DOE, especially if the user knows 
the local behavior of the system roughly, are significant. It allows the user to obtain under-
standable information about the main effects (e.g., the effect of parameters T and [H2SO4]), 
their interaction and binomial effects on a measured response (e.g., reaction rate constant). 
The user must be able to formalize the question being asked from the chemical system, i.e., 
what the relation of the tested parameters to the measured response is. This author believes 
that if the user is certain that the expected error is random—and has a rough understanding of 
the local behavior of the system responses—it is much more beneficial to plan the experiments 
with DOE than with single parameter variations. Single variation experiments leave the user 
blind to the local behavior of the system, and only reveal knowledge along the primary axes of 
the investigated parameters. Furthermore, with DOE and the help of ANOVA, results that are 
outliers can be singled out through statistical observation of the residual behavior. [133] 

In contrast, the drawbacks of DOE are clear: complex behavior is poorly modeled if the re-
sponse deviates from polynomial and it can be difficult to utilize five level designs if the pa-
rameter constraints are strict. There is also no guarantee that utilization of DOE results in the 
minimum or a low number of experiments as the method assumes continuous iteration, e.g., 
in optimization when the local behavior is not well-known. 

2.5.2 Process Flowsheet Modeling 

Process flowsheet modeling can be approached with equation-based modeling and modular 
modeling. In this work, HSC Chemistry and its SIM module was used. HSC SIM involves a 
sequential modular approach, wherein the user creates a sequential series of elements, each 
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modeling different unit processes in the flowsheet. The models are purely deterministic, sim-
ulating the mass and energy balance of the system (N.B. up until the later versions (9), no 
dynamic models were possible). The energy balance is obtained by understanding and provid-
ing estimated reaction equations that occur in the process, which are then combined with the 
HSC thermodynamic database to obtain an estimate for the change of enthalpy and entropy 
within the system. Most of the unit processes used in the model must be created by the user, 
i.e., by obtaining data from experiments, or alternatively, from the literature. HSC SIM can be 
utilized efficiently in pre-feasibility studies solely with literature data, and later in the process 
design, as more information is obtained through experimental work aiming at process devel-
opment.  
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3. Experimental

This section summarizes the equipment, software, and methods that were used in the work of 
Publications I – VI relevant to the dissertation. In this thesis and the publications included 
herein, several leaching methods were undertaken. Both synthetic virgin materials and indus-
trially processed spent batteries were employed in the leaching experiments. Recovery experi-
ments focused mainly on the utilization of chemical precipitation. Reagent circulation studies 
were performed with a combination of flowsheet simulation, process metamodeling, and ex-
periments. Overall, an important distinction is highlighted between the methods that utilized 
synthetic materials, aimed at improving our understanding of the behavior of industrially pro-
cessed spent batteries, and the fact that the basis for the synthetic materials used was in the 
industrially processed sample itself. 

3.1 Equipment

Leaching was the primary method of extraction investigated in this thesis. HCl (LIB, Publica-
tion IV) and H2SO4 (both LIB and NiMH, Publications I-IV and VI) were utilized in the leaching 
experiments. Glass reactors were used in most of the experiments, ranging in size from 100 
mL (Publication VI), 500 mL (Publication V), 1000 mL (Publication I-IV), to 3000 mL (Pub-
lication VI). Some were jacketed (Publications V and VI), whereas others were not (Publica-
tions I-IV). In all cases, heated water baths were employed and, with the jacketed reactors, heat 
was supplied by a circulating thermostat unit. Overhead stirrers (VWR VOS16) were utilized, 
along with heated water baths.  

Powder diffraction with X’Pert Pro MPD Powder (USA), equipped with a PIXcel1D detector, 
a Fe beta filter and without a monochromator was used for the analysis of the phases present 
in the samples. In Publications II and IV, a Cu Kα source was operated at 45 kV, 40 mA, 
whereas in Publications I, V and VI, a Co Kα source operated at 40 kV, 40 mA, was utilized.  

SEM was undertaken in order to obtain micrographs. In Publications I and II, a Zeiss LEO 
1450VP SEM (Germany) coupled with an Oxford Instruments (United Kingdom) INCA ana-
lyzer was utilized. In Publications V and VI, a Tescan Mira3 (Czech Republic) was utilized along 
with a ThermoFisher Scientific, Ultradry EDS detector (USA).  

All the chemical analyses in Publications I-V were performed with either AAS (Varian A2400 
or Thermo Fisher, ICE 3000, USA) or ICP-OES (Perkin Elmer DV7100, USA). In Publication 
VI, ICP-OES (Thermo Fisher Scientific iCAP 6500 DUO, USA) and ICP-MS (Thermo Fisher 
Scientific iCAP Qc, USA) were used in conjunction with AAS. 

All the graphs in this work were created with Origin 2020 software [134] and the flowsheets 
with Microsoft Visio 2016. 
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3.2 Pre-treatment

The pre-treatment of the spent battery materials consisted of two (LIB) or three steps (NiMH): 
1) the treatment already performed by the industrial operator [135], 2) size separation by siev-
ing and―in the case of NiMH batteries―3) H2O leaching. After pre-treatment, the raw material 
was subjected to hydrometallurgical treatment, described in Section 3.3. 

3.2.1 Mechanical Pre-treatment and Characterization 

Industrially crushed, shredded, magnetically separated, and sieved Li-ion battery fractions 
were obtained and used for the work in Publication IV [14], [135]. Spent NiMH batteries were 
processed with similar technology to LIB processing and were utilized in Publications I-III and 
VI, although unlike the processed spent Li-ion batteries which were sieved, the spent NiMH 
batteries had only been subjected to shredding and crushing. The industrial battery fractions 
obtained were characterized by totally dissolving the acid-soluble compounds in aqua regia 
(3:1 ratio of HCl:HNO3) and then analyzing the resultant solution by ICP-OES and AAS. Table 
5 shows the composition of the spent NiMH batteries that was obtained by dissolving approx. 
90 g of spent NiMH battery waste in a 3 L Erlenmeyer flask with aqua regia.  

 
Table 5: Composition of < 1 mm sieved size fraction of NiMH batteries, utilized in the leaching experiments of Publication 
I. Taken from Publication I. All results reported in mg/g. 

Na K Ni Co Fe Mn Zn Al Cu Zr 
4.7 16.0 520 71.6 12.7 35.3 16.0 11.3 8.0 < 0.5 
Cr Ti V La Ce Y Mg Pr Sm  
< 0.5 < 0.5 < 0.5 79.3 57.9 0.9 < 0.5 12.4 1.5  
 
Likewise, in Publication IV, the materials present in the Li-ion battery waste fraction under 

investigation were characterized. The methodology of characterization was improved from 
Publication I by performing analysis of five concurrent samples obtained from a rotating sam-
ple divider (riffler). The five samples were dissolved separately and the solutions analyzed with 
ICP-OES and AAS. As it can be seen from the characterization results presented in Publication 
IV, no reliable, homogeneous samples could be obtained from the analyzed underflow (approx. 
< 1 mm) fraction samples of spent industrial Li-ion battery waste, which increased the poten-
tial for error in the leaching experiments and their subsequent interpretation. Table 6 presents 
the mean and standard deviation values for the samples. The standard deviations for the sam-
ples were large, especially in the case of Al and Cu, which were present in the investigated 
fraction of raw material as foil-like particles. Al and Cu predominantly originate from the cur-
rent collector foils of the batteries. This in turn makes the reliability of the leaching analyses 
questionable, and more thought must be given to the sampling of industrially processed sam-
ples in the future. For example, it is suggested that Pierre Gy’s theory of sampling could be 
utilized in creating nomograms for the sampling of spent battery waste in order to better esti-
mate the size of the sample required for chemical analysis [136]. However, if the sample size 
required were large, it would not be helpful on laboratory scale, and therefore some type of 
standardized homogenization protocol would be required.  

In this work, it was deemed that milling of the raw materials to a more uniform particle size 
prior to hydrometallurgical processing was not desirable, as it would not only change the par-
ticle size distribution of the raw material, but also potentially the chemical characteristics of 
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the industrial raw material in an unrealistic manner. Herein lies a mismatch: either 1) the raw 
material is characterized as received from the process, thus the shape and size are retained for 
subsequent hydrometallurgical processing or 2) the sample batch is milled down to a smaller 
size, to allow more reproducible sampling. In this thesis, the author believes that the second 
option is not the correct approach as it would not be representative of the original raw material, 
therefore an increased sample size would be the only way to improve the relative uniformity of 
each individual sample. 
 
Table 6: Analysis results of 5 samples of spent Li-ion batteries. Mean and standard deviation values are reported in wt%. 

 Li Co Mn Ni Fe Cu Al 
Average 3.60 28.62 2.75 2.74 0.72 3.02 2.15 
SD 0.039 2.653 0.131 0.043 0.034 0.353 0.304 
CV ±1.10% ±9.27% ±4.76% ±1.59% ±4.81% ±11.68% ±14.14% 
 
The material investigated was also characterized by particle size in the case of both battery 

fractions (Publications I and IV). A screening system (Retsch AS 30), comprised of sieves with 
nominal mesh sizes that ranged between 8 mm and 125 μm, was utilized for the particle size 
fraction characterization. The separate sieve fractions obtained were analyzed for chemical 
composition by dissolution in aqua regia, followed by ICP-OES or AAS solution analysis. Prior 
to the chemical analysis, each of the fractions was also weighed and the mass fractions were 
calculated. Based on an understanding of general LiBs and NiMH battery structures, it would 
be expected that size separation alone would provide some separation between the finer active 
materials and coarser current collectors, separators, and casings. This size-based characteriza-
tion provided a reason for the selection of the underflow that would be investigated in the sub-
sequent leaching studies. All the mechanical treatment was performed in a well-ventilated 
space as it is extremely important to consider the risks involved when handling toxic, carcino-
genic, and corrosive fine (< 10 μm) powders. Both battery types contain dangerous chemicals, 
ranging from toxic (LiPF6  HF) to carcinogenic (Ni-based compounds), and otherwise nox-
ious heavy metals (Cd). 

3.2.2 Aqueous pre-treatment and characterization 

In the case of NiMH batteries, aqueous pre-treatment was investigated by water leaching (Pub-
lications I and II) and the resulting filtrate was analyzed by AAS and ICP-OES. The contact 
times were varied, as were the solid-to-liquid (S/L) ratios. The raw materials were stirred in 
water for a predefined time (5 – 30 min), before being filtered and sampled. The chosen sam-
ples were dried and then treated hydrometallurgically by sulfuric acid leaching.  

3.3 Hydrometallurgical Experiments

The hydrometallurgical experiments presented in this thesis were conducted on spent Li-ion 
battery waste (in HCl media, Publication IV), spent NiMH battery waste (in H2SO4 media, Pub-
lications I-III, VI) and virgin LCO materials in the presence of impurities (metallic Cu and dis-
solved Fe ions in H2SO4 media, Publication V). The recovery experiments were focused on REE 
double sulfates, and their conversion to hydroxides.  
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3.3.1 NiMH Leaching Experiments 

In both Publications I and II, the H2SO4 leaching of spent NiMH batteries was conducted with 
a 1 L reactor immersed in a heated water bath along with an overhead stirrer. A S/L = 1/10 was 
utilized along with T = 70 °C (Publication II) and T = 50 °C (Publication I).  

In Publication II, the extraction from leaching was calculated based on the initial raw mate-
rial content per dissolved metal quantity. The raw material was added directly to the pre-pre-
pared lixiviant. In Publication I, the extraction was calculated based on the leach residue anal-
yses, i.e., dissolved elements vs. elements remaining in the leach residue. From the experiences 
gained in Publications II and IV, it was believed that analysis based on leach residue is more 
reliable in the case of heterogeneous raw materials and therefore, a different system of extrac-
tion analysis and calculation was utilized in Publication I. 

In Publication I, the lixiviant was not prepared beforehand, but rather concentrated H2SO4 
(96%) was carefully titrated with a glass pipette into the leaching reactor and the acid con-
sumption per gram of spent battery material was measured in the leaching experiments, along 
with the solution ORP and pH. In Publications II, III, and VI, a pre-prepared lixiviant of the 
concentration of [H2SO4] = 2 M was utilized, which was chosen based on a literature survey 
and a previous study that is not included in this thesis [137]. 

In Publication II, first two-stage leaching was investigated, where the second leaching stage 
utilized H2O, which aimed at the determination of any water-soluble compounds formed dur-
ing H2SO4 leaching. In the second leaching experiment of Publication II, presence of Na2SO4 

was utilized in order to demonstrate the in-situ precipitation of REEs during leaching, thereby 
demonstrating an amplification of the effect that NaOH electrolyte can have on REE extraction 
in H2SO4 leaching.  

3.3.2 LIB Leaching Experiments 

In the experimental series of Publication IV, [HCl] = 4 M was utilized. The equipment and 
setup were as described for NiMH leaching, apart from the inclusion of O2 gas purging (at 0.133 
L/s) and different experimental parameters: Both T = (50, 60, 70 and 80 °C) and S/L = (1/10, 
1/15 and 1/20) were varied. 

In the research of Publication V, a study of the LCO active materials and the influence of 
impurities on its dissolution rate was performed. The research was composed of three parts: 1) 
Influence of dissolved Fe2+ on the dissolution of LCO in 2 M H2SO4; 2) the influence of metallic 
Cu on the dissolution of LCO in 2 M H2SO4, and 3) the combined influence of Cu and Fe2+ on 
the dissolution of LCO in 2 M H2SO4. All experiments were performed under N2 gas purging 
(0.5 L/min). For part 3), an experimental matrix was devised based on DOE, and CCF was 
utilized with three center point replicates. The experiments that were performed in 3) are listed 
in Table 7. The constant parameters used included the mass of LiCoO2 (6.68 g), temperature 
(30 °C), and H2SO4 concentration (2 M). Molar ratios were calculated based on the expected 
stoichiometries of reaction (19). In addition to the experiments outlined in Table 7, two indi-
vidual parameter experimental series were performed, consisting of a small number of exper-
iments with just Fe2+ (0.5, 1, and 1.5 mol/mol (Fe2+/LiCoO2)) and Cu (addition of Cu to leaching 
system at t = 0 min vs. t = 60 min). 
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Table 7: Experimental parameters used in leaching of synthetic active materials. T = 30 °C, [H2SO4] = 2 M, mLiCoO2 = 6.68g. 
Table taken from Publication V. 

Experiment FeSO4·7H2O/LiCoO2 
(mol/mol) 

Cu/2LiCoO2  
(mol/mol) 

V1 0.01 1.5 
V2 0.01 0.5 
V3 0.11 1.5 
V4 0.055 0.5 
V5 0.055 1 
V6 0.055 1.5 
V7 0.11 0.5 
V8 0.055 1 
V9 0.11 1 
V10 0.01 1 
V11 0.055 1 

3.3.3 REE Double Sulfate Precipitation and Conversion 

Two studies that involved the conversion of double sulfates were performed with 100 mL Er-
lenmeyer flasks (Publication II). In Publication III, the conversion of the double sulfates was 
investigated more broadly in terms of the utilization of the sidestreams in REE precipitation 
with the use of a 100 mL jacketed reactor (see Section 3.4 for more details). In Publication VI, 
the conversion and simultaneous wet-air oxidation of the REE double sulfates were studied. 
The methodology related to Publication VI is further discussed below. 

For the double sulfate to hydroxide conversion experiments, a large quantity of double sul-
fates (> 200 grams) was obtained from the leaching of approx. 330 grams of sieved NiMH 
battery waste (-1 mm fraction) with the following process parameters under sufficient stirring: 
[H2SO4] = 2 M, S/L = 1/10 and T = 30 °C). The double sulfates were precipitated out from the 
resultant PLS by the addition of Na2SO4. N.B. Extreme care must be undertaken as this reac-
tion is highly exothermic and can emit gaseous H2. The filtrate was later utilized in a different 
piece of research [138], and the procured large batch of double sulfates were utilized in Publi-
cation VI. The composition of the double salt is shown in Table 8. 

 
Table 8: Double sulfate composition utilized in the conversion and oxidation experiments. Analysis with *=ICP-MS or 
**=ICP-OES. 

 La* Ce* Pr* Nd* Y* Sm* Ni** Co* 
Average 162667 108133 11500 37567 510 212 377 70.4 
CV (%) 5.51 6.29 6.07 6.33 10.41 6.16 6.41 8.14 
 Mn* Al* Fe** Zn* Na** K** S**  
Average 144.7 30.6 20.0 29.8 52767 6632 157000  
CV (%) 6.19 17.51 1.31 16.67 2.79 0.28 2.08  
 
These double sulfates were then subjected to hydroxide conversion by in-situ wet-air Ce oxi-

dation. The conversion experiments were performed with a 100 mL jacketed glass reactor con-
nected to a heated water bath with a circulating thermostat and stirring was supplied via a 
magnetic stir bar, agitated by a magnetic stirring plate. The solution and the subsequent slurry 
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were continuously purged with compressed air supplied via Teflon tubing to the solution to 
drive the oxidation of Ce. In Publication VI, a titrimetric method was utilized in order to deter-
mine the extent of Ce oxidation as described in more detail elsewhere [139]. Reoxidation of 
Ce3+ to Ce4+ in H2SO4 solution was attained by oxidation with Na2S2O8, catalyzed by AgNO3. 
Following the mixing of the chemicals, the solutions were boiled under stirring for 15 minutes 
in order to decompose excess persulfate, before being allowed to cool down and then diluted 
back to known volumetric quantities.  

3.4 Process Modeling and Metamodeling

Response surface methodology was utilized in the leaching experiments (Publication V) as well 
as in the metamodeling (Publication III). HSC Sim was used for flowsheet modeling (Publica-
tion III) of the study of REE double sulfate conversion and utilization of the produced side-
streams. 

3.4.1 HSC Chemistry & Process Modeling 

In this thesis, HSC Sim (v. 9.4.1) was employed as a tool to generate data in a deterministic 
manner about the influence of different process parameters on the composition of the side-
streams, product filtrates, reagent consumption, and solid products in order to visualize and 
mathematically describe the mass balance behavior. A process model section for the double 
sulfate precipitation, conversion, and reagent circulation was created in Publication (III). The 
data used in the creation of the flowsheet model was based in part on the literature, especially 
in terms of the relation of dissolved REE to Na+ [140], although the estimate for REE behavior 
is only a quasimodel. 

3.4.2 Response Surface Methodology 

DOE was utilized in two of the research papers that form part of this dissertation, and CCF was 
chosen as the tool in both cases. Minitab 8.1 [141] was utilized in the creation of the experi-
mental plan and in the analysis of the results. The error caused by external factors beyond the 
control of the user was randomized by running the planned experiments in random order. It is 
assumed that the error within the experiments is normally distributed. Nevertheless, this as-
sumption means that DOE cannot necessarily be applied to the study of highly variable waste 
streams as the error might not be normally distributed, especially with small sample sizes. For 
example, complex leaching interactions may also be altered by variation in the composition, 
overwhelming the detectable effects, if any, with noise. Replicates were performed, especially 
for the center point of the design, in order to obtain an estimate of pure error and lack-of-fit.  

Furthermore, these DOE designs have been explored as a method to create simple surrogate 
models [142]. This was investigated in Publication III by utilizing HSC Chemistry 9.4.1 [143] 
and experimental data from NiMH waste processing. A deterministic mass balance model was 
created with interdependent parameters and their related responses. A multiparameter opti-
mization tool in Minitab was used to examine the possible optimal fronts in this system.  

In Publication V, DOE was utilized in studying how the reaction rate constants change as a 
function of the dissolved Fe and solid Cu content in the solution.  
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4. Results and Discussion

This section summarizes and discusses the results of Publications I – VI. The focus of the re-
search has been on investigating the behavior of real waste materials and linking the observed 
anomalous behavior to identifiable battery components. The aim has also been to improve the 
understanding of the behavior seen in the processing of industrially pre-treated spent batter-
ies. Section 4.1. primarily deals with the results from Publications I, II, and IV, and is limited 
to what would amount to the characterization of the raw materials as well as the water leaching 
results for industrially processed NiMH battery waste. Waste materials are complex systems 
with mineralogy that is unlikely to be found in primary mining (e.g., metallic Cu, Al, and LCO). 
Therefore, characterization of the materials is of great importance, as without a fuller charac-
terization and understanding of the phases and elements present in the waste, it would be im-
possible to estimate what kind of reactions might occur in a leaching system. In Publications I 
and II, water leaching of the NiMH raw materials was briefly investigated and the associated 
phenomena identified and analyzed. Acid leaching of both battery types is discussed in Section 
4.2. and includes virgin materials with the DOE approach to study virgin material dissolution 
kinetics in the presence of impurities. The goal in using synthetic materials (virgin active ma-
terials) was to more clearly elucidate the phenomena related to chemical interaction between 
the impurities found in real industrially processed waste. Section 4.3. focuses on the treatment 
of the REE double sulfates obtained from NiMH batteries and how a combination of process 
flowsheet modeling could be utilized in estimating the viability of one potential REE double 
sulfate post-processing route. The final section, 4.4., discusses how the results should be 
brought together and how they should influence future metallurgical recycling investigations. 

4.1 Characterization of Spent Batteries

The characterization studies were mainly focused on analyzing the difference in elemental dis-
tribution according to particle size. The major phases were also determined, where needed, by 
XRD. Water leaching and leaching by controlled acid addition were utilized in some character-
ization studies related to NiMH batteries. Although these experiments were in principle leach-
ing tests, they are better described as preparatory experiments aimed at understanding the 
character of the raw material prior to the actual batch leaching experiments, i.e., characteriza-
tions done to provide information for further experimental studies. Once the components have 
been identified, even synthetic experiments can be planned in order to elucidate individual 
effects and interactions during leaching. 
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4.1.1 Characterization of NiMH Wastes 

The spent NiMH battery wastes were characterized to investigate how the battery elements 
were distributed among different size fractions. It is evident that most of the La, and therefore 
the rest of the REEs as well, was concentrated in fractions that were less than 1.5 mm in average 
size. This is to be expected as REEs are only found on the anode active materials. What is sur-
prising is the prevalence of Ni in large fractions (> 1 mm). This is indicative of Ni being associ-
ated with different components of the battery; based on the literature, for example, Ni is part 
not only of the anode, but is found in cathode materials (Ni(OH)2) as well as part of the Ni-
plated current collector [49]. From the results, it can be concluded that size separation could 
be utilized for the segregation of a majority of the Fe–which comes primarily from the steel 
current collectors―from REEs. Moreover, if the Fe (along with its associated Ni content) could 
be removed magnetically, for example [144], Ni losses could potentially be avoided. Neverthe-
less, in this thesis it was not possible to achieve a distinct separation of Ni, as this element was 
evenly distributed among all the different size classes, often in significant quantities. Based on 
the size separation studies, two different size fractions were investigated: -1.0 mm was utilized 
in Publications I, III, and V, and -1.4 mm in Publication II. 
 

 

 
Fig. 2: The relative distribution of elements in different size classes (reported in μm), as well as the total mass fraction of 

each size class. Adapted from Publication I. 

The smallest size fraction (< 125 μm) was subjected to XRD investigation, as shown in Fig. 3. 
As can be observed, the diffractogram quality is not optimal, primarily as a result of the low 
S/N ratio caused by the fluorescent radiation originating from Mn due to Co Kα radiation en-
ergy. It has been claimed previously by Rodrigues et al. that only REE oxides can be detected 
in a finer powder [56]; however, this is contradictory to our findings as mechanically processed 
battery waste consists mostly of unreacted mischmetal, as shown in Fig. 3. The difference in 
identified phases could be attributed to the drying treatment employed by Rodrigues et al., 
although it is also likely that there were some oxides present in the raw material studied in this 
thesis as well, as the mischmetal was exposed to air at some points during treatment and stor-
age. Recently, Zielinski et al. showed in their thorough characterization of spent battery mate-
rials that the particles exhibit a core-shell structure [60]. In addition, AB5-type particles have 
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previously been shown by Srivastava and Srivastava [41] to react with moist air in the following 
manner: 

 
 

 
 

 
Fig. 3: Analysis of X-ray diffractogram and its peaks, identifying at least two phases. Adapted from Publication I. 

Therefore, it can be hypothesized that it is possible for a protective oxide layer to form on top 
of extremely reactive raw materials, such as the ones used in this study. The drying treatment 
that Rodrigues and Morais performed on their raw materials may have influenced the oxida-
tion degree of the fine powders, as they were able to detect mostly the presence of lanthanide 
oxides rather than mischmetal. Taking the chain of reasoning further, if they indeed were suc-
cessful in oxidizing most of the materials at such a low temperature (60 °C) [56], then low 
temperature oxidative roasting could be potentially a viable pre-treatment for the raw material 
if the aim was to minimize hydrogen evolution during leaching. However, this was not the focus 
of the present work, although it is recognized that the safety risks caused by H2 gas evolution 
during leaching need to be given serious consideration. 

The leaching behavior of the material was also characterized, as shown in Fig. 4. The result 
is included in this section, as it is in essence a characterization experiment, rather than a con-
ventional leaching experiment. It was observed that the reactions taking place in the aqueous 
solution generate species that are extremely reductive, leading to an overall solution redox po-
tential range from -400 mV to -200 mV (vs. Ag/AgCl). This is a relatively low potential, and it 
is not immediately clear why the potential decreased to this extent. The influence of solids on 
the measurement was not ruled out, although if the presence of solids is not responsible, then 
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the solution must undergo the formation of redox pairs with low reduction potential. It is also 
noteworthy that the solutions that are generated initially just with water and the spent battery 
materials are highly alkaline, with a pH value > 10. In later leaching expeirments the presence 
of Na and K was also detected, indicative of insufficient washing. This further emphasizes the 
importance of correct washing methodology. In the case shown in Fig. 4, the material had been 
washed, but either it was not suitably thorough or alternatively, there is a tendency for Ni(OH)2 

and other basic components to cause the alkalinization of water. 
 

 
Fig. 4: Characterizing leaching result over time with additions of acid in batches. Adapted from Publication I. 

There is also a discernible buffering effect found at a pH value of 4. This range of pH (3-5) 
applies to many metals, including Al3+ and Fe3+, whose hydrolysis is ongoing at a pH level of 4 
[145]. In addition, REE hydroxides (La, Ce, Pr, Nd) begin to precipitate in the pH range of 7-8 
[146]. Furthermore, in another characterizing leaching experiment, which used an identical 
setup, it was possible to observe that Fe and Al only dissolved when the buffering effect disap-
peared, i.e., when the majority of the REEs and Ni had dissolved (Table 9). 

 
Table 9: Results of a leaching experiment, showcasing the effect of pH buffering on Al and Fe concentrations. Taken from 
Publication I. 

t 
(min) 

H2SO4/raw 
mat (mmol/g) 

Ni 
(g/L) 

Co 
(g/L) 

Fe 
(g/L) 

Al 
(g/L) 

La 
(g/L) 

60 8.15 28.582 5.055 0.193 0.221 6.844 
120 9.11 35.517 5.889 0.625 0.985 7.809 
180 10.06 39.306 6.201 0.928 1.447 9.025 

4.1.2 Characterization of LIB Wastes 

The underflow—i.e., impure black mass—was observed to contain Al and Cu in significant 
quantities. The Cu and Al current collector foils find their way to the smaller size fractions and 
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therefore influence the chemistry of the total system, as shown in Fig. 5. The results that per-
tain to the larger size fractions can be summarized by the fact that the Al foils carry some of 
the Co to larger size classes due to the PVDF binder (Publication IV). In contrast, the “others” 
fraction contains graphite, electrolyte salts, any electrolyte residues, as well as some binders 
and pieces of separator.  

 

 
Fig. 5: Particle size classes and their composition, along with the cumulative mass fraction of the size classes. Adapted 

from Publication IV. 

4.2 Leaching of Spent Battery Waste 

The results of the leaching studies can be separated into three distinct categories: leaching of 
industrially mass-processed spent NiMH batteries, leaching of industrially mass-processed 
spent Li-ion batteries, and leaching of virgin synthetic materials (active cathode materials of 
Li-ion batteries) in the presence of synthetic impurities (Cu, Fe). In the leaching studies of 
industrially processed waste, experimental phenomena that can be derived from industrially 
mass-processed spent batteries are highlighted. In the synthetic experiments where virgin bat-
tery raw materials and components were used, the effect of impurities identified as present in 
the characterization of industrial waste materials were investigated in a systematic and precise 
way in order to elucidate the chemical reactions occurring in the system and their rates. 

4.2.1 Leaching of Spent NiMH Batteries 

Leaching of spent NiMH batteries was conducted both in water and sulfuric acid. As high-
lighted in Publication II, a high concentration of Na (317 mg/L) and K (1394 mg/L) was found 
in the washing water of the spent batteries. It was observed that, if the removal of the electro-
lyte residues was neglected in the NiMH leaching studies, then part of the dissolved REEs pre-
cipitated in-situ during the leaching of the spent battery waste. This phenomenon was proven 
experimentally by performing sequential leaching on the leach residues originating from the 2 
M sulfuric acid leaching, as shown in Fig. 6. It is also known from several previous studies that 
REE double sulfates are only slightly soluble in sulfuric acid solutions [121], [147]. In the water 
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leaching of the leach residues, a solution containing La (635 mg/L), Ce (858 mg/L) and Pr (179 
mg/L) was obtained, which when taken together demonstrates that there was at least 1672 
mg/L of REEs present in the solution. This is in line with the solubility of REE double sulfates 
in neutral or slightly acidic water [147]. In terms of extraction, the findings presented must be 
carefully considered due to the heterogeneity of the raw material. As clearly revealed by the Fe 
extraction, which exceeded 100%, there is significant uncertainty regarding the reliability of 
the extraction results. In Publication I, this issue was partially solved by additional analysis of 
the leach residues; however, for the results shown in Fig. 6 (Publication II) this was not done. 
Nevertheless, the findings presented herein can be used to ascertain the phenomena occurring 
within the system, for example, that there is in-situ precipitation of REEs and relatively high 
quantities of Ni (>34 g/L) dissolved. Overall, it is known that complete extraction of Co and Ni 
is difficult to achieve by sulfuric acid leaching alone [60]. 

  

 
Fig. 6: Extraction of metals in 2-stage leaching (1L) and in in-situ precipitation. Adapted from Publication II. 

Water leaching was also investigated separately in Publication I, where the presence of water-
soluble organic compounds was discovered. The source of the compound was unclear and as it 
has not been previously reported in the literature, there was some speculation as to whether it 
was introduced during the industrial waste battery treatment, e.g., as contamination, or if it 
originated from the spent NiMH batteries. When the water leachate was acidified with sulfuric 
acid, a phase disengagement was observed that eventually led to the precipitation of an organic 
mass. This was most likely due to protonation, as other sulfate sources (e.g., Na2SO4) were not 
observed to result in this behavior. After washing, this mass was revealed in FTIR analysis to 
be composed of C (51 -55 wt.%), H (4.31-4.77 wt.%), and N (0.42-0.45 wt.%). Unlike in Publi-
cation I, this precipitate went undetected in Publication II, and it is possible that the reaction 
occurred in-situ during the 2 M H2SO4 leaching, prior to ending up in the leach residues. 
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4.2.2 Leaching of Spent Li-ion Batteries 

Leaching of spent Li-ion batteries was briefly studied in Publication IV using HCl leaching. Cl- 
anions have reductive properties, and it has been suggested that chloride ions can be oxidized 
with relative ease if a strong enough oxidant is present within the leaching system, as detailed 
in reaction (7). This reaction was utilized in the leaching of active cathode materials in Publi-
cation IV; however, it must be noted that it remains uncertain whether there is an actual release 
of gaseous Cl2 or whether the chlorine reacts with water to produce HCl and O2 gas.  

During the results analysis for Publication IV, the leaching results reported as extraction per-
centages were deemed unreliable, due to the high variance present in the baseline raw material 
composition. The CV was excessively high for Cu, Al, and Co (Table 6), which makes it difficult 
to observe any effects that result from the parameter changes due to the high levels of baseline 
variance. The Co mean (28.62 wt.%) and standard deviation (2.653 wt.%) result in high possi-
ble range of the Co contents in the raw materials. This in turn will result in variance in the 
active material content and the subsequent reduction-oxidation characteristics of the solution 
(PLS), as the sample masses were nearly equivalent. As it is known that Al, Cu, and Fe can all 
influence leaching behavior [31], [39], it is highly possible that the content variance of the raw 
material would influence the measured extractions more than systematic changes made to the 
parameters. Consequently, apart from the absolute dissolved metal values shown in Table 10, 
the leaching results are excluded from this discussion due to reliability concerns. It can be sug-
gested that in future research work, analysis of the related leach residues should be mandatory 
in order to obtain a better understanding of the fraction of dissolved metals vs. metals in the 
residue. Furthermore, better sampling protocols and the required sample size should also be 
considered based on the theory of sampling [136].  

 
Table 10: Taken and adapted from Publication IV. Solution concentrations reported at the end of the leaching experi-
ment. Data expressed in mg/L. 

L/S T (°C) Li Co Cu Ni Mn Al 
10 50 2858 17663 2670 2552 2799 1785 
10 60 2472 16486 3451 2949 2572 2435 
10 80 3069 20480 3766 2626 2884 2379 
15 70 2364 16372 2487 1908 1833 1460 
15 70 2426 16364 2324 1827 1803 1416 
20 50 1595 10199 1408 1230 1415 972 
20 60 1334 9466 2189 1301 1383 1053 
20 80 1223 8757 2408 1138 1281 1057 
 
As highlighted by the leaching results shown in Publication IV, significant uncertainty exists 

in terms of relative extraction, due to the inability to homogenize the industrial raw materials. 
This is an inherent issue in the processing of waste materials that are often heterogeneous, and 
these issues will be addressed later in this thesis. In addition, these leaching results (Publica-
tion IV) reinforced the idea that, in order to study leaching phenomena in a multifaceted sys-
tem, correct mapping of the chemical interactions based on the composition of the industrial 
process stream is a prerequisite, and the problem must be investigated via logical steps that 
contribute to the overall understanding of the process. This was the motivation for the leaching 
studies with synthetic materials, presented next in Section 4.2.3. 
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4.2.3 Leaching of Synthetic Active Materials 

In Publication V, the common impurities found to be present in the industrially processed 
black mass of Li-ion batteries used in Publication IV were investigated from the perspective of 
their electrochemical potential. In order to ensure confidence in the replicability of the results, 
synthetic virgin materials were utilized. Phenomena occurring during the dissolution of the 
active cathode material and their kinetics were investigated in a multi-component system that 
contained various quantities of dissolved Fe(II) and metallic Cu in a 2 M H2SO4 solution. This 
was a phenomenological study to support the more detailed understanding of real battery 
waste leaching and was based on the reaction equations presented in (17-19). Initially, the 
effect of Fe2+ alone was investigated as a function of time, with the amounts of Fe2+ to be added 
into the solution calculated based on the stoichiometry of eq. (19). It was discovered that, 
although the leaching kinetics are not greatly influenced by the additions of Fe2+, the final Co 
extraction achieved is. Dissolution is extremely rapid and aggressive in ferrous sulfate 
solutions; however, based on stoichiometric calculations, the dissolution of Co is incomplete, 
i.e., not all of the Fe2+ is consumed by the LCO. This was also apparent from the leach residue, 
as a thin layer of LCO was found to remain on the filter paper in each experimental case, which 
may result from a more complicated leaching mechanism than originally conceived. Billy et al. 
have previously shown that, in NMC materials, there is formation of peroxide-like surface 
oxygen on the NMC [65]. This may also be the key in the oxidation of Fe2+ and could help 
explain why LCO does not dissolve stoichiometrically; at a certain stage, the mechanism by 
which the electrons are transferred to Co3+ from Fe2+ no longer occurs. 

 

 
Fig. 7: Influence of Fe2+ on the dissolution of LCO. [H2SO4] = 2 M, T = 30 °C, V = 400 mL, mLCO = 6.68 g. Adapted from Publi-

cation V. 

The dissolution of Cu was also investigated in the absence of LCO. Results showed that after 
the dissolution of the thin oxide layer from the copper powder, the dissolution rate was ex-
tremely slow in 2 M H2SO4. This was followed by two separate experiments where LCO was 
dissolved in the presence of metallic Cu powder. In the first case, Cu was present prior to the 
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addition of LCO, and in the second, Cu was added after 60 minutes of LCO leaching in H2SO4. 
The findings showed that there was no clear evidence that the addition of Cu enhanced the 
dissolution of LCO, which would be an indication of galvanic corrosion. Conversely, the pres-
ence of LCO did enhance the rate of Cu dissolution. Additionally, it was determined that the 
presence of Cu results in a reduction in the rate of Co dissolution. This fact was subsequently 
confirmed and is discussed in more detail later in this thesis. 

 
Fig. 8: Influence of LCO on dissolution of metallic Cu. [H2SO4] = 2 M, T = 30 °C, V = 400 mL. The labels above the data 

points indicate the dissolved mmol of Co. Adapted from Publication V. 

Because of these results, the reaction described in Eq. (19) was investigated based on the 
experimental parameters determined by DOE: RSM with a CCF configuration that included Cu 
and Fe as the investigated parameters. The results of these experiments, depicted in Fig. 9, 
show that experiments (V1, V2, V10) with low Fe (0.01 Fe/LiCoO2, mol/mol) inhibited leach-
ing, with the rate and extent of Co dissolution comparable to that presented in Fig. 7. In exper-
iment V4 however, which contained the middle value of Fe (0.055 mol/mol), the rate was 
found to be poor and this may be related to the quantity of Cu available for reactions. It was 
observed that Cu particles became partially covered or re-filled with Co oxide particulates, 
which could be a critical factor. Moreover, the reason for the inhibition of the dissolution mech-
anism cannot be a lack of available Fe either, as it was confirmed that Fe remained present, 
even though a small gradual Fe loss was also detected. The best obtained Co extraction was 
complete dissolution in A3. 
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Fig. 9: Extraction of Co as a function of time, highlighting experiments within the region of inhibited reaction and high 

rate. Adapted from Publication V. 

The Co and Cu extractions were then compared in terms of dissolved Co2+/Cu2+ mol/mol 
ratio. Based on reaction equation eq. (19) it was hypothesized that, barring any other dissolu-
tion mechanisms, it should be possible to see a ratio of Co2+/Cu2+ = 2/1; and from the data 
plotted in Fig. 10, the ratios appear to converge towards Co2+/Cu2+ = 2/1. This is indicative of 
the leaching of Co and Cu being primarily limited by each other; however, in a few cases there 
is also clearly dissolution of Cu due to other reactions, as the ratio was less than 2. It is known 
that the dissolution of NMC-type active material in H2SO4 will lead to the formation of O2 gas 
[65], as does LCO. This molecular O2 gas, if dissolved, could provide a redox couple for the 
dissolution of Cu as per the reaction equations (10 and 14). Furthermore, this graph depicts 
two modes of LCO dissolution: in the cases of V1, V2, V10, and V11 a slope can be determined 
that indicates an increase in the Co/Cu ratio, which can be attributed to the occurrence of Co 
dissolution in H2SO4, primarily as a result of delithiation [65]. Additional research—not in-
cluded as part of this thesis [148]—has also shown that the influence of acid concentration is 
important for this particular lixiviant and that more efficient results can be obtained at low 
acidity, which highlights the possibilities of developing a leaching system with minimized acid 
consumption.  
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Fig. 10: Comparison of Co and Cu extraction into dissolved aqueous species in mol/mol ratio. Adapted from Publication 

V. 

The reaction rate constants were then obtained by fitting the data with the cubic rate law, 
shown in equation (20). The reaction rate constants (kc) were then obtained for two parts: 0 – 
30 minutes and 30 – 120 minutes. As the experimental matrix was designed in the style of 
DOE, the rate constants could be analyzed with the associated methodology: the individual 
effect of Cu, Fe, their binomial effects, as well as the clarified interaction. A regression equation 
(25) was formed for the kc for data points within the range of 30 – 120 min. The equation (25) 
is plotted as a contour plot in Fig. 11. 

 
 

 
As can be seen in Fig. 11, the influence of Fe decreases the reaction rate during the latter part 
of the reaction. This is explained by the data in Fig. 9: a rapid reaction with Fe seems to result 
in the rapid passivation of LCO, hence the dissolution rate is negatively impacted by the in-
crease in the amount of Fe present, meaning that stable conditions are reached more quickly. 
Furthermore, although the presence of Cu alone decreases the reaction rate, the binomial effect 
of Cu is positive. This is observed as a positive effect on the reaction rates during the latter part 
of the dissolution due to the interaction effect of Fe and Cu. This supports the hypothesis that 
dissolution primarily occurs according to reaction (19), although based on the results of Fig. 
10 it is clear that reactions also proceed through a different mechanism, like delithiation, as 
shown in eq. (4). 
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Fig. 11: Reaction rate constants as a function of the Fe/LCO and Cu/LCO ratios that were utilized in the experiments. 

Adapted from Publication V. 

The dissolution of the active cathode materials is an interesting topic, and several unknowns 
still remain. For instance, one could ask whether the initial dissolution of LCO and NMC is 
analogous, and whether the dissolved Fe(II)/Fe(III) redox pair influences their dissolution in 
a similar manner. It is known from the work of Billy et al. [65] that once Mn dissolves, it can 
further react with the remaining NMC materials, albeit slowly, so the mechanism might be a 
bit different in prolonged leaching. If researchers were to desire to unlock the most efficient 
leaching method for the recycling of the cathode materials, better understanding must be de-
veloped on how the oxide structure is dismantled through a range of internal redox-reactions 
and external lixiviant-surface reactions. In the author’s opinion, the key questions are: 1) How 
is Fe able to receive electrons from LCO? 2) How is the electrons from Co(III) and Co(IV) 
transported to Fe(II)? 3) Are delithiation, surface oxygen and their interaction with Fe the key 
components? The work presented in this dissertation is but a first step, which points at Fe 
being an effective tool in dismantling the oxide, even under near-stoichiometric acid concen-
trations [148]. 

4.3 Processing of Double Sulfates 

In Publications I-III and VI the treatment of rare earth double sulfates was investigated, as a 
means of recovery (Publications I-III), how to treat them further (Publication VI), as well as 
how the resulting sidestreams could be integrated back into the double sulfate precipitation 
process (Publication III). Considering how the generation of sidestreams influences the mass-
balance of proposed processes is extremely important and this is often neglected in recycling- 
related research literature, unless the sidestream has a very specific purpose or value. 
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4.3.1 Rare Earth Recovery as a Double Sulfate 

Sulfuric acid liquor was obtained from the leaching of a spent NiMH battery size fraction of < 
1.4 mm, shown in Fig. 6. Additionally, the PLS obtained from the leaching of the <1 mm size 
fraction was also treated in the same manner by the addition of sodium sulfate solution. In 
Publication II, it was shown that REE precipitation occurs as a function of sodium ions, as is 
well-known [121]. The results presented in Publication II also seemed to corroborate the find-
ings of Lokshin et al., who showed that there is also a nonlinear acid concentration dependency 
in the solubility of REE double sulfates [147]. A higher yield was obtained with solutions of 
higher acid concentration, even though such solutions may have been more dilute–and hence 
less active–in the REEs. The collected precipitates were analyzed by XRD, SEM-EDX, and ICP-
OES, revealing that there were very few impurities within the crystals. Furthermore, the REEs 
precipitated as mixed double sulfates: both Na and K were present in the crystal structure, as 
well as a mixture of all the REEs present. This was deduced from a combination of analyses: 1) 
the diffractogram showed peaks for just one double sulfate, shown in Fig. 12; 2) SEM-EDX 
identified similar compositions between different crystals, and 3) ICP-OES confirmed the pres-
ence of the said elements. 
  

 
Fig. 12: Diffractogram of the REE double sulfates obtained from spent NiMH leaching and sodium sulfate precipitation. 
Adapted from Publication VI. 

A SEM micrograph was obtained to visualize the morphology of the particles (Fig. 13), and 
this showed the material to be crystalline with a well-defined hexagonal shape. Subsequent 
EDX analysis revealed that any single crystal was a mixture of different REEs as well as Na and 
K. In this case, all were present in the battery waste, as the materials were unwashed. 
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Fig. 13: Morphology and size of the mixed REE double sulfates. 

The EDX results, presented in Table 11, further support the hypothesis that any single crystal 
may be composed of a mixture of different elements. The presence of K originating from the 
electrolyte is obvious. Moreover, due to co-precipitation, it is most likely that the solubility of 
K also aids aggregation as well (i.e., common salt effect). 

 
Table 11: SEM-EDX analysis results of the particles selected from Fig. 13. Reported in wt%.  

Spect. O Na S K La Ce Pr Nd 
1 44.0 6.6 15.1 0.8 19.2 12.0 1.2 4.5 
2 27.8 4.9 13.4 0.9 17.2 10.6 1.1 4.3 
3 43.4 6.7 15.6 1.2 18.7 12.3 1.4 4.7 

 

4.3.2 Chemical Recirculation in Conversion 

Double sulfate conversion to hydroxide and the utilization of the generated process streams 
were investigated in Publications VI and III. Once the double sulfates are obtained, they are 
not immediately useful and must undergo additional treatment. In Publication III, the gener-
ation of double sulfates, related waste streams, and their treatment were investigated by a com-
bination of process flowsheet modeling and laboratory experiments. It was investigated 
whether: 1) Na2SO4/NaOH solution originating from hydroxide conversion would be suitable 
for the precipitation of double sulfates; 2) whether such a solution should be bled out of the 
process, and 3) how the said solution would influence the downstream processing of Ni in 
terms of its dilution. The flowsheet model, created with HSC Sim, is shown as a schematic in 
Fig. 14.  
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Fig. 14: Process flowsheet model of the double sulfate precipitation and hydroxide conversion that was investigated in 

Publication III. 

Each block in the flowsheet represents a unit process. The associated streams are also labeled 
and inbound/outbound streams can be distinguished from the direction of the arrow in the 
stream. Both the leaching solution (NiMH PLS) composition entering the system and the leach 
residue wash water were based on experimental analysis. The PLS composition acted as a basis 
for the Ni content, which was then tracked in the flowsheet model. The results indicated that 
the PLS contained high concentrations of Ni and La. 

 
Table 12: Feed solution (PLS) composition along with information about the loss of elements in leach residue wash water 
(WW). All results reported in mg/L. Taken from Publication III. 

Solu-
tion 

Ni Co Mn Al Zn Fe La Na 

WW 3363 512 123 38.6 47.1 29.5 944 115 
PLS 57752 7386 3528 1259 1857 601 9796 86 
 
Once the NiMH PLS is feed into the DS precipitation reactor, a quasi-empirical regression 

equation is used to determine the yield of REE double sulfates as a function of dissolved 
Na/REE (mol/mol) under the selected experimental conditions of temperature (T = 50 °C) and 
time (t = 1 h). This introduces non-linear behavior to the whole system model, as shown in Fig. 
15. 
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Fig. 15: Quasi-empirical regression curve describing the precipitation behavior in the flowsheet model. Taken from Publi-

cation III. 

In hydroxide conversion (in a hydroxide conversion reactor), it is assumed that the REE dou-
ble sulfates are completely converted to hydroxide. However, it is known from the findings in 
Publication VI that this is not wholly correct for all experimental conditions, and variations are 
possible, as will be discussed in the next section. If so desired, the current flowsheet model 
could be updated with this additional information, emphasizing the flexibility of this way of 
working. Nevertheless, in this thesis, this change has not been applied and the results from 
Publication III are used as a basis for the modeling results. A summary of all the unit processes 
and their modeled functionality can be found in Table 13. 

 
Table 13: Unit processes present in the flowsheet shown in Fig. 14. Adapted from Publication III. 

Unit Process Name Function Controllable Parameters 

DS Precipitation Reactor 

Precipitation of double salts 
from the solution. Contains a 
regression model for REE 
precipitation as a function of 
Na/REE. In the model, a 100 
L/h PLS feed control was 
created. 

PLS REE Conc. (g/L) 
PLS Acid Conc. (mol/L) 
PLS Total Volume (L/h) 
Initial Na/REE Ratio 
(mol/mol) 

Na2SO4 Preparation Tank 

Preparation of fresh Na2SO4 
solution. Controls the 
amount of addition of Na+ in 
conjunction with Precipita-
tion Reactor #1 and Filtrate 
#2. 

Molarity of Na2SO4 solution 
(mol/L) 

Filter for DS 
Generic Outotec Filtration 
unit 

Cake moisture (%) 
Washing efficiency (%) 

Hydroxide Conversion  
Reactor 

Controls the dissolution of 
double salts and precipita-
tion of hydroxides. The 
slurry moves into Filter #2. 

3 NaOH/REE Ratio 
(mol/mol) 
L/S ratio (mL/g) 
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NaOH Preparation tank 

Preparation tank for NaOH 
solutions. It will adjust the 
NaOH volume based on feed-
back from Alkaline Conver-
sion Reactor #1. 

 

Filter for RE(OH)3 
Generic Outotec Filtration 
unit 

Cake moisture (%) 
Washing efficiency (%) 

Bleed 

Responsible for bleeding a 
fraction of the recirculated 
solution out of the process. 
This is included in the model 
in order to investigate how 
bleeding affects the mass 
balances of other unit  
processes. 

Bleed fraction (%) 

 
The flowsheet model was then tested and a metamodel generated that included seven se-

lected factors along with a CCF experimental plan. The created model was estimated with 
Minitab, and the regression model was used in multiparameter optimization. Unsurprisingly, 
not all parameters yielded good models as the R2 values indicated that their response had a 
significant quantity of noise (R2 < 0.9). This demonstrates that the complexity of the flowsheet 
model is poorly explained by the regression model and a more powerful, complex approach 
would be required to create a more realistic model design.  

The target parameters were as follows: Na/REE = 2.0, D.S. Production = Max, Raff. Ni Conc. 
= Max, and Fresh Na2SO4 required = 0 kg/h. All the responses were then optimized by using 
the multiparameter optimization function in Minitab, i.e., a convergence function for the pa-
rameter D, desirability. Based on the regression model, in order to achieve these desired re-
sults, a Na2SO4/NaOH bleed of 47.6% should be introduced. There are two limitations to the 
validity of these results: 1) binomial regression will not show a higher degree or more complex 
behavior, only local binomial behavior, 2) higher-level interactions are omitted, and 3) the 
multiparameter optimization is based on desired parameter constraints and limits.  

The results would change significantly if the user changed the parameter weightings and 
ranges or the desired result ranges. These issues could be fixed by utilizing more complex re-
gression systems with integrated algorithms that can find and visualize the optimal parameter 
fronts. For instance, newer versions of HSC contain a neural network implementation which 
could potentially be used to produce a higher quality regression metamodel. Optimization of 
such a metamodel would be a more challenging operation, requiring the creation of new math-
ematical software tools. Nevertheless, the flowsheet model will always give accurate results; 
the purpose of the metamodel is to provide tools to optimize an interactive flowsheet quickly. 
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Fig. 16: Multiparameter optimization of the responses. Taken from Publication III. 

After the modeling and metamodeling work had been completed, a few experiments were 
performed in order to verify the functionality of the proposed flowsheet. Samples were ob-
tained from different points of the process flowsheet, shown in Table 14, including (A) the raw 
material, (B) the circulated Na2SO4/NaOH water, (C) the double salt wash water going in, (D) 
the double salt wash water going out, (E) the filtrate from double salt filtration, (G) the NaOH 
feed to double salt-to-hydroxide conversion, (H) the hydroxide wash water going in, (I) the 
hydroxide wash water going out, (K) the circulated solution at the end of the operations, and 
(J) the solid hydroxide. These findings demonstrated that the solution can be recirculated and 
that REEs can be recovered, which helps mitigate the overall process impact within the con-
straints of this model. A more elaborate estimate would require the modeling of the flowsheet 
downstream in order to determine the effects of dilution, for example. 
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Table 14: Circulation experiments with real solutions. Taken from Publication III. Flows (A) – (J) are explained above. 

  DS Precipitation Reactor & Filter 
ROUND 1 Infeeds Outflows 
  (A) (B) (C) (D) (E) (F) 
Vol. (mL) 60 40 50 50 94 - 
Mass (g) - - - - - 2.74 
Ni (mg/L) 57752 < 1 n.a. 979 35416 n.a. 
Co (mg/L) 7386 < 1 n.a. 111 3951 n.a. 
Mn (mg/L) 3528 < 1 n.a. 53.7 2627 n.a. 
Al (mg/L) 1259 < 1 n.a. 20.3 797 n.a. 
Zn (mg/L) 1857 < 1 n.a. 26.6 1330 n.a. 
Fe (mg/L) 601 < 1 n.a. 8.3 410 n.a. 
La (mg/L) 9796 < 1 n.a. 462 195 n.a. 
Na (mg/L) 86 > 0.53 M n.a. 240 4702 n.a. 
S (mg/L) n.a. 6740 n.a. n.a. n.a. n.a. 
       

  Alkaline Conversion Reactor & Filter 
ROUND 1 Infeeds Outflows 
  (F) (G) (H) (I) (K) (J) 
Vol. (mL) - 100 50 50 94 - 
Mass (g) 2.74 - - - - 2.09 
Ni (mg/L) n.a. n.a. n.a. < 1 < 1 n.a. 
Co (mg/L) n.a. n.a. n.a. < 1 < 1 n.a. 
Mn (mg/L) n.a. n.a. n.a. < 1 < 1 n.a. 
Al (mg/L) n.a. n.a. n.a. < 1 < 1 n.a. 
Zn (mg/L) n.a. n.a. n.a. < 1 < 1 n.a. 
Fe (mg/L) n.a. n.a. n.a. < 1 < 1 n.a. 
La (mg/L) n.a. n.a. n.a. < 1 < 1 n.a. 
Na (mg/L) n.a. 0.35 M n.a. n.a. > 0.35 M n.a. 
S (mg/L) n.a. n.a. n.a. n.a. 4580 n.a. 
       

  Precipitation Reactor & Filter 
ROUND 2 Infeeds Outflows 
  (A) (B) (C) (D) (E) (F) 
Vol. (mL) 60 40 50 50 94 - 
Mass (g) - - - - - 2.56 
Ni (mg/L) 57752 < 1 n.a. 1147 35576 n.a. 
Co (mg/L) 7386 < 1 n.a. 134 3958 n.a. 
Mn (mg/L) 3528 < 1 n.a. 49.4 2312 n.a. 
Al (mg/L) 1259 < 1 n.a. 18.5 694 n.a. 
Zn (mg/L) 1857 < 1 n.a. 23.5 1163 n.a. 
Fe (mg/L) 601 < 1 n.a. 5.2 354 n.a. 
La (mg/L) 9796 < 1 n.a. 463 449 n.a. 
Na (mg/L) 86 > 0.35 M n.a. 197 1903 n.a. 
S (mg/L) n.a. 4580 n.a. n.a. n.a. n.a. 
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When considered together, this section demonstrates how cross-disciplinary techniques can 
be utilized in order to estimate reagent circulation in a slightly more complex situation. 
Although the methods used here have their drawbacks, the power of relatively simple 
computational methods is highlighted. Furthermore, more complex methods will become 
increasingly available to all due to further advances in computational power. As an example, 
the more recent HSC versions have already implemented tools for creating neural networks, 
for example from simulation data. In future, the rationing of water resources may necessitate 
even the mining and metallurgical industries to consider schemes for recycling and 
recirculating process waters. Consequently, the purpose of this section is to offer a vision of 
where this type of research could be headed. 

4.3.3 Double Sulfate to Hydroxide Conversion 

The double sulfates generated through the leaching of NiMH battery waste were then subjected 
to hydroxide conversion and Ce oxidation. The levels of hydroxide conversion and Ce oxidation 
obtained were investigated through experiments that changed various parameters, such as the 
L/S ratio. The reaction between the double sulfate and water caused a decrease in alkalinity, 
leading to neutralization of the hydrolysis products, as is evident from the decrease in pH val-
ues throughout the experiments. The results from L/S variation are plotted in two ways: 1) 
relative oxidized Ce % quantity and 2) the same relative quantity modified to absolute Ce 
(mmol). First, it is notable that the results between L/S = 12.5 and L/S = 25 are nearly identical; 
however, there is a strong reduction as the L/S is further increased. As such behavior is indic-
ative of limiting factors, samples of the hydroxides were collected from this experiment for 
further analysis. 

 

 
Fig. 17: Oxidation of Ce as a function of L/S (g/L, double sulfates per liter of NaOH solution). The end pH of the experi-

ment is reported above the data points. Adapted from the data of Publication VI. 

SEM-EDX analysis of the precipitate was performed, from which it was possible to find indi-
vidual crystals containing Na with a shape reminiscent of REE double sulfates, indicating the 
presence of non-dissolved REE double sulfates, see Fig. 18A. This finding could be due to sev-
eral reasons: when the L/S is increased, the amount of base is fixed at a 3NaOH/REE ratio that 
results in both a higher initial pH and a higher initial Na+ ion concentration, which may already 
influence the rate of dissolution. Second, the dissociation of double sulfates leads to an increase 
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in aqueous sulfate anions. It is possible that the presence of Na+ and SO42- prevents the disso-
lution and subsequent hydrolysis of double sulfates. Upon further inspection of the obtained 
precipitates (Fig. 18B), the micrographs revealed the presence of distinctly different particle 
sizes which may be attributed to a decrease in the driving force of the precipitation. The rest of 
the oxidation results revealed only slight improvements over the ranges tested. 

 

 
Fig. 18: A) SEM micrograph of L/S = 100 precipitates. Red circles outline crystals with high relative Na content, blue circles 
outline groups of crystals with non-existent Na content. Reproduction from Publication VI. B) SEM micrograph of L/S = 100 
precipitates. 

In general, the Ce oxidation achieved was never higher than 93%–even with the optimal pa-
rameters–and was generally found to be in the range of 76% - 90%, probably as a consequence 
of Ce entrapment. In the optimal parameters experiment, 75 grams of mixed double sulfate 
was treated, resulting in approx. 40 g of mixed hydroxide powder. The precipitate obtained 
was analyzed by ICP-OES and ICP-MS. 48.2 ppm of Na was found in the precipitate, which 
indicated that the majority of the double sulfates had dissociated. A high quantity of S was 
detected as being present, which may indicate formation of REE hydroxysulfates [128]; how-
ever, it was not possible to verify the existence of such a phase crystallographically. 

 
Table 15: Composition of the hydroxide obtained from the optimal parameters experiment. All results in ppm. Condi-
tions: T = 60 °C, t = 120 min, FR = 1 L/min, L/S = 25, 3NaOH/REE = 1.6. Reproduced from Publication VI. 

Al Ce Co Fe K La Mn Unit 
33.9 187000 91.7 34.1 189 264000 215 mg/g 

Na Nd Ni Pr S Sm Y Unit 

48.2 76200 621 21300 24900 389 797 mg/g 

 
The selective dissolution of Ce(IV) was attempted by utilizing HNO3. 5 grams of the 40 grams 
of mixed hydroxide (Table 15) was utilized in the test. The experiment was performed titrimet-
rically, whereby the pH of the solution was slowly decreased by the addition of acid. The results 
of the precipitate analyses (EDX, ICP-MS, and ICP-OES), which showed that the sulfur was 
enriched into the Ce particles, are outlined in Table 16. During the dissolution, the overall mass 
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was reduced from 5 grams to 1.4 grams and the amount of extracted REEs (La, Pr, Nd) = 97-
98%, Ce = 28%, and S = 52%, were determined. N.B. Some Ce extraction was expected, as not 
all of this element was previously fully oxidized. Furthermore, when the titration was contin-
ued past the expected equilibrium point, some Ce(IV) began to dissolve, as evidenced by the 
resulting yellow color of the solution. This observation demonstrates that S is strongly, but only 
partially, associated with the Ce matrix. 
 
Table 16: Results of the selective dissolution. The first line gives the ICP-MS and ICP-OES analysis of the precipitate. The 
second part is the relative EDX analysis. Reproduced from Publication VI. 

 
The most important result of the work presented in Publication VI and described within this 
section is related to the influence of the L/S ratio on the conversion of REE double sulfates. It 
seems there are constraints that thermodynamically prevent dissolution and conversion, even 
in NaOH solutions. 

4.4 Discussion: Results and Context of the Thesis

This thesis was composed of six publications related to varying degrees of work (extraction, 
recovery, and modeling) on two different battery waste streams. However, contrary to what 
some readers might believe, the unifying theme between the publications is not the continuous 
processing of batteries throughout different processing stages over several publications, even 
though it is possible to see signs of such linkage, especially between publications I-III and VI. 
To be more precise, this thesis was not about the creation of a perfect battery recycling process, 
but to improve the understanding of factors that influence its metallurgical research as well as 
industrial recycling. 
  The results are discussed in the context of two important factors that influence metallurgical 
recycling research on batteries or any heterogeneous waste stream: 1) how a researcher should 
approach a complex product turned to waste and 2) how the presence of impurities and minor 
elemental constituents should be considered in terms of chemical interaction. The purpose of 
this section is to summarize the factors that the author learned throughout the thesis research, 
which, if correctly implemented, could improve future research. These are facts that were 
learnt throughout the work, and should prove helpful, even if some of them appear self-evident 
in hindsight.  

La 
(ppm) 

Ce 
(ppm) 

Pr  
(ppm) 

Nd  
(ppm) 

Sm 
(ppm) 

Y 
(ppm) 

Na 
(ppm) 

S 
(ppm) 

15600 451500 2200 7875 54 73.5 47.1 40150 
EDX Results La/Ce Ce/Ce Pr/Ce Nd/Ce Y/Ce S/Ce  
Initial D.S. 147 100 10.5 33.7 0.78 606  
1 2.71 100 0.78 0.39 0.00 20.2  
2 4.42 100 0.00 0.34 0.00 18.4  
3 3.82 100 1.27 2.04 0.00 19.6  
5 2.30 100 0.00 0.00 0.00 20.3  
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4.4.1 Waste Materials: Heterogeneity and Uncertainty 

Systematic characterization of the raw materials in question is of paramount importance, as 
without characterization, it is impossible to plan and design a chemical process. Moreover, in 
the absence of any statistical significance of characterization, it is impossible to understand the 
boundaries within which the material composition resides; experimental effects are chaotic 
and the tolerances downstream for the generated side and product streams will be unknown. 
Failure to understand the variability of the material between samples and between source ma-
terials can propagate forward as the downstream processing steps are planned and investi-
gated. An example of this can be seen in the leaching results of Publication IV. Measuring and 
understanding the error and error sources throughout the experimental work along with anal-
ysis of results should be carefully considered in the future. It must be taken into account that 
the variance can cascade downwards in the processing chain, starting from the sampling. 

The researcher perusing the scientific literature must recognize that three approaches to re-
cycling research can be identified: 1) involving the study of virgin materials; 2) involving the 
study of carefully, manually dismantled batteries and their individual components, and 3) in-
volving industrially processed spent batteries. These will be referred to as “virgin materials”, 
“precision-obtained materials,” and “industrial materials” in this section. In this way, work 
can be better planned, and claims tempered. For instance, the claim that dissolving LCO that 
is scraped manually from a manually dismantled battery in oxalic acid is a good recycling pro-
cess is somewhat preposterous. The assertion relies on the separation of Co and Li during 
leaching, leading to Co oxalate precipitation and Li dissolution, which is described as a “one-
step separation” [76], [97], [149]. This is horrendously disingenuous at best, failing to recog-
nize that this manual labor method is not upscalable and the procurement of such a clean black 
mass requires intensive R&D, which has not yet been shown to be possible by independent 
research on an industrial scale. Conversely, to claim that one has developed an intricate hydro-
metallurgical recycling process for mass-shredded waste batteries can also be disingenuous if 
the raw material feed has not been properly characterized, the variance is not carefully ac-
counted for, or the process is not modeled to account for these variances. Compositional dif-
ferences due to use and aging, and the influence of industrial processing on the raw materials 
must be considered when comparing the results of different metallurgical recycling studies. In 
the middle, manually dismantled spent batteries may provide a mix of 1) and 3), providing 
improved similarity between samples while bringing the characteristics of spent batteries into 
the mix. 

As was discussed in the previous paragraph, three modes of research have been identified. 
One could opt to study the behavior of the materials and components present in batteries in-
dividually, before they have been used, i.e., virgin raw materials. In this way, more rigorous 
research can be conducted on, for example, the reaction mechanism of the leaching of active 
cathode materials. However, this is significantly different from investigations with real spent 
batteries. Physicochemical changes may have occurred during usage: rarely have products uti-
lized by humans reached the ultimate equilibrium. Furthermore, other components from the 
batteries are easily mixed in. For instance, the active materials have been in contact with the 
electrolyte and its associated salts, as shown by Zielinski et al. in the case of NiMH batteries 
[60]. In both battery types investigated, the performance degraded over time. Because of this, 
2) and 3) should be characterized thoroughly. The researcher should understand the elements, 
compounds, and phases and their quantity present in the materials, and either understand or 
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hypothesize how they have evolved throughout their use, and how they will react going for-
wards with the chosen lixiviant. It can be noted that limiting the work to synthetic virgin ma-
terials would only be counterproductive. Working with precision-obtained materials and in-
dustrial process streams is necessary in order to achieve sufficient understanding of the prop-
erties that need to be researched  in terms of recycling and the chemical system: Characteriza-
tion of 2) and 3), in comparison to 1), will reveal changes caused by use and industrial pro-
cessing, while an understanding of battery characteristics and industrial process streams al-
lows initial hydrometallurgical experiments to be performed via 1). Initial hydrometallurgical 
experiments with 2) and 3) should not be discounted either–conclusions being drawn within 
the limits of obtainable accuracy–as they may reveal anomalies leading to insights when com-
paring the leaching behavior of 1), 2), and 3). It can be debated that a combination of the three 
provides the best benefit–understanding the composition of the industrial process stream en-
ables behavioral studies of individual components with virgin materials. It can be argued that 
it is essential to understand the chemical behavior of so-called virgin materials, as the funda-
mental understanding of their chemical behavior depends on these materials, assuming that 
virgin materials represent the materials used both chemically and mineralogically, i.e., the 
components present have not completely transformed into different compounds during bat-
tery use. 

As the goal is to extract elements from these materials by an aqueous lixiviant, it is equally 
important to understand the properties of the dissolved species originating from the raw ma-
terials. This was exemplified in Publication II: if unwashed, the electrolyte residues cause pre-
cipitation of REEs. This limitation would have been understood prior to the experiments if a 
more thorough literature survey on the aqueous chemistry of REEs—along with thorough char-
acterization of the raw material—had been undertaken beforehand. In contrast, with real ma-
terial, as was shown in Publication IV, the heterogeneity between split samples can cause major 
challenges in leaching. This makes the experiments aimed at measuring extraction indicative 
rather than wholly conclusive, as they cannot be reliably compared–no clear effects could be 
observed as they were obscured by the error noise resulting from the variance in the initial raw 
material composition. A further development was utilized in Publication I, where the leach 
residues were also analyzed in addition to determining final extraction. An improved, com-
bined approach to the investigation of leaching system behavior is detailed in Publication V, 
wherein the problem of measuring leaching efficacy in a complex system is tackled by a) un-
derstanding the real waste stream composition and b) an investigative system implemented 
using virgin materials. Additionally, the presence of impurities was simulated with pure com-
ponents as well. In the future, the results of Publication V, obtained with virgin materials, can, 
in turn, be compared to precision-obtained spent battery active materials. This future study 
would be motivated by the need to understand how the aging of the battery in use influences 
the leaching behavior, as well as the other compounds and impurities such as fluorides and 
phosphates, as virgin materials are not affected by the structural and chemical changes caused 
by the use and destructive dismantling of batteries. 
 
Table 17: Matrix for conducting recycling research with three different subcategories: virgin raw materials, precision-
obtained used materials, and industrial recycling process streams. 

 1) Virgin materials 2) Manually disman-
tled materials 

3) Real industrial 
process materials 
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Heterogeneity and 
reliability of sam-
pling 

No issues with heter-
ogeneity. High relia-
bility of experiments. 

Potentially good sta-
tistical reliability by 
obtaining of homog-
enous samples. 

Potentially low sta-
tistical reliability. 
Hard to understand 
individual effects. 
Must determine the 
reliability of sam-
pling, i.e., how large 
sample sizes are re-
quired. 

Realism–difference 
betweeen virgin vs. 
real materials 

Does not represent 
the feed of a recy-
cling process. No ag-
ing-related phenom-
ena detectable. No 
foreign ions to influ-
ence the process. No 
uncertainty. Can be 
useful if used in con-
junction with charac-
terization infor-
mation from indus-
trial samples.  

May allow more “re-
alistic” recycling re-
search with aging-re-
lated phenomena 
with statistical relia-
bility between exper-
iments. However, 
depending on pre-
processing, results 
may be altered sig-
nificantly. 

Represent a real feed 
and may reveal the 
real issues that may 
be encountered in re-
cycling that are ab-
sent from 1) and 2). 

Effect of impurities Can be individually 
investigated. Charac-
terization of real 
waste (either 2) or 
3)) is required in or-
der to understand 
what “an impurity” 
constitutes in real 
raw material. 

Depends on the thor-
oughness of the dis-
mantling. Will not be 
as pure as virgin ma-
terials. Can offer an 
intermediate  
between 1) and 3). 

Understanding how 
impurities affect the 
system should also 
be systematically in-
vestigated with 1) 
and 2). However, the 
real impurities pre-
sent in the materials 
can only be deter-
mined from a real 
process stream. 

 
It must be understood that the hydrometallurgical processing of spent batteries is fundamen-

tally different to the processing of virgin battery materials, and that secondary raw materials 
from consumer products are also essentially different from primary terrestrial minerals. This 
is very clear from the entropic standpoint: consumer products are highly refined and contain 
highly ordered functional materials such as metallic Cu and active cathode materials such as 
LCO. Such components can never be found in the physiography of the Earth, wherein a kind 
of geological, ever-shifting equilibrium has been attained over the ageless turning of the mantle 
and crust of the planet. This equilibrium is visible in the fact that Cu is often associated with 
sulfide minerals, and the Co in LCO originates from different minerals from which it is expertly 
extracted by means of metallurgy before being mixed with Li. Within consumer products, these 
equilibriums are artificial and, especially in batteries, drastic potential differences are required 
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by necessity. Once these separate compounds with different electrochemical potentials are im-
mersed into an acidic electrolyte, the chemical processes occurring can quickly escalate in com-
plexity. This fact, again, emphasizes the importance of characterization. The researcher must 
be able to present hypotheses on chemical system behavior in order to go forward with the first 
testable experiments. Without research questions and workable hypotheses, a study will be just 
another publication with a random experimental series. With complex materials, this is akin 
to building understanding of a chemical system piece by piece. A catalog of possible phases and 
compounds should be created and their reactivity with the chosen lixiviant mapped. From a 
hydrometallurgical perspective, compounds with reactivity in water are of most interest and 
this should be considered first. For instance, in the case of Li-ion batteries, it has not yet been 
extensively investigated how the presence of electrolyte residues may influence the aqueous 
leaching systems, if at all. Next, the reactivity of the raw materials to a lixiviant mixed with 
water should be considered. Complexation, and cationic and anionic sources should be exam-
ined: for example, fluoride is a strong complexant that has the capability to influence the leach-
ing behavior of the system, as described in Publication V. Another source of interference may 
be phosphate ions that result from the decomposition of LiPF6.  

A list of possible redox pairs and reactions should be created in order to begin to understand 
the reactivity of the system better. Reactions between the solid materials (galvanic corrosion) 
should be considered, as well as the possibility of having ions present with several stable va-
lences (e.g., Fe2+/Fe3+, Publication V), which might facilitate the transfer of electrons between 
materials with a significant difference in their degree of reduction potentials. In the leaching 
of a heterogeneous mass, one must also take account of the previously discussed statistical 
reliability of the experiments–error sources should be clear and quantified–as inaccuracies 
caused by sampling of the raw materials can be significant. As shown in Publication IV, signif-
icant error can be introduced into the leaching results if the sampling methodology cannot 
guarantee heterogeneity. It is therefore important to quantify the variance as this will limit the 
ability to detect effects that are obscured by the various error sources. If necessary, it should 
be considered whether there are better ways to homogenize the raw materials or perhaps sep-
arate the more interesting part of the solids by means of physical separation. This would pro-
duce more homogeneous samples, which would allow higher repeatability of experiments with 
less confounded effects. Furthermore, the researcher must always remember the importance 
of characterization after such separation or homogenization. 
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5. Conclusions

In this thesis, the chemical and mechanical behavior of two different spent battery waste 
streams were investigated by means of mechanical and hydrometallurgical processing. Size 
separation and leaching of industrial waste streams were also explored, for both NiMH and Li-
ion batteries. The thesis consists of six peer-reviewed academic publications in the journals of 
Waste Management; Resources, Conservation & Recycling; Mining, Metallurgy & Explora-
tion; Journal of Sustainable Metallurgy; and Separation and Purification Technology.  

Characterization of the raw materials was undertaken with special emphasis placed on un-
derstanding the interaction of the components within the batteries. Most importantly, any wa-
ter-soluble residues should be considered in waste treatment first. As was shown, electrolyte 
residues may influence the apparent leaching behavior of REEs in NiMH batteries, and Cu and 
Fe2+/Fe3+, found as an impurity in the black mass fraction, may strongly affect the leaching 
behavior of LCO. The results in this thesis show that Fe-catalyzed leaching of LCO is possible 
under ambient temperature with a traditionally utilized acid concentration H2SO4 medium. 

Process flowsheet modeling was shown to be a useful tool in studying the generated side-
streams. REE double sulfates originating from the precipitation of spent NiMH battery leach-
ate were converted to hydroxides. Re-use of the sidestreams was successfully investigated by 
means of flowsheet modeling. Attempts were made to utilize simple regression modeling in the 
creation of a metamodel of the flowsheet. It was shown that the method is helpful in optimizing 
simple responses but lacks robustness when more complex system behavior is encountered. 

Most importantly, all the major and minor findings are discussed in the context of improving 
the methodology through which one can approach research topics that involve highly complex 
materials, such as spent batteries, with dramatically different chemical behavior, as compared 
to ordinary minerals such as pyrite. Based on the experiences and the results obtained in Pub-
lications I-VI, an improved methodology is suggested for future research. It is recommended 
that more rigorous characterization procedures suitable for the raw material are implemented, 
and the investigation of chemical behavior of the components should be approached in a com-
ponent-by-component basis. This allows for a decoupling of the influences of industrial pro-
cessing and aging of the batteries from the fundamental behavior of the original, individual 
battery components without forgetting the interaction that is possible between the different 
components.  
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