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Abstract 

Rare earth elements (REE) are a group of elements that are of critical 
importance in numerous technological applications, including “green 
technologies” such as wind turbines and hybrid car batteries. When 
the criticality of applications is considered, problems in supply has 
brought the option of effective secondary resource utilization into 
consideration. In this thesis, several methods have been developed 
and assessed to recover REE from spent hybrid electric vehicles 
batteries. 
Leaching of the NiMH active anode and cathode materials with 
sulfuric acid and hydrochloric acid has been carried out. Acid recovery 
using nanofiltration has been investigated. Further, precipitation of a 
mixed REE concentrate has been studied. The REE were separated as 
sodium double sulfate salts after sulfuric acid leaching by addition of 
a sodium salt. In addition, antisolvent precipitation of REE sulfates 
were studied by addition of alcohols. The REE sulfate salts can easily 
be dissolved for further processing and recovery of the individual 
elements by other techniques. As an alternative a process based on 
sulfation, selective roasting and water leaching was investigated. This 
allowed recovering an aqueous REE sulfate solution also suitable for 
further processing to recover the individual REE by e.g. solvent 
extraction or chromatographic separation. A complimentary LCA 
study was conducted in collaboration with IVL. Here certain selected 
recycling methods were scaled up on paper and the environmental 
burdens of the different processes were compared.  
The results obtained have proven the effectiveness of different 
recycling methods. It is foreseen that Europe will be guiding the efforts 
on recycling whether it is supply problems or value creation and 
battery recycling will have key importance. 
The work proves the importance of sustainable and resource efficient 
technologies for closing the loop for critical raw materials. The 
sustainable development of these processes has substantial 
importance to have continuous and uninterrupted access to the 
critical raw materials as well as displaying a responsible method of 
recycling and consumption which are aligned with UN Global Goals 
for a sustainable society. 
  
Keywords: Rare earth elements, hybrid electric vehicles, recycle, 
nickel, cobalt, precipitation, anti-solvent crystallization, selective 
roasting 
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Sammanfattning 

Sällsynta jordartsmetaller (REE) är en grupp grundämnen som är av 
avgörande betydelse i många tekniska tillämpningar, inklusive ”grön 
teknik” som vindkraftverk och nickelmetallhydrid-batterier (NiMH-
batterier). När man tar hänsyn till tillgång och efterfrågan så blir det 
tydligt att det är viktigt att uppnå ett effektivt resursutnyttjande då det 
finns en brist på tillgång till REE på den europeiska marknaden. I 
denna avhandling har olika metoder utvecklats och utvärderats för att 
utvinna REE från förbrukade NiMH-batterier från elbilar. 
Lakning av aktiva anod- och katodmaterial från ett NiMH-batteri med 
svavelsyra och saltsyra har studerats. Syraåtervinning med 
nanofiltrering har undersökts. Vidare har utfällning för att erhålla 
koncentrat innehållande REE från lakvätska studerats. REE 
separerades i form av natriumsulfatsaltslater efter lakning med 
svavelsyra genom tillsats av ett natriumsalt. Vidare studerades 
förträngningskristallisation av sulfatsalter av REE genom tillsats av 
alkoholer. Sulfatsalterna kan lätt lösas upp i vattenlösningar för vidare 
separation och återvinning av de enskilda REE. Som ett alternativ till 
lakning med syra följt av utfällning undersöktes även en process 
baserad på sulfatering, selektiv rostning och vattenlakning. Detta 
möjliggjorde återvinning av REE i form av en sulfatlösning som också 
lämpar sig väl för vidare separation och återvinning av de enskilda 
REE. En livscykelanalys genomfördes i samarbete med IVL. Här har 
vissa utvalda metoder skalats upp på papper och jämförts med 
avseende på miljömässig hållbarhet.  
De erhållna resultaten har påvisat effektiviteten hos olika 
återvinningsmetoder. Europa spås ha en ledande roll för återvinning i 
framtiden, vare sig det gäller tillgång och efterfrågan eller 
värdeskapande, och batteriåtervinning kommer att ha en central 
betydelse i detta hänseende. 
Arbetet visar på vikten av hållbar och resurseffektiv teknik för att 
återvinna kritiska råvaror. Den hållbara utvecklingen av dessa 
processer har stor betydelse för att erhålla en kontinuerlig tillgång till 
de kritiska råvarorna samt i utvecklingen av ansvarsfulla metoder för 
återvinning och konsumtion linje med FN: s globala mål för ett 
hållbart samhälle. 
  
Nyckelord: Sällsynta jordartsmetaller, hybridelektriska fordon, 

återvinning, nickel, kobolt, utfällning, förträngningskristallisation, 

selektiv rostning 
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Rare earth elements (REE) have critical roles in many existing and 

new technologies. The REE have a strategic leverage position in 

today's economy due to reasons such as; the importance of the critical 

applications, monopolized and unreliable future supply, and the lack 

of high-quality production. This situation has created a need for 

alternative sources of REE such as urban and landfill mining of 

industrial byproducts or waste streams. Among other waste materials, 

nickel-metal hydride (NiMH) batteries have been a good secondary 

source of raw material for nickel-cobalt refining processes [1]. These 

batteries were gathered through collection schemes, pre-processors, 

traders and manufacturing companies [2]. Apart from that the 

recycling efforts are highly beneficial for metal recovery, the 

legislation for handling the waste batteries dictates a certain 

methodology for minimum negative environmental impacts [3].  

 

The recycling of house-hold size NiMH batteries has been investigated 

in many studies [4-6]. However, designing a REE recovery method for 

these batteries was deemed economically unfeasible due to their low 

REE content of mixture of various battery types and challenges in the 

collection and sorting from other batteries [7]. Industrial size NiMH 

batteries collected from vehicles are recycled to recover the nickel and 

cobalt content by pyrometallurgical processes, however, the REE 

content ends up in the slag. In recent years, the future REE supply has 

become unreliable. Thus, the REE content in any source, including 

spent NiMH batteries from hybrid electric vehicles (HEV) has gained 

more importance. 

 

In pyrometallurgical methods to process the NiMH batteries in the 

industry, valuable metals in the batteries are recycled as alloying 

elements in the production of steel and other alloys. Through 

pyrolysis, water and mercury are evaporated and all organic content is 

thermally disintegrated into carbon and emitted gas. With carbon, the 

metals are reduced at very high temperatures and metallic alloys are 

formed [8]. Further processing is needed to recover the REE from the 

slag, which is produced during the pyrometallurgical operations. In 

hydrometallurgical processing, both organic and/or inorganic acids 

have been used to leach the material. There are multiple studied 
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methods to recover the metals from a leach solution such as; 

precipitation, solvent extraction, ion-exchange, and electrowinning.  

 

The applied processes in this work can be categorized into two main 

processes. The first one is the acidic leaching coupled with 

nanofiltration to recover excess acid, followed by precipitation via 

reagents addition or anti-solvent precipitation to recover concentrates 

of REE and a mixture of nickel, and cobalt respectively. These unit 

operations are selected since they are viable due to low processing 

costs and that it is possible to obtain a high percentage of REE 

recovery with high purity. The second main process is selective 

roasting followed by water leaching to recover the REE in an aqueous 

sulfate solution. A few studies have investigated a similar 

methodology to recover REE from magnets [9], however, there were 

no previous reports on the recovery of REE from NiMH batteries by 

this method.  

 

The separation of individual REE from each other presents a difficulty 

due to the chemical similarity of the REE. However, solvent extraction 

and chromatography are proven methods to separate individual REE 

elements [10-13]. These methods can be combined with the 

investigated processes to achieve individual separation of REE, which 

make the investigated processes more versatile. One of the key points 

to be considered during the design of the recycling processes are 

possible effects on the environment. The life cycle assessment (LCA) 

method is a suitable tool to investigate and quantify the environmental 

impacts of different aspects of recycling processes. Several LCA 

analyses have been conducted on similar recycling battery processes 

in order to determine environmental impacts [14-16]. Within this 

scope, a life cycle assessment was conducted together with the 

Swedish Environmental Research Institute (IVL) to compare the 

investigated processes with virgin battery production in terms of 

environmental effects as well as comparing the processes against each 

other. Leaching followed by precipitation of REE as oxalates and 

selective roasting with water leaching were compared with virgin 

battery production. Overall, this study has brought new insights into 

REE recovery from spent NiMH HEV batteries.  
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2.1 Nickel Metal Hydride Batteries and 

Hybrid Electric Vehicle Applications 

2.1.1 Battery Fundamentals 

 

A battery is a device that converts enclosed chemical energy in its 

active materials directly into electric energy through an 

electrochemical reduction-oxidation (redox) reaction. If the system is 

rechargeable, this reaction can be reversed by applying electrical 

energy to the system. The reaction involves the transfer of electrons 

from one material to another through an electric circuit. The chemical 

composition of these materials is complex and differs greatly 

depending on the type of battery.  

The term used for the most basic part of the electrochemical unit is 

called a cell. One cell or multiple cells can be connected in parallel or 

in series to make a battery. The characteristic of connection is chosen 

to obtain the desired voltage and/or capacity. A cell has 3 main 

components to function properly. These are: 

 The anode (negative electrode) is called the reducing/fueling 

electrode. Anode material gives up electrons and are oxidized during 

the electrochemical reaction. 

 The cathode (positive electrode) is called the oxidizing 

electrode. Cathode material accepts electrons and gets reduced during 

the electrochemical reaction.  

 The electrolyte (medium for ion transfer). A liquid with salts 

dissolved for better conductivity allows the ionic transfer between 

anode and cathode. 

In this study, we focus on a type of battery called a Nickel-Metal 

Hydride (NiMH) battery. The following reactions describe the charge 



 11 

 

 

and discharge of a NiMH battery as a general example of battery 

reactions; 

Anode Reaction (metal hydride oxidize into metal): 

MH + OH- ⇄ M + H2O + e- (2.1) 

Cathode Reaction (nickel oxyhydroxide is reduced forming nickel 

hydroxide): 

NiOOH + H2O + e- ⇄ Ni(OH)2 + OH- (2.2) 

The overall reaction (on discharge with the reaction in the left 

direction): 

MH + NiOOH ⇄ M + Ni(OH)2 (2.3) 

Where M is a metal alloy. The reactions are reversible. Insulation is 

needed between electrodes to prevent short-circuiting but they still 

need to be in contact through the electrolyte. Potassium hydroxide is 

used as an electrolyte in the NiMH applications to ensure the best 

ionic transfer with high life cycle performance [17]. 

2.1.2 Characteristics of NiMH Batteries for HEV 

Applications 

Nickel-metal hydride batteries are high energy density, rechargeable 

batteries that use hydrogen, absorbed in a metal alloy for the active 

negative material. They are very similar to nickel-cadmium batteries 

structurally and concerning the electrochemical reaction. However, 

they do not contain the toxic cadmium component, which makes them 

an environmentally preferable choice. The NiMH battery has a higher 

capacity than Ni-Cd batteries. They are structurally sealed, and no 

maintenance is required. With rapid recharge capability and long-life 

cycle compared to predecessor battery types and long shelf life, NiMH 

batteries have become a very important part of daily life since the 

1970s.  

A key component of the NiMH battery is the metallic alloys it contains. 

There are two types of alloys used in the NiMH batteries; rare-earth-
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based (mischmetal) (A) nickel (B) alloy ((La, Nd, Pr, Ce)Ni5), known 

as also AB5 and titanium and zirconium (A) and nickel (B) containing 

AB2 alloys. The AB5 alloy is favored due to superior advantages such 

as better performance, high discharge rates, low and high discharge 

temperature, and high-temperature stability compared to AB2 [17]. 

Anode material contains nickel, cobalt, manganese, aluminum other 

than rare earth elements in the mentioned form. The cathode part is 

composed of mostly nickel, cobalt and zinc in a mixed hydroxide form. 

Yttrium, manganese, aluminum, and zinc can also be found in the 

cathode material. Structurally, anode and cathode materials are 

pasted on a mesh material, which acts as current collectors. This 

backing material has generally mesh or foam-like morphology. This 

formation also allows more surface to collect electron from the active 

material since Ni(OH)2 is a weak conductor. Cathode material needs 

a strong current collector and mostly nickel metal is used for the 

purpose. However, in the anode, due to greater conductivity of active 

material, stainless steel with perforated form can be used for the 

current collection. This mesh is generally coated with nickel to 

increase conductivity and to be coherent with the active material. 

Separation is provided with a permeable polymeric material allowing 

ionic transport but not electric current [1, 17-19]. 

NiMH batteries have many sizes and forms; however, they can be 

divided into two main categories; consumer electronic size and electric 

vehicle application size. Cellular devices, trans receivers, computers, 

and other portable applications are common usage for smaller-sized 

batteries. The first introduction of NiMH batteries for electric vehicles 

goes back to the 1970s. However, the adoption of NiMH batteries into 

vehicles by major companies such as Toyota, Honda, Ford, and 

Chevrolet started in the early 1980s and the usage worldwide spreads 

with the development of new alloys [17]. Figure 1 shows a picture of a 

Panasonic Prismatic NiMH HEV Battery Module.  Some key 

advantages of NiMH compared to its predecessor are; 
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 Higher capacity than a standard Ni-Cd 

 Simple Storage and transportation 

 Environmentally Friendly  

 Profitable Recycling 

 Wide Range of Temperature 

Some of the drawbacks of this battery type are; limited service life, 

sensitivity to overcharge, and high self-discharge [20].  

 

Figure 1: A Panasonic Prismatic NiMH HEV Battery Module. 

 

2.2 Strategical, Economic and 

Environmental Aspects of NiMH Recycling 

Waste electric and electronic equipment (WEEE) has had a significant 

role in the recycling agenda for the past decades. The majority of the 

WEEE is produced in Europe and the United States [21]. The 

estimated amount of waste electronics such as computers, mobile 

phones, and televisions holds a total of 50 million tons/year [22] . 

Batteries are one of the major components contributing to this vast 

amount of electronic equipment to be recycled.  
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Using NiMH batteries in all sizes and for different applications has 

been very important for both critical aspects of our life as well as our 

daily comfort and practicality. It allows us to use a wide variety of 

technological application and lowers our dependency on carbon-based 

fuel usage. However, all this usage brought the question of how to 

dispose of the batteries when they reach their end-of-life. Handling 

these batteries need to be dealt with in environmentally friendly but 

also profitable manners to ensure that the cycle of materials continues. 

Spent NiMH batteries contain about 8-10% REE by weight 

percentage, including some of the REE with the most critical 

importance such as praseodymium and neodymium [23].  

The NiMH batteries contain precious metals such as nickel, cobalt and 

rare earth elements. The prices of Ni and Co are 13,607 $/ton and 

30,240 $/ton respectively in the London Metal Exchange in 2020 

[24]. The prices for some of the REE is stretching from 3$/kg to 

233000$/kg with an average of 250$/kg [25]. Assuming a NiMH 

battery pack containing 13 kg of Ni, 1 kg of Co and 3 kg of REE it 

corresponds to a value of 960 $/pack. Considering the prices of these 

precious metals and how NiMH batteries, regardless of size, contain 

high amounts of these metals, recycling has crucial importance. On 

top of these, the non-ethical and illegal practices of disposal methods 

such as landfills or burning in piles damage the environment and local 

ecosystems (soil, underground waters, etc…) beyond recovery [1, 3, 

17]. For these reasons and many more, recycling is an inevitable way 

to handle end-of-life batteries.  

 

2.2.1 REE: Chemistry and Applications 

The REE are a group of elements (15 lanthanides+ yttrium and 

scandium) that have key importance to a wide variety of modern 

technological materials and devices. Although scandium has much 

smaller cation radius than the rest of the lanthanides, due to its similar 

chemical properties it is considered as a rare earth element. Figure 2 

shows the rare earth elements in red circles in the periodic table.  
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Figure 2: Periodic table with rare earth elements in red circles [26]. 
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The rare earth elements have similar chemical properties and can be 

found in similar minerals [27]. These elements, which are classified as 

metals, have high reactivity and form oxides when in contact with air. 

Melting points varies from 799oC up to 1663oC [28]. The elements 

from Cerium to Lutetium are f-block elements and Lanthanum, 

Yttrium, and Scandium are d-block elements. These elements occur as 

trivalent ions in solution, but it is known that some of the rare earth 

elements can also occur in tetravalent and divalent states [27]. The 

ionic radii is an important property of coordination chemistry that 

directly affects the chemical properties of the REE, and the tendency 

of the REE to form many complexes in aqueous solutions within a 

wide range of temperatures and pressures [29, 30]. Due to similar 

chemical properties, REE are difficult to separate from each other. 

They are divided into 2 main groups based on their separability; light 

REE (Lanthanum to Europium with Scandium included) and heavy 

REE (Gadolinium to Lutetium with Yttrium included). The majority 

of the properties of REE display a difference from La to Lu although 

the change is not always following the change in ionic radii [29]. 

REE minerals are numerous in numbers. An extensive list of minerals 

containing REE is given by Gupta [27]. However, most of the 

extraction of REE is conducted from monazite and bastnasite. They 

naturally occur together with other minerals with large variations. The 

most abundant REE is cerium and the least abundant one is thulium. 

Other abundant REE are lanthanum, praseodymium, and neodymium 

[27].   

REE has a direct and indirect critical importance to many advanced 

technologies and green/sustainable applications. There is a wide 

range of applications from permanent magnets to wind turbines, and 

rechargeable batteries to as unique as nuclear control rods and as 

simple as metal alloys [31]. Praseodymium, neodymium, and 

dysprosium have the highest demand and this situation is expected to 

remain in the coming years, especially due to their use in magnets [32-

34]. Table 1 contains selected applications for different REE. 
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Table 1: Selected REE applications [35]. 

Elements Symbol Z Application 

Scandium Sc 21 Alloying metal for aluminum used in 
aerospace framework, metal halide 
bulbs, Sc40 used as tracing agents in 
refinery crackers, mercury-vapor lamps 

Yttrium Y 39 Alloys, color televisions, and monitors, 
camera lenses, microwave and radar 
applications, lasers, HT-superconductor, 
Yttrium-aluminum garnet, phosphors 
for lamps and displays 

Lanthanum La 57 Misch metal alloy, NiMH batteries, fluid 
catalytic cracking, special optical glasses, 
superconductor, phosphors, battery 
electrodes 

Cerium Ce 58 The polishing compound, Fluid catalytic 
cracking, catalytic converter, a 
component in a special glass, alloys, 
pigment, chromium plating, 
incandescent gas mantles, Hydrocarbon 
catalysts in self-cleaning ovens, activator 
in yttrium-silicon phosphors 

Praseodymium Pr 59 Misch metal, an alloying element with 
magnesium, pigment for glass and 
enamel, Praseodymium-doped glass, 
fluoride-glass optical fibers 

Neodymium Nd 60 Permanent magnets, dopant in yttrium-
aluminum garnet (YAG) lasers, 

Promethium Pm 61 X-rays and radioactivity in measuring 
instruments 

Samarium Sm 62 Magnets, Kagan’s reagent in the 
reduction of water, reducing or coupling 
agent in organic synthesis 

Europium Eu 63 Phosphors, genetic screening tests 
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Gadolinium Gd 64 Shielding of nuclear reactors, neutron 
radiography, alloying elements, 
magnetic resonance imaging (MRI) 

Terbium Tb 65 Luminescent materials, crystal stabilizer 
for solid-oxide fuel cells 

Dysprosium Dy 66 Additive to NdFeB-magnets, dysprosium 
oxide-nickel cermet in cooling nuclear 
reactor rods, the dopant in BaTiO3 for 
small dimension capacitor, transducers 

Holmium Ho 67 Magnetic flux concentrator, Neutron 
absorbance to control nuclear chain 
reactions, microwave equipment, 
medical and dental applications, dopant 
in yttrium-aluminum garnet 

Erbium Er 68 Photographic filter, Glass colorant in 
eyeglasses, Safety goggles for welders 
and glassblowers, optical fibers, Laser 
industry, special nuclear-fuel rods, 
alloying elements with vanadium 

Thulium Th 69 The dopant in YAG, thulium-doped 
holmium lasers, 

Ytterbium Yb 70 Strengthening of steel, doping of 
phosphor-ceramic capacitors, industrial 
catalyst 

Lutetium Lu 71 β-emitter, so-called-bubble memory for 
computer memory, scintillation crystals 
for positron emission scanners 
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2.2.2 REE Scarcity, Market and Supply 

Rare earth elements are not as rare as the name dictates. The total 

REE reserves of the world is considered more than 100 million tons 

scattered over more than 30 different countries. However, locating the 

primary sources in economic concentrations is the real challenge [27]. 

Due to this reason, the scarcity is not the real source of the critical 

nature of the group of elements but the imbalance between the 

amount of production and demands from the world markets. The wide 

range of applications, which were mentioned in the previous section, 

is enough evidence on increasing demand with respect to the critical 

role of REE for today’s economic and political decision-makers. Due 

to these circumstances, the REE have been declared as high-risk 

materials by the EU Commission in 2017 [3, 36-38]. 

The highest REE consumption by volume is due to the production of 

the permanent magnets followed by the need for other industrial 

applications including metal alloys to make batteries. Figure 3 

presents the REE market shares and volumes by application [39]. 

After permanent magnets, batteries are the largest available REE 

resource from a recycling perspective [5, 36]. It is also known from 

studies that there is an imbalance of material flow between the 

upstream and downstream parts of the value chain for neodymium in 

NiMH batteries in Europe, where the EU is highly relying on import 

of batteries and battery parts [32]. All these studies show there is a 

high potential in recycling the batteries within Europe when 

considering the large amounts of spent batteries and already in 

use/in-stock batteries. 

The REE were mainly supplied from Mountain Pass Rare earth mine 

by the late 1980s. Since then China’s continuous and increasing 

monopoly of REE production has changed the dynamics of supply-

demand and financial aspects of the REE trade. Figure 4 displays the 

criticality of the REE in terms of supply risk and economic importance. 

It is known that China supplies 80-90% of the REE oxide production 

although China’s reserves is accounted for 40% of the total known 

world reserves [5, 39]. This is also because of China’s specialty on the 

production of the REE oxides as well as the production of the 
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intermediate commodities such as leachates, pure REE oxides or 

individual REE via various downstream processes like solvent 

extraction and electrolysis. These intermediate products can directly 

be used in metal alloys in batteries and for permanent magnet 

production. Another reason for this monopoly is more relaxed policies 

on environmental and resource management than the rest of the 

world. However, starting from 2006, the Chinese government decided 

to tighten the delicate environmental protection policies and control 

the production of REE by handing out licenses with adequate 

standards on production and environmental concerns to deplete REE 

volume on the black market. To be able to have sustainable resource 

management, they introduced new policies on import/export and tax 

as well as strengthening the industrial capacity of existing producers.   

Consequently, nationwide Chinese stockpiles and pricing platforms 

were created, and all of these contributed to China’s current 

domination on the market [39, 40]. 

 

Figure 3: The REE market shares of applications by volume and value 

(Created based on the data from BGS) [41]. 
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Figure 4: Economic importance (EI) and supply risk results (SR) of 

2017 criticality assessment, the red dots show the critical raw material 

while blue dots show the non-critical raw materials. The red dots are 

located within the criticality zone of the graph [35]. 
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The introduction of these new regulations and control on resource 

management, production quantity, and quality as well as price and 

environmental sensitivity reduced the production capacity of China 

for a while. With the implementation of a 40% quota on export, the 

global market for REE encountered supply shortage. This shortage 

and speculation on prices due to the absence of enough supply 

guarantee resulted in that the prices skyrocketed for a short time in 

2010 and 2011 [39]. USA, EU, and Japan filed an official complaint to 

the World Trade Organization with the argument of exploitation of 

REE prices with manipulation and speculation by China. This caused 

many fluctuations in the market in terms of prices, demand, and 

supply [39]. During this period of uncertainty, major players in the 

industry looked for alternative routes and planned to obtain a more 

reliable supply. With the stabilization of prices and entering a more 

stable, sustained supply era from China, the search for alternative 

supply routes diminished quickly. However, considering the historical 

and forecasted REE supply (see Figure 5), the future of the REE supply 

is far from secure. During the self-sufficiency era, many projects were 

funded with one main idea on the horizon, the self-sufficient supply of 

REE. Out of many of these ideas, recycling and urban mining took a 

step forward. This thesis is one of the branches of this endeavor 

focusing on the recycling of REE from HEV batteries.  

 

Figure 5: Historical and forecasted rare earth supply (in metric tons) 

[39]. 
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2.3 Processes for Recycling of NiMH 

Batteries 

Recycling of NiMH batteries in order to recover valuable elements 

have been investigated for many years. Apart from environmental 

concerns and legislation, developing sustainable processes to isolate 

the valuable elements such as nickel, cobalt, and REE in the NiMH 

batteries is the general goal to create economic revenue. A detailed 

mechanical separation is required in order to dispose of the 

unnecessary components of a battery. Also, this step will unload the 

massive burden on further processing downstream by reducing the 

volumes, consumables, and by improving yield and purity. A lot of 

diverse processes have been invented or implemented to satisfy the 

needs of valuable metal recovery. Studies based on scientific and 

industrial cooperation for urban mining and recycling of batteries at 

different scales have been conducted for several years [5, 6, 42-46]. 

 

2.3.1 Mechanical Separation 
In waste of electrical and electronic equipment (WEEE) there are 

thousands of different types of components containing tens of 

thousands of different sub-components with economic value and 

environmental effects in the case of the wrong disposal. To be able to 

successfully recycle these components and recover the valuable parts, 

a pre-treatment process is required. Lots of efforts have been made the 

last years to develop processes for mechanical separation of waste 

based on established mineral processing techniques. 

The mechanical separation allows the pretreatment of disposed 

electronics (including NiMH batteries) via different separation stages 

[1, 47-51]. The series of pre-treatments reduce the complexity of the 

recycling processes of spent batteries by separation of the polymeric 

components (plastics and papers), and less valuable metal content 

(stainless steel parts).  The studies focusing on mechanical 

processing/treatment steps such as density difference, comminution, 
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classification, magnetic/wet/dry/electrostatic, etc.  show that it is a 

highly value-adding step to the recycling process overall [45-47, 50, 

52]. Figure 6 shows the flow of material and separation methods based 

on mineral processing techniques. In the following paragraphs, some 

of these techniques and their application to the NiMH battery 

recycling process will be briefly described. 

 

Figure 6: Separation methods based on mineral processing techniques 

[1]. 
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Manual sorting is considered as a pre-treatment which can be applied 

before or after size reduction steps to separate different batteries or 

parts of batteries according to predetermined classification standards. 

However, this sorting can be dangerous due to the chemical contents 

of the battery components which could be structurally damaged or 

unstable. Toxic gases and the bursting of fire are a couple of the danger 

points. After manual sorting, it is important to apply a series of pre-

treatment processes to separate the gangue material and concentrate 

the value for the secondary processes such as pyro/hydro techniques. 

For this purpose, i) comminution is exercised to reduce the particle 

size and increase surface area for following operations such as 

leaching, ii) grain size separation for re-processing the entire material 

to comminution, iii) magnetic separation to separate iron scraps from 

the casing, module or cell structure [1]. 

Comminution (also called grinding or size reduction) is a method of 

breaking material into smaller sizes by the brute force of controlled 

movement of balls, knives, or hammers. This is the oldest method of 

size reduction, revealing the valuable contents in items of mining and 

raw material harvesting. It is a method used also in the recycling 

industry to produce the desired shape, size and increased specific 

surface area of particles [53]. A similar approach can be used in battery 

recycling or other WEEE recycling, in order to liberate the valuable 

metals to be recovered. This liberation is defined as the percentage of 

the material freed in terms of the total amount of the material. The 

degree of liberation was studied by Zhang and Forssberg [48], for 

metals versus the non-metallic materials in printed circuit board 

recycling. The liberation degree is an important marker in the vicinity 

of the success of mechanical processing. For size reduction methods 

of WEEE, a particle size smaller than 20 micrometers is considered as 

a totally liberated material. Although it sounds like a good aim to 

target, the low energy efficiency of the comminution and the inverse 

raise of energy increase with respect to reduced particle size demands 

a fine balance when applying this pre-treatment [1]. On top of all 

parameters, the design effectiveness of the milling machines needs to 

be considered due to the loss of material during the process. 
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Size separation is a method of separating the particles according to 

their size. Sieving is one of the most common and easy methods to use 

to apply size separation. In industry, vibrating sieving machines are 

used with a variety of sieves attached. They are fed from the top and 

appropriate particle sizes are collected in the bottom. Density 

separation is another method used especially in the mining industry 

to separate particles according to their density. The mechanism of 

density separation is based on separating materials with different 

densities, sizes and shapes by differentiating velocity of the particles 

in a solution [1]. This method is used to separate metals and non-metal 

components in the recycling of shredded WEEE and battery materials.  

Recycled WEEE and battery material can be separated based on their 

magnetic properties. Magnetic separation is widely used as an 

environmentally safe method based on the separation of magnetic 

metals from scrap parts or nonmagnetic metallic components by the 

behavior of particles of different materials when exposed to the same 

magnetic field and the magnetic forces acting on them. 

Bertuol et al. studied a specific sequence of mechanical separation 

steps for recycling NiMH batteries composed of; hammer mill and 

knife milling to grind the batteries, followed by magnetic separation. 

The magnetic part of the battery material is composed of iron-nickel 

alloy which can directly be used as a raw material in secondary steel 

production [4]. Another mechanical separation and size classification 

study for the recycling of batteries was conducted by Huang et al. [54]. 

The metallic parts were stripped from separators and pastes, followed 

by a crushing process. This study states the particle sizes bigger than 

2 mm is mainly Fe and Ni and smaller than 2 mm has extensively high 

amounts of Ni compared to Fe. The remaining elements of interest 

(Co, Zn, and REE) have the same fractions below and above 2 mm 

particle sizes.  Further investigations in the same study pointed out 

that 33wt% of the spent battery were recovered as nickel and nickel 

alloys by exposing the material to milling, size separation and 

magnetic separation [55].  Tanabe et al., states a mechanical 

pretreatment can effectively help to separate undesired components 

from spent NiMH batteries such as polymers from metals and powder 

fraction of battery processing [56]. A process has been patented on a 

combination of mechanical and heat treatment to retrieve the valuable 
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materials in the metallic form [46]. A study on mechanical treatment 

of different types of Zn-C and Ni-Cd batteries investigates the particle 

size classification and chemical distribution of the components of the 

batteries [57]. Finally, an extensive study published on recycle-

oriented mechanical pre-treatment of NiMH batteries by Ebin et al., 

focused on size reduction, separation, and classification of AA- and 

AAA- a type of batteries. Characterization of the studied components 

and sizes showed that an enrichment of the NiMH valuable contents 

could be achieved by simple pre-treatment. Also, size and chemical 

characterization showed how a series of mechanical treatments can be 

effective in recycling processes [46]. 

2.3.2 Hydrometallurgical Processes 
Hydrometallurgical processes are defined as the use of aqueous 

chemical processing. The processes are generally composed of stages 

like leaching and metal recovery with ion exchange and solvent 

extraction techniques followed by precipitation. Various precipitating 

agents can be used to generate supersaturated solutions such as salts, 

and neutralization agents and anti-solvents. There are also studies on 

the recycling of metals via adsorption and electrowinning processes 

[58, 59].The main purpose of these processes is the release of metal 

ions from its original structure into an aqueous solution followed by 

recovery into a specific purified solid form. 

Hydrometallurgical processes are well established and hold 

significant advantages over pyrometallurgical routes due to the 

possibility of full recovery of the metal content with high purity, less 

energy requirement, and less hazardous gas emissions. Mechanical 

pre-treatment can be employed before hydrometallurgical processing. 

By hydrometallurgical processing it is possible to produce 

concentrates from multiple streams. Also, hydrometallurgical 

separation methods can be more advantageous than other methods 

which result in a cost-effective processes and higher purity products. 

Overall, it can make positive contributions to the economy and 

environment by low usage of chemicals and energy.  
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2.3.2.1  Leaching 

The product of a leaching process is generally addressed as leachate 

(leach liquor) or pregnant solution. As one can encounter in literature, 

this method is considered an initial step of chemical separation in 

many processes. Sulfuric acid is a common inorganic acid used in the 

leaching of battery material as well as in mineral processing in the 

mining industry. There are a great number of studies on using sulfuric 

acid and on the effect of other process parameters such as; 

temperature, duration, and solid to liquid ratio (s/L) [10-12, 43, 44, 

60-69]. Hydrochloric acid and nitric acid are also commonly used 

mineral acids in the leaching process [12, 13, 70-75].  

During the leaching (dissolution), the rare earth elements present in 

the metallic form are oxidized into trivalent ions in contact with 

hydrochloric acid and sulfuric acid according to the following 

reactions: 

REE (s) + 3H2SO4 + 1.5O2 (g) = REE+3 + 3SO4-2 + 3H2O              (2.4) 

REE (s) + 3HCl = REE+3 + 3Cl- + 3/2H2 (g)               (2.5) 

The elements Ni, Co, and Mn can be assumed to be present in the 

divalent state and REE, Al and Fe can be assumed to exist in a trivalent 

state in the acidic leach liquor. Larsson et al. studied the amount of 

acid required for the complete dissolution of the active materials. The 

temperature and pH were kept constant while acid is fed to the 

suspension [12]. 

2.3.2.2 Nanofiltration 

Recycling the acid used in the leaching process is good for cost-

effectiveness as well as environmentally beneficial. Nanofiltration is a 

pressure-driven membrane system located between ultrafiltration and 

reverses osmosis in terms of the ability to reject molecular or ionic 

compounds [76]. This method is used in several different industries 

such as mining and metal finishing industries [77], to separate REE 

from acid mine drainage and to handle environmentally hazardous 

wastes [78], and for the removal of organic compounds in aqueous 

solutions [76]. Additionally, recovery of bivalent nickel cations and 

separation Nd from contaminated water has been investigated [79, 
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80]. In this project, nanofiltration is used to recycle hydrochloric acid 

from the leaching stage. 

2.3.2.3 Solvent Extraction 

In solvent extraction, an immiscible organic solvent containing an 

extraction agent is contacted with the leach liquor. The metal ions 

create complexes with the extractants that are more soluble in the 

organic phase than in the leach liquor. After enough exposure time, 

the two liquid phases are separated, and thus the desired ions as well. 

The following stripping of the metal ions from the organic phase with 

an appropriate solution is the final step of the solvent extraction in 

general terms. There are various studies focused on recovering 

elements from NiMH batteries using solvent extraction [7, 10, 13, 61-

65, 70, 71, 81-85]. These studies focus on the recovery of REE as well 

as other metals such as Ni and Co in different stages of 

hydrometallurgical processes. 

2.3.2.4 Precipitation by Reagent Addition 

Precipitation is another widely used method in hydrometallurgical 

processes for separation and purification of elements [11, 61, 62, 65, 

75, 81, 86-88]. In the last decade, the purity and quality of the product 

have gained importance [60, 89, 90]. Precipitation is defined as 

reactive crystallization which focuses on the formation of solid 

material by a chemical reaction in response to the change of any 

parameter or medium content of the system [89]. Precipitation from 

acidic leach liquors can be conducted by e.g. reagent addition and 

neutralization. Metals can for example be precipitated as oxalates via 

oxalic acid addition [13, 62, 70, 74, 84]. This method can be followed 

by calcination of the precipitates into oxide forms [70]. Neutralization 

is another widely used technique in the mining industry. The main 

principle is to adjust the pH by the addition of alkaline solution and/or 

in solid form (NaOH, MgO, etc..). Alkaline solution precipitation of 

REE, Ni and Co content with respect to NiMH battery recycling has 

been studied [7, 11, 43, 44, 61, 63, 68, 83, 91]. Evaporation of solvent 

is another method that can be used to create a supersaturated 

solution. However, when evaporating an impure solution the product 

crystals often have poor purity [90, 92, 93]. 
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2.3.2.5 Anti-Solvent Precipitation 

Anti-solvent precipitation or crystallization is another proven method 

to precipitate elements from the leach solution [94]. It is also referred 

to as organic displacement crystallization. This technique is based on 

the addition of a second solvent whereby the desired salt crystallizes 

due to a lowered solubility in the solvent mixture. There are previous 

studies focusing on lowering the solubility of inorganic compounds via 

the addition of organic solvents [90, 92, 94]. The dielectric constant 

(ε) of the solvent indicates the ability of the solvent to solubilize the 

ion. One of the most used solvents with a high dielectric constant is 

water which can attract and form layers and surround both negative 

and positively charged ions, and therefore keep them apart. A solvent 

with a lower dielectric constant than water can decrease the ability to 

keep charged ions separate, thus lowering the solubility as a result. 

Alcohol is one of these solvents. Adding alcohol to water can decrease 

the solubility of the ions and cause precipitation. In the case of the 

longer carbon chain of aliphatic compounds, the solvent has a more 

hydrophobic character which results in lower dielectric constant [94]. 

On top of this phenomenon, the presence of alcohol molecules, which 

have an affinity for water molecules, can decrease the water activity 

and lower the solubility of hydrated solutes [95, 96]. The anti-solvent 

precipitation is applied in the industry such as; specialty chemical 

productions and pharmaceutical production but has limited 

applications with hydrometallurgical processing to recover inorganic 

salts so far. One early example can be given; recovery of nickel sulfate 

from de-copperized electrolyte. The resulting purity of the product 

was high and the technique was considered suitable for use in the 

electroplating industry [93]. It is possible to recycle the anti-solvent 

reagent with distillation and reuse it to achieve economically and 

environmentally viable processes. 

2.3.3 Pyrometallurgical Processes 

Traditional recycling of metals (iron, lead, copper, etc.) is often based 

on pyrometallurgical routes. The principle in this collection of 

methods is to concentrate the metals in a metallic phase and rejecting 

the undesired elements into a slag and/or gas phase [97]. 

Pyrometallurgical applications require high temperature, high initial 
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equipment cost and maintenance cost and produce gases that need to 

be treated before being released into the atmosphere. In addition to 

that, some of the precious metals can end up in slag and further 

processing is required to recover them which is costly and difficult. 

Smelting is a traditional method to recycle metals from electronic 

wastes [98-100]. Common WEEE such as printed circuit boards, 

processors, connectors, and mobile phones can be processed with the 

method without requiring detailed mechanical pretreatment. The 

polymeric content of these components will be combusted and provide 

energy to the process. The recovery of metals from secondary 

resources are complex and often composed of pyrometallurgy 

followed by hydrometallurgical operation and finalized with 

electrometallurgical methods. Such operations have been conducted 

in Belgium, Germany, Sweden, Canada and Japan [1, 2, 101].  

When it comes to recycling of NiMH batteries, Muller and Friedrich 

developed a pyrometallurgical method to recycle spent NiMH 

batteries. The mechanically treated battery material was melted in a 

DC electric arc furnace and nickel-cobalt alloy is recovered. They 

reported the formation of REE-rich slag phase [23]. There are other 

efforts focusing on pyrometallurgy concerning NiMH battery recycling 

and recovery of Ni, Co and REE [5]. The recycling of REE from spent 

NiMH batteries in the industry is not well established in mass 

production yet. In 2011, Umicore and Rhodia collaborate to develop a 

combined pyro/hydrometallurgical process for the recycling of REE 

from battery material. The main focus was to recycle Li-ion batteries 

as well as NiMH batteries. Battery materials are fed directly into an 

ultra-high-temperature smelter without prior mechanical treatment 

(apart from general disassembly of large batteries used in vehicles and 

industry). The metals (Ci, Ni Cu, and Fe) were recovered in alloy form 

and REE alongside with Al, Li, and Mn in slag formation [5, 102]. 

Figure 7 shows a simplified process flowsheet of industrial battery 

recycling. Feng at al., studied the kinetics of leaching after roasting the 

bastnaesite ore [66],  Tang et al., used a high-temperature slagging 

method to recover REE oxides [103] and Yang et al., used calcification 

roasting to extract vanadium from slag [104]. 

Another pyrometallurgical method worth mentioning is oxidation-

sulfation and selective roasting. This is a method based on 
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transforming the metallic component into its sulfates and roasting 

them at a selected temperature to allow selective decomposition into 

oxide forms. This decomposition temperature can be fine-tuned based 

on the sulfates' chemical properties and that is how the selectivity 

sustains. There are studies in the literature focusing on limonitic 

nickel laterite ore processing by this method [105-107]. You et al. 

studied the extraction of manganese from iron-rich ores with selective 

sulfation roasting followed by water leaching [108]. Recently this 

method has also been applied to recover REE from NdFeB magnets 

and from bauxite residue [9, 109]. Önal et al. studied a similar method 

to recycle NdFeB magnets via nitration followed by calcination and 

water leaching [110]. 

After reviewing the major methods and processes to recover metals, 

one can combine them in a single flowsheet to be able to see the 

possible options (see Figure 8). 

 

 

Figure 7: Simplified industrial battery recycling flowsheet. 
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Figure 8: Examples of hydrometallurgical and/or pyrometallurgical 

routes [1, 111-113]. 

 

2.3.4 LCA Studies 

 

The importance of environmental protection is connected directly to 

certain products and services. Energy storage and technological 

advances in energy storage industry has a critical role in sustainability 

and environmental protection.  One of the widely used methods to 

assess sustainability is Life Cycle Assessment (LCA). The LCA method 

would guide authorities to assess the potential environmental effects 

of battery systems with a cradle to grave approach. The factors are 

mainly, product service life, raw material acquisition, material 
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production and manufacture, repair and maintenance, recycling of the 

components and disposal of the waste streams. With proper 

assessments, the comparison of the various battery systems helps the 

industry to grow effectively in a respectful manner in favor of the 

environment and its protection laws. Zhang et al., describe the 

generalized boundary, process, and material/energy flow analysis of a 

battery [114]. In this study, three major issues were addressed. The 

first one is relevant importance of the battery recycling process as a 

part of the battery’s own life cycle importance, focusing on the positive 

aspect of a recycling process which contributes to the whole life-cycle 

of the battery. Second is the comparison of the impact of different 

methods of recycling of these batteries. The final one is the assessment 

of every single process step in the recycling method itself [114].  In an 

earlier study, comprehensive, qualitative, design-related, 

environmental data was used in a life cycle assessment of electric 

vehicle batteries by Steele et al. [14]. The focus of the study was a 

comparison of potential health and environmental effects of four 

battery technologies focusing on recycling and waste disposal 

methods. These are; lead-acid, nickel-cadmium, nickel-metal hydride 

and nickel-sulfur batteries. The battery material extraction and 

production were deliberately left out. The results were semi-

quantitative ranking systems and concentrated on the HEV batteries, 

recycling methods, and authorities to guide policies about their 

environmental impact [14]. In another study, an extensive life cycle 

environmental assessment was conducted on Lithium-Ion and Nickel-

metal hydride batteries for plug-in hybrid and battery electric vehicles 

[15]. In the mentioned study, thirteen impact categories were studied 

in detail in terms of their contribution to various parts of LCA stages 

regarding plug-in batteries and purely electrically driven battery 

vehicles. Their results state that the mining and metallurgical 

processing of materials for the extraction and purification of nickel 

element in electrodes and all current collectors were to be found 

responsible for at least 70% of the toxicity and ecotoxicity impacts as 

well as more than 80% of the acidification, particulate formation, and 

metal depletion impacts. Also, the comparison of Li-ion batteries and 

NiMH batteries were studied with respect to multiple impact 

categories [15].  A similar study was conducted by Yu et al., focusing 

on an LCA model to conduct the environmental impact of the cycle, 

recycle and waste treatment stages of secondary batteries. NiMH and 
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Li-ion batteries are compared through the Eco-indicator 99 system. 

Results showed that NiMH battery recycling has a significant positive 

effect to reduce environmental impact. It was stated that the 

incineration method applied has to be carried out by following strict 

guidelines to even further reduce the environmental impact of NiMH 

batteries [115]. 

A review study was conducted by Nordelöf et al., on different types of 

LCA studies of electrified vehicles (plug-in, hybrid, battery electric 

vehicles) which includes critical information from 79 different papers 

[16]. Some of the key results can be summarized as; (i)some LCA 

studies left out a comprehensive goal formulation and time scope of 

these assessments, which makes the temporal validity of the results 

and conclusions difficult, (ii) lack of future time perspective, which 

can be described as the technological advances in material processing 

or material performance that can directly affect the environmental 

impact, is also left out in some studies, (iii) recycling efforts contribute 

greatly in reducing the environmental impact of batteries, which 

might be changing positively or negatively depending on the 

complexity of the recycling methods, availability of critical materials 

and energy demand [16]. 
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3. Part III – Investigated Processes 
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In the scope of this thesis, different processes to recover REE, Ni, and 

Co from spent NiMH batteries of HEV are developed. In Figure 9, four 

of the processes are combined in a flowsheet. In paper I, leaching with 

sulfuric and hydrochloric acid was studied followed by nanofiltration 

and precipitation of REE with reagents. In paper II, sulfation was 

conducted with anode active material. The dried mixture was roasted 

at high temperature and after cooling, leached with water. The REE 

are obtained in sulfate form, dissolved in water. Whereas the Ni, Co, 

and other elements were in oxide forms which are insoluble in water, 

thus separation was achieved.  In paper III, anti-solvent crystallization 

was studied to separate REE from sulfuric acid leach liquor. In paper 

IV, the upscaling of selected methods and the life-cycle assessment of 

the selected routes was conducted in collaboration with IVL. These 

processes are selected for this thesis to investigate separation of REE 

from spent NiMH batteries via hydrometallurgical methods. Recycling 

of acid via nanofiltration, usage of different reagents for precipitation, 

selective roasting and water leaching processes were studied to 

compliment the processes as well as to apply these methods to the 

recycling of NiMH batteries from HEVs. Finally, a LCA study was 

conducted to compare the environmental effects of recycling and 

reusing battery material with respect to the different proposed 

recycling methods as well as comparing one of the selected methods 

with constructing a virgin battery from scratch.  
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Figure 9: The Flowsheet of the Investigated Processes 
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4. Part IV – Experimental 
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4.1 Materials 

The Panasonic Prismatic Module 6.5 Ah NiMH 7.2 V plastic casing 

battery was provided by Chalmers University. Modules were 

discharged and disassembled safely; however, it is noted that the 

mechanical separation might cause sparking and involuntary 

combustions.  Anode and cathode materials were separated from each 

individual cell and were ground separately. Active anodic material was 

easily removed from its mesh; however, it is difficult to remove the 

cathode material from the mesh. The battery module with plastic 

casing, single-cell, anode and cathode meshes, and cathode material 

and ground active materials are displayed in Figure 16 in the results 

section 6.1.  

 

 

4.2 Characterization Techniques 

Solid-phase characterization of the active electrode materials was 

done using powder X-ray diffraction (XRD). A Siemens Model D5000 

diffractometer with Cu K-alpha source and a Brukar D8 Discover 

employing a Cu K-alpha source were used for the powder XRD 

analyses. Patterns were recorded from 5o to 90o with a teta/2teta and 

identified by comparison with data in the International Center for 

Diffraction Data (ICDD)-Powder Diffraction files. In this thesis, a 

selection of XRD patterns was presented depending on important 

peaks and appropriate 2teta ranges. 

 

Scanning electron microscopy (SEM) analysis was conducted with 

Hitachi S-3700N with EDS capabilities. Differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA) were used 

to investigate the thermal decomposition behaviors of the materials in 

sulfate forms (Mettler-Toledo, model-TGA/DSC 1). Thermo Scientific 

Orion ROSS Ultra electrode was used to measure the apparent pH of 

the solutions and was calibrated by standard solutions pH 2, 4 and 7 

at 25oC.  

 

 



 43 

 

 

The main characterization method for the chemical compositions of 

the active materials was inductively coupled plasma optical emission 

spectrometry (ICP-OES) analysis. The liquid sample to be analyzed is 

pumped by a peristaltic mechanism through a nebulizer where it is 

mixed with ICP-OES grade argon gas. This mixture forms a mist in the 

spray chamber. Most of the mist condensate through the inner walls 

of the spray chamber and is discarded, however, a portion of the 

aerosol is passed through an argon plasma. The plasma is created by a 

high frequency alternate current flow produced by a radio frequency 

generator into a cooled induction coil.  The temperature of the plasma 

is around 6 000-7 000 K and it can reach up to 10 000 K in the core. 

With the interaction of aerosol and plasma, ionization and 

atomization occurs. Excited electrons by this plasma’s thermal energy 

release photons when they drop back to a ground level. These photons 

are measured with a spectrometer and due to that the characteristic 

properties of each emission from elements are unique the elements 

can be differentiated. When it comes to the concentration of the 

elements, it is measured by the light intensity for the selected 

wavelength and determined by comparison with the pre-calibrated 

samples.  

 

In this study, a Thermo Fisher iCAP 7000-dual mode ICP-OES with 

an autosampler (ASX-520) was used. A schematic of an ICP-OES to 

see the main components and sample flow for analysis is given in 

Figure 10. The total dissolution of elements was conducted by 

concentrated nitric acid as well as a mixture of nitric acid, 

hydrochloric acid, and perchloric acid at high temperatures and was 

then analyzed with ICP-OES after correct dilution. All wavelengths for 

each element to be analyzed were carefully selected to obtain the most 

accurate outcome and adjusted for individual samples to obtain the 

most accurate outcome. The selected wavelengths are presented in 

Table 2. During the analyses, wash samples were placed in between 

samples to decrease contamination from previous samples. All 

samples were diluted at a range of 10 to 200 times with 5% (v/v) nitric 

acid and stored in HDPE bottles before analysis. The dilution ratios 

were selected based on targeted concentration of certain elements of 

interest. Elemental standards were prepared with a similar approach 

to maintain consistency in the matrix of sample solutions. 
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Figure 10: Schematic of ICP-OES in axial mode view with the use of 

the internal standards [35]. 

 

 

Table 2: Selected ICP-OES wavelength lines with analyzed view mode 

Elements Lines (nm) / View Mode 

La 333.749  (Axial, Radial) 

Ce 404.076  (Axial) 

Nd 406.109  (Axial) 

Pr Pr 390.844 (Axial) 

Y 360.073  (Axial) 

Ni  231.604  (Radial, Axial) 



 45 

 

 

Co 228.616  (Axial) 

Mn 279.482  (Axial) 

Al 309.271 (Axial) 

Fe 239.562  (Axial) 

Zn 213.856  (Axial) 

 

4.3 Leaching 

All leaching experiments were performed in partly sealed Erlenmeyer 

glass flasks sitting on magnetic stirring plates placed in a temperature-

controlled water bath. Atmospheric pressure was preserved with a 

condenser unit. Suspended content was continuously stirred at 

500rpm using Teflon coated stirring bars. Deionized water and acid of 

analytical grade (PA) were used in the experiments. The anode and 

cathode materials were leached with 1,2,4 and 8 M of sulfuric and 

hydrochloric acid at 25oC and 90oC. The aim of the leaching 

experiments is to study the dissolution rate of different materials and 

equilibrium under various conditions. The leaching work is presented 

in detail in paper I. 

Samples were taken as a function of time by using syringes. The solid 

material was immediately separated from the liquid phase using 

syringe filters (0.2 µm). The liquid samples were then diluted 100 

times and stored in HDPE bottles before ICP-OES analysis to measure 

the REE concentration and other elements present at a lower 

concentration such as zinc, aluminum, iron, and potassium. Some 

samples were further diluted to appropriate concentrations for ICP-

OES measurements of elements present at high concentration (Ni, 

La). When the dissolution process was completed, pH was measured 

using an Orion ROSS electrode, which was calibrated by Thermo 

Fisher Scientific standard solutions at pH 2, 4, and 7. The leach 

residues were collected from the leach liquor by filtering with filter 
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paper (0.2 µm). The leach liquor was stored in HDPE bottles until the 

analyses or for further processing. The leach residue was washed with 

dilute acidic water and stored for further analyses. 

The avoidance of incorporating the iron into the leaching stream, by 

manually removing the supporting mesh, was a deliberate strategy 

since the absence of iron in high quantities enables an easier 

separation in the precipitation stage. This absence of iron in the active 

materials and also preventing the contamination from the outside 

materials of the battery pack by implementing a proper mechanical 

separation step improved the leaching and separation processes. The 

presence of iron causes difficulties during both leaching and 

precipitation stages due to posing challenges to separate iron from 

nickel and cobalt requires additional steps in the downstream 

processes. However, leaching of shredded anode material with the 

supporting mesh was investigated and the experimental plan is given 

in table 2 in paper I. 

 

4.4 Nanofiltration  

Nanofiltration was investigated to recover part of the acid from the 

hydrochloric acid leach liquor. The aim is to recycle back the 

hydrochloric acid to the leaching step to decrease acid consumption. 

The capacity of the chosen membrane in terms of flux (permeate flow 

rate) and the retention of metal ions were investigated. 

For this study, a pH-stable-spiral-wound nanofiltration membrane 

(MPS-34 2540 A2X, Koch) with effective membrane area of 1.6 m2 is 

used under 15-35 bar operating pressure. The leach liquor was 

continuously circulated through the nanofiltration unit with full 

recycle of both the retentate and permeate streams into feed tank for 

30 minutes (without collecting different streams) until a steady flow 

was obtained (flushing the air from the system and filtration 

membranes soaked with feed liquid), recorded as the initial flux. After 

that, the permeate stream was re-directed and collected separately 

while the retentate stream was re-circulated until a volume reduction 
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of 50% was reached. This can be expressed in terms of a volume 

reduction factor (VRF):  

VRF =
Volume of recirculated leach liquor at time t

Total volume of leach liquor
 (4.1) 

In the beginning, when all permeate and retentate is re-circulated the 

VRF equals 1 (time 0). When half of the initial leachate volume can be 

found in the permeate tank the VRF equals 2. Under the specified 

conditions, with a flow rate of 26.4 L/h, this occurs after about 30 

minutes. Samples of 100 mL were collected from both the retentate 

and permeate streams for VRF= 1 and VRF= 2. The samples were 

diluted by 5% nitric acid and the total concentration of Ni, Co, La, Ce, 

Nd, Pr, Y, Mn, Al, and Zn were measured by ICP-OES. The residual 

acidity of the permeate was determined by titration. In addition, the 

active materials were leached with the retentate to be able to see the 

leaching efficiency with a recovered acidic solution. The full study is 

presented in paper I. 

 

4.5 Selective Roasting and Water 

Leaching 

For roasting experiments, anode and cathode material liberated from 

the cells were mixed together with concentrated sulfuric acid at room 

temperature to enable the sulfation process. The mixture was dried 

and roasted in a ventilated box furnace (see Figure 11 below) at a fixed 

temperature for a certain amount of time and cooled down to room 

temperature with air cooling. The roasted mixture was then leached 

with water at ambient temperature. The leach residue and leach liquor 

were separated and analyzed with powder XRD and ICP-OES, 

respectively. The flowsheet of the process is given in Figure 12 and the 

detailed step by step description of the process is available in paper II. 

The conditions for the roasting experiments are presented in Table 6 

in paper II. 
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Figure 11: Roasting of sulfated active materials in a ventilated box 

furnace. 
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Figure 12: Flowsheet of separation of REE from HEV battery active 

material via selective roasting and water leaching under optimum 

conditions. 
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4.6 Precipitation  

The REE has been separated from leach liquor by different methods 

of precipitation. In order to make a prior assessment of the chemical 

speciation of the system and also the technique of raising the pH of the 

solution by adding reagents, a program called Medusa [REF], 

developed by KTH, was used. With Medusa, it is possible to get an 

overview of the chemical speciation under different conditions by 

using a database of equilibrium constants. For example, by using 

Medusa, a prediction of outcomes of pH changes can be made. In the 

current study, Medusa was used to estimate the outcome of addition 

of sodium hydroxide and sodium sulfate to the leach liquors. The 

program was also used to investigate the risk of precipitation during 

the nanofiltration operation. Further the program was used in order 

to design a method to separate nickel, cobalt, and manganese from 

each other in both sulfate and hydrochloric acid media after the 

precipitation of REE had been conducted. The input metal 

concentration for the synthetic solution used in the simulations is 

based on the results from the leaching study (see paper I). 

For the precipitation of REE, different precipitation agents were used. 

These were sodium hydroxide, sodium sulfate, oxalic acid and alcohol 

(ethanol and 2-propanol). Also, rare earth elements were precipitated 

by evaporation of the liquid. Oxalic acid was used to precipitate REE 

from hydrochloric acid leach liquor. Sodium hydroxide and sodium 

sulfate and alcohols (ethanol and 2-propanol) were used to precipitate 

from sulfuric acid leach liquor. Reagents are dissolved in water at a 

certain recorded amount and administered accordingly into leach 

liquor. A list of experiments with given details for oxalic acid, NaOH 

and anti-solvent experiments can be seen in paper I and III. 
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5. Part V – Life Cycle Assessment 
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System analysis with life cycle assessment (LCA) was conducted 
together with IVL based on the design of the processes in the lab-scale. 
Design and the conduct of experimental work was carried out by the 
author of this thesis. Based on collected data from experimental work, 
IVL carried out upscaling the recycling methods and modelling the 
LCA work. In the absence of data, calculations were based on literature 
data and data from the life cycle inventory (LCI) database. The 
methodology used in this study follows the ISO standards procedural 
framework (ISO 14044:2006). The methodology used for the impact 
assessment phase uses the CML (Center for Environmental Science, 
University of Leiden) methodology for impact category definition, 
classification, and characterization. 
 

5.1 General Methodology  

The process routes were developed in a laboratory scale, which is 
discussed in section 3; investigated processes. Upscaling was made 
based on estimations and lab scale process data calculations. The LCA 
and life cycle cost (LCC) analysis of the hydrometallurgical routes are 
described by average operational data. The data inventory for 
peripheral processes (such as electricity and thermal energy), and 
generic data was adopted from literature and LCI databases. To 
compare different routes described in Chapter 3, rare earth oxides 
were selected as the targeted product. The LCA modeling was 
conducted with an updated version of GaBi ts from Thinkstep [116]. 
The program is delivered with an extensive LCI database and offers 
regular updates to have better impact assessments. 
 

5.2  Goal and Scope 

The main aim of the LCA in this project is to generate environmental 
information on the life cycle of hydrometallurgical processes used for 
the recycling of rare earth oxides (REO) from hybrid electrical vehicle 
(HEV) batteries (mainly anode material). The base case, which is 
described as a conventional battery manufacturing route with REO 
input, is compared with the designed recycling process of REE from 
HEV batteries. 
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5.3 Functional Unit 

The provision of the manufacture of one HEV battery with the 
necessary quantities of rare earth elements, nickel and cobalt is 
selected as a functional unit. 
 

5.4  System Boundaries 

The designated target in this life cycle study is to manufacture a single 
HEV battery with necessary amounts of REO, Ni and Co input within 
the process. All other materials in the battery, whether structural or 
cell materials are left out in this study in all cases. It is assumed the 
source of REO in the base case are from the Bayan Obo mine in China 
with no materials recycling. This base case is compared with other 
constructed cases associated with recycling methods based on 
investigated recycling routes in this thesis, where a part of REOs are 
recycled from anode material. Figure 13 shows the outline of the LCA 
model of the metallic material supply system for the NiMH batteries 
with the recovery of anodic materials. 
The processing of oxides to metals can be considered to be equivalent 
to whether the REO come from Bayan Obo mine or from any other 
hydrometallurgical recycling process and is not included in this study. 
The REE, Ni, and Co are considered virgin materials extracted from 
minerals and ores to the point where they leave the recycling loop of 
the battery anodes as not-recovered material. The possibility of 
recovering these materials is not considered and/or waste treatment 
of these materials. Other parts such as consumables (chemicals, 
construction materials) are followed back to its original resources and 
treated as energy wares. 
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Figure 13: Outline of the LCA model of the metal supply system for a NiMH battery with the recovery of the anode metals. 
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5.5 Geographical Boundaries 

Average European data has been used in this study for recycling and 
recovery processes since the manufacturing and recycling of these 
batteries are planned to be in Europe. The global and Chinese data was 
used for material production from extraction and mining processes to 
produce virgin materials. The selection of transport mode is also based 
on available global data. 
 

5.6 System Description 

For the base case, the supply of the REE are assumed to be mined and 
processed from Bayan Obo mine in China, since it is one of the largest 
suppliers in the world in the last decades. The assessment for the base 
case can be broken down into a few steps. The extracted material 
bastnasite is first leached with HCl and afterward, it is concentrated 
by flotation into REO product with 70% purity. This product is roasted 
and cracked in a rotary kiln at 500oC with concentrated H2SO4. The 
final product is REO with a purity of 99.9%. These rare earth oxides 
are mixed with HCl in order to produce chlorides, which are 
electrolyzed and REEs are obtained through a cathodic reaction.  
Two different cases were assed for the recycling of REE in the LCA 
study. The first one is the leaching of anodic material with 1M HCl to 
obtain a leach liquor which is used to precipitate REEs with oxalic 
acid. These precipitated oxalates are calcined and REO are produced. 
The second method is the sulfation of anodic material with 8M of 
H2SO4 into a mixture of sulfates. This mixture is treated as described 
in chapter 4.5 (selective roasting and water leaching). The water leach 
is treated with oxalic acid to obtain REE oxalates and this mixture is 
again calcined into a REO mixture as in the first method. By these 
methods, sulfuric acid is recycled into the system and all the waste 
streams were treated as it was designed in this case (embedded acid 
recycling feature) for the LCA study. A more detailed presentation of 
these methods can be found in Figure 14 and Figure 15. 
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Figure 14: Flowsheet for production of REO mixture through 
precipitation of REE oxalates. 
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Figure 15: Flowsheet for production of REO mixture through selective roasting and water leaching method. 
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6. Part V – Results and Discussions 
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This chapter presents and discusses a selection of results from 
presented papers (I-IV) and some unpublished data. For repeated 
experiments, error bars have been added. Starting with the separation 
of NiMH battery components mechanically and characterizing the 
anode and cathode materials, the focus returns to the separation of 
individual elements. We can divide all elements into 3 main parts: rare 
earth elements (La, Ce, Pr, Nd, and Y), nickel and cobalt and the rest 
of the constituent elements (Al, Mn, Fe, and Zn). The design of these 
processes is influenced by factors like economy, environmental 
concerns, choice of end-products and their purity.  

 

6.1 Dismantling 

The modules, belonging to a Panasonic Prismatic NiMH HEV battery, 
weighed 1050 grams each. The battery module was carefully 
disassembled to avoid any sparks or damaging the cells. Six cells were 
recovered from single modules. Each cell weighed 150 grams. The cells 
are each covered with pink polymeric sheets to keep them apart and 
each cell consists of 12 cathodes and 13 anode plates. The cells were 
washed with deionized water to wash away the remaining of 
electrolyte (KOH) and then they were air-dried. The average weight of 
anode with supporting mesh was 3.9 grams and of cathode plates were 
4.1 grams. The ratio in mass for anode active material to its mesh is 
0.28. The weight percentage of components from a single module can 
be found in Table 3. Physical detaching of the anode from its mesh was 
easy however it was not the case for the cathode. Experiments were 
designed according to how the active materials can be harvested most 
efficiently as a starting material from the individual cells. Harvested 
materials were shredded into fine particles, sieved, and collected (<38 
micrometers). Larger size particles were subjected to further grinding 
until all of the fraction passes through <38 micrometers sieve. Each 
component can be seen in Figure 16. In some cases, both anode active 
material and its mesh were treated together.  
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Table 3: Components of a single module ( wt%) 

Battery Module Component wt% 

Electrolyte 12% 

Separator 3% 

Casing Material 14% 

Cathode Material 28% 

Anode Material 29% 

Connective Steel 13% 
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Figure 16: The battery module with single-cell (1), plastic casing (2), anode and cathode meshes (3), and cathode material and ground active materials (4).  



 63 

 

 

6.2 Material Characterization 

For the chemical analysis of the starting materials, anode and cathode 
were separately dissolved in concentrated nitric acid as well as in a 
mixture of nitric acid, hydrochloric acid, and perchloric acid at high 
temperatures. The concentrations of metals were determined by using 
ICP-OES analysis after correct dilution. The average of nine repetitive 
analyses (3 analyses from each 3 different experiments), in total, 5 
REE and 10 other elements were detected in various amounts and 
presented as mass percentages in Table 4. The cathode material could 
be completely dissolved. The active anode material did not dissolve 
completely, and a small amount of leach residue remained (< 3-5% by 
mass). 

 

Table 4: Chemical composition of cathode and anode materials in 
mass percentage (nd- not detected) 

 Ce Co La Mn Nd Ni 

Cathode 

(mass %) 
nd 5.46 nd 0.11 nd 76.47 

Anode 

(mass %) 
5.74 5.64 19.34 4.65 2.71 64.32 

 Pr Y Al Fe Zn K 

Cathode 

(mass %) 
nd 0.43 0.09 0.14 3.70 0.62 

Anode 

(mass %) 
2.66 0.81 1.79 0.09 0.56 0.08 
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Cerium, lanthanum, neodymium, praseodymium, and yttrium were 
detected in the anode material and a small amount of Y was detected 
in the cathode material. Lanthanum has the highest concentration 
compared to other rare earth elements in the anode. Nickel, with the 
highest concentration in both materials (64.32 wt% in the anode and 
76.47 wt% in cathode), has the highest economic value to recover and 
recycle back into a form which is usable by the market. Other than 
nickel, cobalt has a high economic value although it is lower in 
concentration in both anode and cathode materials, it is considered as 
a critical element to recover from the system. Smaller amounts of 
manganese, aluminum, iron, and zinc were detected. The potassium 
detected in the ICP-OES analyses comes from the electrolyte.  

Anode and cathode active materials were analyzed with powder X-ray 
diffraction to identify the crystal structure of components. Related 
powder x-ray patterns can be observed in Figure 17 and Figure 18.  In 
the anode LaNi5 was identified. The majority of the REE was found in 
the rare earth alloy, Ce0.47 La0.34 Nd0.14 Pr0.05 Ni3.56 Co0.75 Al0.29 Mn0.4 (01-
076-7719). The rest of the elements, Al, Fe, and Zn, as well as 
individual REE, were not detected in a specific crystalline phase. 
Nickel hydroxide was the major phase detected with a substitution of 
cobalt appearing as nickel-cobalt hydroxide. Metallic nickel and cobalt 
were also identified. It is believed that the source of metallic nickel and 
cobalt may be the supporting mesh of cathode plates. There were no 
yttrium peaks detected. These results are showing consistency with 
the characterization of the same battery type in different studies [12, 
117]. 
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Figure 17: Anode active material powder XRD pattern. 
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Figure 18: Cathode material powder XRD pattern. 
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Anode and cathode material were studied separately with scanning 
electron microscope with EDS capabilities to investigate the particle 
size, morphology, shapes and surface composition. The cathode 
material was washed with dilute nitric acid to expose the supporting 
material and active material was lightly scraped off from the 
supporting material. The EDS results confirm that the cathode 
supporting material is almost entirely made from pure nickel with 
small amounts of impurities (see Table 5). Active material covering the 
mesh consists of spherical (10-20 micrometers) nickel hydroxide 
particles. Cobalt tends to substitute the nickel in the lattice structure 
due to similar ionic radii.  SEM images of the cathode mesh and 
spherical particles can be seen in Figure 19 and its EDS results in Table 
5. The surrounding material of the spherical nickel-cobalt hydroxide 
material was also identified as the same material with possible 
fractured spherical morphology. The EDS results from both anode and 
cathode investigations showed consistency with the XRD results, 
displaying the elements of identified crystals as well as elements 
present in lower amounts like zinc, aluminum, and potassium which 
was identified with ICP-OES analyses. Also, both shape and 
morphology and the EDS results show consistency with previous 
works [12, 17]. 
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Figure 19: SEM images of cathode mesh (on the left) and nickel-cobalt 
hydroxide spherical particles (on the right). 

The anode supporting mesh is made out of nickel-coated stainless 
steel. The EDS results showed the existence of previously identified 
REE together with high amounts of nickel, which supports the 
existence of LaNi5 alloys crystal structure. The other REE were hosted 
in a similar structure either substitutional or interstitially with needle 
shape like morphological formation (Figure 20). The results showed 
local variations in the composition but was consistent with XRD 
results (see table 6). Yttrium was not detected in the LaNi5 crystal 
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structure but it was found in smaller-sized particles which might 
indicate the presence of yttrium oxide. 

 

 

Figure 20: SEM image of anode active material. 

 

Table 5: EDS results of point analysis of cathode supporting mesh. 

Element unnorm. wt% norm. wt% atom. wt% 

Nickel 71.67 96.63 96.59 

Cobalt 2.47 3.33 3.32 

Al 0.03 0.04 0.09 

Total 74.17 100.00 100.00 
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Table 6: EDS results of point analysis of spherical nickel-cobalt 
hydroxide particles. 

Element unnorm. wt% norm. wt% atom. wt% 

Nickel 72.07 90.82 88.00 

Cobalt 5.10 6.43 6.21 

Al 2.18 2.75 5.80 

Total 79.36 100.00 100.00 

 

Table 7: EDS results of point analyses of anode material (wt%), taken 
from Figure 20. 

 La Ce Nd Pr Y Ni Co Mn Al 

Point 1 21.4 9.1 2.2 0.6 0.7 54.1 4.5 5.5 1.8 

Point 2 20.1 9.8 1.2 0.5 1.1 57.3 5.1 4.7 1.3 

Point 3 25.7 4.5 nd nd nd 57.9 6.8 3.5 1.6 

 
 
 

6.3 Leaching 

The active anode and cathode material were leached with sulfuric and 
hydrochloric acids under various conditions, see paper I. The final pH 
values of the leach solutions were measured and recorded in the range 
of -2.20 to -2.35. Approximately, 4- 7 % of the initial weight of the 
active materials remained undissolved as leach residue. This amount 
of leach residue declined slightly with increasing acid concentration 
and temperature. Ambient temperature cathode material experiments 
leach residue amounts were negligible. No leach residue was observed 
in the rest of the experiments.  
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6.3.1 Anode Active Material Leaching 

The anode material was leached with 1 mol/L and 2 mol/L sulfuric 
acid (initial concentrations) at 25oC. The resultant data is given in 
paper I in Figure 2 and Figure 3. After 240 minutes, the recovery of 
nickel was 72.5% and 69.4% in the 1 mol/L and 2 mol/L leaching 
experiments respectively. Recovery of nickel can be increased up to 
98.8%, however, to reach such a high recovery percentage the 
temperature was as high as 90oC, see Figure 21. The reason for low 
recovery at low temperatures could be caused by low dissolution rates 
or the formation of a protective oxide layer. As a result of using 
oxidizing acids such as sulfuric acid, formation of for example nickel 
oxide might deteriorate the kinetics of the dissolution of the alloy. The 
SEM-EDS investigation partially confirmed this theory since nickel 
oxide traces were found in the leach residue from the experiment with 
low acid concentration and low temperature which were absent in the 
original XRD analysis of the anode active material. However, the 
recovery percentages of REE are relatively high compared to nickel 
and were; 93% for Ce, 95% for La, 95.4% for Nd, 94.3% for Pr, and 
91.1% for Y at 25oC with 1 mol/L sulfuric acid. With increasing sulfuric 
acid concentration, the recovery percentages showed a slight decline 
when leaching with 2 mol/L sulfuric acid and a substantial decline 
when leaching with 4 mol/L sulfuric acid. This was caused by 
precipitation of REE and Ni, Co sulfates. Figure 3 in paper I shows a 
slight decline in the concentration of REE by time when leaching with 
2 mol/L sulfuric acid and Figure 22 below displays the decreasing 
percent recovery over time when leaching with 4 mol/L sulfuric acid. 
Even very early in the experiment, after 15 minutes, the initial yield is 
much lower than in the experiment with 1mol/L sulfuric acid. With 
time, the recovery percentages decrease even further. In addition to 
that, SEM-EDS studies showed a mixture of REE sulfates and leach 
residue, see Figure 5 and Table 7 in paper I, where also the solubility 
of REE sulfates is discussed in detail. 
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Figure 21: Leaching of anode active material with 2 mol/L sulfuric acid 
at 90oC. 

 
Figure 22: Leaching of anode active material with 4 mol/L sulfuric 
acid at 90oC. 
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The leaching of the anode material with 1mol/L hydrochloric acid at 
25oC for 240 minutes resulted in recoveries of 44.2% for nickel, 80.7% 
for cobalt and 99% for REE. The leaching regime can be seen in Figure 
6 in paper I for Ni, Co, and REE. Increasing the temperature to 90oC 
and concentration of acid to 2 mol/L resulted a quicker dissolution of 
nickel and a recovery of up to 99% in the first hour, however, with 
continued leaching nickel precipitated and the final recovery was 95%. 
This trend was also observed for higher concentration of HCl. 
Experiments with 4mol/L and 8mol/L HCl gave 96% and 94% nickel 
recovery respectively and at the end of 4 hours, the percentages were 
down to 94% and 87% respectively (see Figure 23). The experiments 
were stopped after 4 hours even though equilibrium had not been 
reached. For REE a similar behavior was observed (see Figure 24), 
with a decrease of individual REE recoveries by increasing the acid 
concentration. However, the decrease in the recoveries was not as 
massive as in the sulfuric acid case. The reason for the decrease in 
percent recovery might be caused by precipitation of nickel and REE 
chlorides.   
 

 
Figure 23: Percent recovery of nickel from anode leaching with respect 
to time at 90oC with HCl at given concentrations. 
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Figure 24: Percent recoveries of Ce, La, Nd, and Pr from anode 
leaching with respect to HCl concentration at 90oC. 

 

6.3.2 Cathode Active Material Leaching 
 
In the cathode there are only small amounts of yttrium present as 
yttrium oxide and nickel is present as nickel hydroxide. At 25oC with 
2 mol/L initial sulfuric acid concentration, the nickel recovery reached 
up to 38.7% in the first 15 minutes. Where after no more change in 
concentration could be observed as a function of time. Increasing the 
temperature up to 90oC boosted the recovery of nickel to 99.9% after 
4 hours (see Figure 25). With increasing sulfuric acid concentration, 
the recovery of nickel decreases down to 89%. Precipitation was 
observed and the solid phase is identified as nickel sulfate by ICP-OES. 
The leaching recovery for cobalt and yttrium were up to 87.9% and 
100% when leaching with 1mol/L sulfuric acid at 24oC and cobalt 
reached a recovery of 99.9% using 2mol/L sulfuric acid at 90oC.  
 

88

90

92

94

96

98

100

2 4 6 8

%
 R

ec
o

v
er

y

HCl Concentration (mol/L)

Ce

La

Nd

Pr



 75 

 

 

 

Figure 25: Percent recovery of nickel from cathode leaching with 
respect to time with 2mol/L sulfuric acid at given temperatures. 

The results of leaching the cathode material with 1mol/L and 2mol/L 
HCl at 25oC are presented in detail in paper I in Figure 7. The 
concentration of Ni is steadily increasing, and equilibrium is not 
reached even after 4 hours. However, when the temperature was held 
at 90oC, the recovery of nickel increases to 99.9% within 4 hours. This 
recovery percentage was reached in the first 15 minutes when leaching 
with 4mol/L or 8mol/L HCl at 90oC. However, precipitation occurred 
due to high Cl- ion concentration, and the Ni recovery decreased down 
to 93% and 92% respectively (see Figure 26). Additionally, the high 
acid concentration would be costlier than lower concentration as well 
as handling would pose more problems. 
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Figure 26: The recovery percentages of nickel with respect to the 
duration at 2mol/L, 4mol/L, and 8mol/L hydrochloric acid leaching 
of cathode material at 90oC. 

 

6.3.3 Mixed Leaching  

The recovery percentages from leaching the active anode material 
together with the nickel-coated stainless-steel mesh with two different 
acids, are presented in Figure 4 in paper I. Fe and Cr are introduced 
into the system by the stainless-steel supporting mesh of the anode. 
The recovery percentages of Ni, Co and REE were slightly lower than 
in their counterpart experiments conducted without the supporting 
mesh. The reasoning for that is the partially consumed acid by the 
leaching of the supporting mesh and the higher iron and chromium 
ions concentration in the leach liquor. The concentration of iron in 
earlier experiments was found to be 40-50 mg/L whereas in this series 
of experiments the iron concentration was 1.6-1.8 g/L when leaching 
with sulfuric acid and 0.2-0.3 g/L when leaching with hydrochloric 
acid. The chromium concentration was around 10-80 mg/L in the 
solutions. The reason for low chromium concentration compared to 
iron is that the amount of Cr in the stainless steel as an alloying 
element is much lower than the amount of Fe. In addition to that, low 
acid concentration and low reaction temperature of the experiment 
lowers the dissolution kinetics. A future study might investigate the 
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selective leaching of a similar material to avoid the dissolution of Fe 
and other constituent elements from stainless steel while dissolving a 
substantial amount of nickel, cobalt, and REE. 
 
 
 
 
 

6.4 Nanofiltration 

Nanofiltration is an effective method for recycling acid from the leach 
liquor obtained from the leaching step. The details of the experiment 
N1 & N2 and their measured elemental concentrations are presented 
in Tables 3 and 4 respectively in paper I.  In the first experiment (N1),  
a leach liquor solution (L1) obtained from leaching anode material at 

25C (presented as experiment 10A in Table 1 from paper I) was used 
and in the second experiment (N2) a synthetic solution (L2) was 
prepared to simulate high concentration of elements to investigate 
possible precipitation during the operation. During experiment N1, 
there were no signs of membrane scaling. This was expected and in 
accordance with a simulation using the Hydra-Medusa speciation 
software to simulate the conditions to be able to foresee any possible 
precipitation. Table 8 in paper I displays the elemental concentration 
based on stages of the nanofiltration as following; VRF1 (the beginning 
of the experiment), and VRF2 (50% volume reduction). The measured 
pressure from the system was 20bar and the flux of VRF2 was 18 
L/(m2, h). The results show that no precipitation occurred. The 
permeate stream had a very low measured concentration of metal ions 
for both VRF1 and VRF2. It was observed that the metal ion 
concentration in the permeate stream was higher after 50% volume 
reduction. This result was anticipated as the feed liquor in this stage 
of the experiment should contain double amount of its initial metal 
ion concentration. The measured pH values of the permeate VRF 1 and 
2 were -0.19 and -0.17 respectively. Calculations showed that the free 
hydrochloric acid concentration of the permeate after VRF2 should be 
around 1.7 mol/L which is very close to initial acidic leaching 
conditions, 2 mol/L. In addition to high hydrochloric acid 
concentration, the permeate had very low metal ion concentration 
which makes it suitable to recycle to the leaching step of the process. 
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In experiment N2, the results show that even with approximately six 
times higher initial metal concentration than in experiment N1, the 
metal ion concentration in the permeate was still low enough to be 
used in the leaching stage as a recycle stream. Although N2 permeate 
had higher ion concentration than N1, it was still low enough not to 
cause precipitation during the leaching step. There was no 
precipitation observed in the membrane or in the concentrated liquid 
during or after the experiment. The results of the metal ion 
concentration of feed, retentate and permeate of the experiment N2 is 
presented in Figure 27. This was also in accordance with calculations 
done with the Medusa software. However, due to the higher ionic 
strengths in more concentrated solutions the calculations became 
more uncertain. 
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Figure 27: Concentration of metal ions in the retentate and permeate 
streams in experiment N2, a) Co and Mn and b) Ni (taken from 
paper  I) 

A significant pressure drop was measured in N2 due to high metal ion 
concentration. VRF2 flux was around 2 L/(m2, h) with a pressure of 
25 bar. The Ni, Co and Mn concentrations in the permeate were 
decreased in the early stages of the experiment. However, with 
increasing volumetric ratios in the later stages of nanofiltration, the 
concentration of these elements was increased. Even under these 
conditions, the free hydrochloric acid concentration was measured to 
be very close to a fresh solution with 2mol/L. The collected permeate 
after the VRF3 stage was used to leach the anode material under 
optimum conditions, as determined in the acid leaching work. When 
leaching with the recycled solution the recovery percentages were 99% 
for the REE, 94.3% for Ni and 93% for Co. This is comparable to 
leaching with 2 mol/L HCl fresh solution at the same temperature. The 
final retentate solutions were perfect candidates for further metal 
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recovery processes due to their high metallic concentration and low 
volumes. 
 
 

6.5 Selective Roasting and Water 

Leaching 
The weight percentages of the elements from the characterization of 
anode and cathode materials are presented in Table 2 in paper II. A 
thermogravic analysis was conducted in order to be able to determine 
the physical and chemical dehydration as well as the thermal 
decomposition temperature of constituent phases. The resultant data 
is available in paper II, Figure 1. The peaks located at 78 oC, 105 oC and 
209oC indicated dehydration and all physically and chemically bonded 
water removal had been completed around 268oC. The major peak 
located at 586oC was caused by the decomposition of the sulfate salts 
of nickel, cobalt, and other minor constituent elements. The peaks 
located at 810 and 916 oC indicated the nickel sulfate and cobalt sulfate 
decomposition into their oxide forms. Further increased temperature 
(900oC) caused lanthanum oxysulfate formation which was detected 
by XRD experiments and 850oC was selected as the optimum 
temperature for the roasting. In addition to that, the FactStage 
speciation program was used to investigate the diagram for Ni and Y 
which displayed the formation of nickel oxide and yttrium oxysulfide 

which are thermodynamically favorable at 850C under selected 
conditions, see Figure 28. The database did not contain the necessary 
data for the REE sulfate phases of relevance in the present study. 
Although one publication was found where the system La-S-O was 
analyzed [118]. However, the real system will diverge from the 
theoretical single element diagrams for pure phases since they do not 
cover all elements present nor mixed (including impure) solid phases.  
 
 
After the thermogravic analysis, the acid concentration of sulfation, 
roasting duration, and the roasting temperature was studied to obtain 
the best yield for the separation of REE in the later water leaching step. 
The details of the experimental plan can be found in paper II. Firstly, 
the stoichiometric need of sulfate ions for all elements to form sulfates 
was calculated and it was found that 3.5mol/L sulfuric acidic 
concentration is needed with given s/L=1/5 ratio. Several acid 
concentrations were applied at the range from 2mol/L to 14mol/L. It 
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was found that 8mol/L with s/L=1/5 ratio is the optimum acid 
concentration. The drying of the slurry was also studied, and it was 
found that drying for 24h at 150oC is optimal. For the roasting step 
three different temperatures and durations were considered, based on 
DTA/TGA studies, these are 800oC, 850oC and 900oC and 1,2 and 3 
hours respectively.  After running several sets of experiments the 
optimum conditions were selected as 850oC for 2 hours. These are 
optimum conditions for all elements except REE to decompose into 
their oxide forms which are water insoluble. The remaining REE 
sulfates are water-soluble. The optimal condition for the water 
leaching was found to be leaching at 25oC with s/L ratio of 1/50 for 1 
hour. The whole process under optimum conditions gave a REE 
recovery of 96%. The REE were recovered dissolved in an aqueous 
sulfate solution with pH 5.6. The individual recovery of elements 
under optimum conditions is given in table 7 in paper II.  
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Figure 28: FactSage diagrams of Ni and Y under selected optimum 
conditions. 
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Powder XRD and SEM-EDS analysis were to track the formation of 
oxides and remaining sulfate phases. In Figure 3 paper II, nickel, 
cobalt, aluminum, zinc and iron oxide can be seen as well as individual 
REE sulfate crystals. This figure displays before and after water 
leaching. It can be seen that REE remains as sulfates which would 
allow the water-soluble REE to be separated from the other 
constituent elements. In the water leaching step, in Figure 2 in paper 
II, a mapping analysis with SEM of a particle after the roasting process 
can be seen with clear distinction of nickel and oxygen together 
whereas REE remains with sulfur which is supporting the XRD results 
identifying the REE sulfates. In the XRD pattern in Figure 5 in paper 
II, the effects of high acidic concentration during the sulfation process 
and the effect of high roasting temperature can be seen, which leads 
to the formation of oxysulfates. Oxysulfates are less soluble in the 
water and the formation of these should be avoided.  
 

6.6 Anti Solvent Precipitation 

 
In this section the concentrations are reported as the mass of element 
per unit volume initial aqueous solution (acidic leach liquor in the 
absence of alcohol).  
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Figure 29: Concentration of Ni and La as a function of time at 25 oC after addition of a) ethanol (Set 3: Part B) and b) 2-propanol (set 2, 3 and 4, part A). Abbreviations: min: minutes, h: hours, d: days. 
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In the Figure 29, the concentration of nickel and lanthanum are 
presented with respect to various O/A ratios after the addition of 
ethanol and 2- propanol as a function of time. It is observed that most 
of La precipitated after 10 minutes at an O/A ratio of 0.56, 0.80 and 
0.90 and it took 2 hours to reach a constant concentration of La in the 
solution at an O/A ratio of 0.45 in Figure 29 a. For ratio of 0.34, a 
constant concentration was reached after 3 hours for lanthanum. 
Nickel was not precipitated at ratios of 0.34, 0.45 and 0.56 even at 
longer durations up to 10 days. For the 0.8 and 0.9 ratios of O/A 
higher than 0.56 the concentration of Ni slightly decreased by time, 
which is an indication of precipitation. For higher ratios such as 
O/A=0.9, instantaneous precipitation was observed with the naked 
eye after very short time durations (10 minutes) and the concentration 
of Ni then remained constant for the rest of the experiment. This rapid 
decrease of Ni concentration can be explained by the high driving force 
caused by high supersaturation for nucleation and crystal growth. A 
similar trend is also valid for experiments using 2-propanol. 
Figure 29 b shows a decrease in Ni concentration after 2 days, 
However, in this case, the concentration then starts to increase by 
time. This can be explained by that the Ni solid phase, which was 
initially nucleated, potentially was not thermodynamically stable 
under the conditions of the experiment. SEM-EDS analysis was 
conducted to investigate the solid collected after 7days after 2-
propanol addition with O/A ratio 0.9. The crystals are shown in Figure 
30 (from paper III) and EDS results are reported in Table 8. The large 
crystals are mainly Ni and Co with smaller sized particles attached to 
them. These were identified by EDS to be REE containing precipitates. 
Figure 31 shows solid phase containing of REE (white) and Ni&Co 
(Green) in the sequential O/A ratios of set 1 samples after 2 months at 
ambient temperature with no stirring. In the sample with O/A ratio 
0.7, the nickel concentration did not decrease at all (see paper III, 
Figure 10). However, after 2 months with no stirring at ambient 
conditions, nickel particles precipitated.  
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Figure 30: Scanning electron microscopy images of crystals collected 
7 days after the addition of 2-propanol (O/A=0.9). Analysis by EDS 
showed that the larger crystals contain Ni or Co while the adhering 
fine particles contained REE. 

 

Table 8: EDS results from the image in Figure 30. Point analyses show 
that the large crystals contain Ni and Co and the small particles 
contain REE.  

Element norm. wt% atom. wt% 

O 29.08 65.56 

S 15.12 17.00 

Ni 5.85 3.59 

Co 0.57 0.35 

La 28.90 7.50 

Ce 12.67 3.26 
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Pr 2.07 0.53 

Nd 4.40 1.10 

Y 0.39 0.16 

Al 0.47 0.63 

Mn 0.48 0.31 

Total 100.00 100.00 

 

 

Figure 31: Precipitation of REE(white), Ni &Co (green) from Set1. The 
ratios are given as  from left to right; O/A=1.5, O/A=1.3, O/A=1.1, 
O/A=0.9, O/A=0.7, O/A=0.5, O/A=0.3, O/A=0.1. 

 

 

The solid phases obtained 7 days after addition of 2-propanol at: a) 
O/A=0.5 and b) O/A=0.9 were analyzed by powder XRD and the 
results are presented in Figure 5, paper III. Sample b was obtained 
after solid-liquid separation at a lower O/A ratio followed by adding 
an additional amount of 2-propanol. In part a, the major phases found 
under these conditions were rare earth sulfate hydrates and yttrium 
oxysulfates; e.g. both Ce2(SO4)3.4H2O and Ce2(SO4)3.9H2O was 
detected as well as Y2O2SO4 and Y2(SO4)3. In part b the major solid 
phases detected were NiSO4·6H2O and CoSO4·6H2O and a mixed-
phase CoNi(SO4)2(H2O)12. A mixture of phases were detected at a O/A 
ratio of 0.7, 7 days after addition of antisolvent, see Figure 32 below 
(e.g. both Ce2(SO4)3.4H2O and Ce2(SO4)3.9H2O). This indicates that 
equilibrium conditions have not yet been reached seven days after 
addition of antisolvent. A mixture of different REE sulfate hydrates 
was also detected seven days after adding ethanol as antisolvent at an 
O/A ratio of 0.7. 
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Figure 32: Powder XRD spectra of solids collected after the addition 
of ethanol, O/A= 0.7, 25oC, 7 days after antisolvent addition (Set 1). 
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The results show that, REE are precipitated as a mixture of different 
sulfate phases and can be separated from the other constituent 
elements such as nickel, cobalt, and aluminum by antisolvent 
precipitation. The total recovery of REE were 86.5% after the addition 
of 7.6 mol/L of ethanol and 81.9% after the addition of 5.6 mol/L of 2-
propanol at ambient temperature. There was a correlation of the 
different REE with their atomic numbers and their concentration 
7days after antisolvent addition. The lightest lanthanide La, which has 
the lowest charge density, has the highest concentration while the 
heaviest lanthanide Nd, which has the highest charge density, has the 
lowest concentration. It was found that yttrium does not follow this 
trend. Also, in lower temperature experiments (see paper III, Figure 
14, 15 and 16), the precipitated fraction percentage of La decreased by 
7.7% in ethanol and by 2.9% in 2-propanol. Whereas concentration of 
nickel decreases by 42.5% in ethanol and 66.4% in 2-propanol. This 
shows that although the precipitation of REE have higher 
precipitation yields, the decreased solubility of Ni and Co causes them 
to precipitate and lower the purity of the REE significantly. The 
recovery percentages, as well as the purity of the REE concentrates at 

25C, are given in Table 9 taken from paper III.  

 

Table 9: Precipitation percentages and purities at 25oC (Set 1, 2, 3A, 
and 3B). (Paper III, Table 3). 

Alcohol Time  
O/A 
(-) 

Conc. 
(mol/
L) 

Recovery,  
light REE 
(%) 

Recovery,  
tot. REE 
(%) 

Purity 
of REE 
(%) 

Ethanol 3h 0.56 7.55 89.12 86.52 99.99 

Ethanol 3h 0.90 8.74 93.84 91.32 68.40 

2-propanol 3h 0.70 5.64 84.40 81.88 99.99 

2-propanol 3h 0.90 6.54 90.79 88.29 56.17 
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6.7 Precipitation by Reagent Addition 

The recovery of REE, after leaching with 2 mol/L H2SO4 at 90oC, was 
conducted by precipitation via reagent addition. NaOH is used as the 
reagent and REE were precipitated as NaREE(SO4)2.H2O. The 
concentration of Ce, Nd, Pr, Y, and Co as a function of pH is given in 
paper I in Figure 9, and the data of Ni and La is given in Figure 33 
below. As one can see, a steady decrease was observed in La as well as 
in other light REE until pH -0.1. In Figure 34, the concentrations of 
Ce, La, Pr, Nd, and Y in mmol/L are for different concentration of 
NaOH in mM. According to the data, all the light REE were 
precipitated and found in the solid phase at around pH -0.1 and 0.7 
mol/L sodium ion concentrations. The heavy REE, Y, however, was 
not precipitated to the same extent. There were no measurable 
amounts of Ni and Co precipitation. The precipitation of REE does not 
depend on the decrease in pH when adding NaOH. It is the addition 
of sodium ions that make the REE precipitate as sodium REE double 
sulfates since this salt has a very low solubility under these conditions. 
This is an important aspect since it is desirable to precipitate the REE 
at low pH to avoid co-precipitation of Ni and Co as hydroxides. 
 

 

Figure 33: Concentration of Ni and La vs pH after NaOH addition. 
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Figure 34: Concentration of Ce, La, Pr, and Nd combined in mmol/L 
and added NaOH in mmol/L vs time. 
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An effort was made to recover the REE after leaching by HCl 
(experiment 8A from, Table 1 in the paper I). For this purpose oxalic 
acid was used as a reagent in amounts directly correlated with the 
stoichiometric need of the all REE to precipitate as rare earth oxalates 
(REE2(C2O4)3.nH2O).  Figure 35 and Figure 10 in the paper I display 
the resultant data obtained from this experiment. The concentration 
of nickel remains constant until 100% excess (amount of 
stoichiometric need to precipitate all REE) of oxalate was added. 
However, the total amount of REE in solution was low at this point. 
The purity of the REE oxalate salt obtained at 100% excess was high 
(99.9%). To increase the amount of REE precipitated from the 
solution, more oxalic acid was added. 300% excess of the 
stoichiometric need was found to be critical as Ni and Co start to 
precipitate if more oxalic acid is added. Under these conditions 92% 
of the REE was recovered as REE2(C2O4)3.nH2O with a purity of 
88.2%. With further addition of oxalic acid, it is possible to achieve a 
99% recovery for REE at 600% excess oxalate. However, the purity 
goes down to 39% due to major Ni and Co precipitation as 
contamination. So, it was decided to choose 300% excess oxalate 
amount as the optimum to maximize the REE recovery with an 
acceptable purity of the concentrate. If purity is the main concern, 
lower levels of oxalate addition would be preferable. 
 

 

Figure 35: Concentration of Ni vs added oxalic acid. 
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After the separation of REE from the solution, pH can be increased via 
NaOH addition to precipitate Ni and Co as hydroxides. After insertion 
of necessary data into Medusa, the precipitation regimes of metals Ni, 
Co, Mn, Zn, Al and, Y with respect to pH under equilibrium conditions 
in sulfate and chloride leach solutions were obtained. The hydroxide 
precipitation of the metals from the resulting leach solution is given in 
Figure 36 and Figure 37. 
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Figure 36: Equilibrium concentrations of the different metals in the 
sulfate leach solution and their respective precipitation behavior as a 
function of pH. Speciation diagram is plotted for [Ni2+]= 420 mM, 
[Co2+]= 33 mM, [Al3+]= 14 mM, [Na+]= 1 M, [SO4

2-]= 1.5 M, [Zn2+]= 
12 mM, [Y3+]= 2.4 mM, [Mn2+]= 15 mM. 
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Figure 37: Equilibrium concentrations of the different metals in the 
chloride leach solution and their respective precipitation behavior as 
a function of pH. Speciation diagram is plotted for [Ni2+]= 420 mM, 
[Co2+]= 33 mM, [Al3+]= 14 mM, [Na+]= 1 M, [Cl-]= 1.5 M, [Zn2+]= 12 
mM, [Y3+]= 2.4 mM, [Mn2+]= 15 mM. 
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All metals present in the leach solution form hydroxide complexes and 
can be precipitated as hydroxide phases from the solution given that 
the pH is high enough, as can be seen in Figures 38 and 39. This is 
valid for both HCl and H2SO4 solutions. Additionally, as can be seen 
from the figures, there are no apparent differences in the behavior of 
the metals between the two solutions. Since the pH scale is 
logarithmic, separating each metal individually proves a difficulty, let 
alone local precipitation around the reagent injection point could be a 
challenge. Therefore, it is concluded that the product using this 
method is a mixed metal hydroxide precipitate.  Another important 
observation extracted from the figures is the early precipitation of 
aluminum. Although its amount is relatively small when compared to 
nickel and cobalt, the absence of Al will increase the market value of 
the mixed hydroxide precipitate in terms of purity. A synthetic 
solution was prepared, see Table 10. As a neutralizing agent, NaOH 
was used in the given amounts in Table 11 in order to reach the 
targeted pH values. The fraction precipitated of elements with respect 
to pH is given in Figure 38 part a and part b.  Part a shows the 
elemental fraction precipitation after 10 minutes and part b after 20 
hours of precipitation time. 
 
Table 10: Metal concentrations of the synthetic solution as used in the 
hydroxide precipitation experiment. 

Concentration/ Elements Ni Co Mn Zn Al 

g/L 26.48 2.03 0.81 0.8 0.39 

 
Table 11: Total amount of NaOH added in terms of volume and 
concentration in the controlled increase of the pH of the solution. 

pH 0.3 - 2 2 - 3 3 - 4 4 - 5 5 - 5.5 5.5 - 7 7 - 8 8 – 11.5 

NaOH 
added 

14.2 ml 
(4M) 

1.8 
ml 
(2M) 

0.3 
ml 
(1M) 

1.8 
ml 
(1M) 

1 ml 
(0.5M) 

2.1 ml 
(0.5M) 

7.5 
ml 
(4M) 

2.5 ml 
(4M) 
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Figure 38: Results from the samples taken after; a) 10minutes, b) 20 
hours precipitation time showing the precipitated fraction of each 
metal at different solution pH. 
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One of the results that can be extracted from the data is that around 
pH=10, almost all Ni, Co, Zn and Al is precipitated, and a further 
increase of pH has no effect on yield. So, pH=10 is the final pH to be 
reached for complete mixed hydroxide precipitation. Also, comparing 
part a and b longer duration of the experiment has little effect on the 
final concentration of Al which is the critical point to improve the 
purity of mixed hydroxide precipitate. However, to have complete 
precipitation of the metal ions or to be able to reach an equilibrium 
point, a longer duration than 10 minutes is needed. Around pH=5.5, 
the precipitated fraction of metals is as following; Co=0.4%, Mn=1.4%, 
Ni=0.8%, Zn=1.7% and Al=98%. The solid phases were analyzed by 
powder XRD and was formed to be amorphous. If the crystal structure 
of the final hydroxide mixture has an importance in terms of its 
market use, longer durations of experiments and seeding could be 
investigated.  
  
 

6.8 Life-Cycle Assessment 

The yields of individual REE recovered by different processes are 
compared in Figure 39. The base case represents the extraction and 
beneficiation of the REEs, nickel, and cobalt entirely from ores with 
the technology described in the LCA chapter. The sulfate case 
(referred as “recovery (a)”) is representing the application of 
sequential processes of; sulfation, selective roasting, water leaching, 
precipitation of REE with oxalic acid, and calcination of them into 
REE oxides. It was assumed that the REE oxalates were calcined and 
obtained as REE oxides with 10% losses during the process.  The HCl 
case 1 and 2 (referred as “recovery (b) and recovery (c)”) are 
representing cases of 1M HCl acid leaching of anode material followed 
by recovery of REE with a stoichiometric amount of oxalic acid 
addition and 3-fold of a stoichiometric amount of oxalic addition, 
respectively. The leach residues from the leaching stage and oxalic 
addition stage are treated as process residues without environmental 
impacts for waste disposal or further metal recovery and it is not 
credited in this LCA study.  
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Figure 39: Yields of recovered rare-earth metals from the anodes of a 
NiMH battery, including an assumed 10 % loss of metals in the oxide 
separation process. 

The detailed environmental impacts of each case with an individual 
contribution of all REE oxides, Ni and Co can be found in paper IV 
with respect to selected impact categories.  

The comparison of for each case for given impact categories is given in 
Figure 40 (The chosen impact categories for LCIA are Global Warming 
Potential (GWP 100 years, kg CO2 equiv.) excl. biogenic carbon, 
Acidification Potential (AP, kg SO2 equiv.), Eutrophication Potential 
(EP, kg phosphate equiv.), Photochemical Ozone Creation Potential 
(POCP, kg ethylene equiv.) and Abiotic Depletion Potential for Fossil 
Energy Resources (ADP fossil, MJ)) 
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Figure 40: Comparison of some environmental impacts caused by the 
four methods to supply a NiMH battery with REEs, cobalt, and nickel. 
Within each category, all values are normalized against the base case 
value. 

The results for AP and POCP are very similar. For the remaining three 
impact categories, the base case shows a better performance, however, 
this does not eliminate the need for recycling methods. Recycling is 
important in order to use secondary resources and to prevent illegal 
disposal in accordance with international laws and to protect the 
environment.  

The contribution of each sub-processes and/or materials can be found 
in paper IV with further details with respect to each designated case. 
To summarize the key results; in all cases, nickel has the highest share 
on impact categories due to its high amount in the batteries. Transport 
from China to EU and interim transport within the EU has limited 
impact. In the base case, major effects on impact categories belong to 
the extraction of REE elements. In recovery (a), the Sulfating process 
contributes very little (2 and 3% respectively) to POCP and AP. 
However, it has a significant contribution to GWP, EP and ADP fossil, 
38, 19, 43% respectively. A similar pattern is seen in recovery (b) and 
(c). Leaching with HCl and addition of 100% stoichiometric excess of 



 102 

 

 

oxalic acid has a 22, 13, 25% share in GWP, EP and ADP fossil 
respectively, and HCl leaching with 300% stoichiometric excess of 
oxalic acid has a 36, 23, 40% share in GWP, EP, and ADP fossil 
respectively.  

In HCl leaching with 100% stoichiometric excess of oxalic acid case, 
13% of total GWP originates from metal oxide separation and 5% from 
oxalic acid input to the recovery process excluding the oxalic acid used 
in the separation process (18% within the 22% contribution from the 
recovery process).  

Figure 41 shows the HCl case 1 (100% stoichiometric oxalic acid) with 
its sub-components’ contribution analysis normalized to each other. 
In this sub-process, the share of metal oxide separation varies between 
60 to 68% for all impact categories and oxalic acid contributes 
between 19 to 29%. 

In the recovery process (HCl leaching of NiMH anode material) of HCl 
leaching 300% oxalic acid case a similar pattern as with 100% oxalic 
acid case is observed with an expected increase in the share of oxalic 
acid. Metal oxide separation contributes between 48 to 59% and oxalic 
acid contributes between 32 to 44% to all impact categories. 

In sulfate roasting case, metal oxide separation causes 20% of GWP, 
oxalic acid input and energy consumption each cause 5%, and NaOH 
cause 4.5% (34.5% within the 38% contribution from the recovery 
process). 

In all cases (base and recovery process cases) separation of oxides 
from the mixture cause important burdens. In HCl leaching cases, 
oxalic acid usage, and in sulfate roasting case energy demand and 
NaOH are important contributors.  

The separation of REEs, conversion from oxides to metals and oxide 
concentrate preparation are important contributors in the production 
of REE. The last one is different in recycling cases and primary 
production.  
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Figure 41:Contribution graph for HCl leaching of NiMH anodes (100% 
oxalic acid) (The contribution “Metal oxides from calcined metal 
oxalates” is the separation process following the leaching and 
calcining processes).  

The selected recycle processes were scaled up on paper in order to 
conduct the LCA study. All processes needed to have REE oxides as 
end product in order to be compared. The original selective roasting 
process, for example, did not include oxalic acid precipitation and 
calcination in order to deliver a REE oxide product. This re-design of 
the processes to fit the LCA framing has critical effects on the impact 
categories, as one can see in Figure 41.  It is possible that the 
environmental impacts for the recycling processes would be lower 
than what it is found in this LCA study. 
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7. Part VII – Conclusion 
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The focus of the work presented in this thesis is the separation of REE 

from spent HEV battery material with various methods. The presented 

methods provide an insight into the isolation of REE as part of the 

recycling process of the HEV batteries as well as offers novel, 

environmentally friendly and economically feasible answers to 

problems of massively thriving industries such as battery production 

and recycling for vehicles, recycling/repurposing REE for several 

technological use. The following conclusions are drawn based on the 

presented results in this thesis.   

The REE can be effectively separated by anti-solvent crystallization 

and precipitation via addition of sodium ions from sulfuric acidic 

solution. Selective roasting and water leaching is proven to be a viable 

option to separate REE from nickel and cobalt. Less than 1 mass % of 

the total REE were left in the leach residue and the highest percentage 

and purity of the recovered REE reached up to 99.9% and 93.84% 

respectively by these methods.  

Following the sulfuric acidic leaching processes, the key parameter in 

the precipitation by sodium ion addition is the amount of reagent 

added. By this method REE can be precipitated as a sodium REE 

double sulfate salt at acidic conditions, thereby avoiding co-

precipitation of other elements that precipitate as hydroxides at less 

acidic conditions. Further processing of the acidic media will result in 

Ni, Co and Mn separation in desired forms and purity, in which there 

are extensive studies in the literature. From this perspective, this 

thesis complements literature by presenting attachable/alternative 

processes to already existing battery recycling flowsheets.  

Recycling and reusing of acid with nanofiltration were proven to be 

useful and can be integrated with the designed flowsheet. 

Sulfation followed by selective roasting and water leaching was shown 

to be a feasible option for REE separation from nickel and cobalt 

present in the NiMH HEV battery anode and cathode materials. To 

achieve an effective sulfation, quantity and concentration of acid were 

found critically important. The high concentration of acid (≥10m/L) 

or the high roasting temperature (≥900oC) caused a decrease in the 

REE recovery due to formation of REE oxysulfates, which are water 

insoluble. A sulfuric acid concentration of 8 mol/L and solid-to-liquid 
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ratio of 1/5 was found to be optimal for the sulfation step. For the 

roasting step, 850oC roasting temperature and 2 hours roasting time 

were found optimum conditions for highest recovery of REE. Nickel 

and cobalt sulfates decomposed into oxide form and could easily be 

separated from the REE via water leaching, whereas REE sulfates were 

easily leached under these optimum conditions and the Ni and Co 

oxides remain in the solid phase. The total recovery of REE from 

anode and cathode plates was found to be 96%.  

The anti-solvent crystallization is proven to be a successful method for 

the separation of the REE after the leaching stage with sulfuric acid. 

The REE were found to precipitate as a mixture of different sulfate 

salts. The recovery of REE is achieved at an initial concentration of 7.6 

mol/L of ethanol and 5.6 mol/L of 2-propanol at 25 °C with negligible 

co-precipitation of the other elements. After addition of 7.6 mol/L of 

ethanol 86.5% of REE were recovered with a purity of 99.9% and after 

addition of 5.6 mol/L of 2-propanol 81.9% of REE were recovered with 

a purity of 99.9%; these experiments were conducted at 25 °C. Higher 

recoveries could be obtained, however lower purity of REE caused by 

precipitation of Ni and Co sulphates cause an undesirable result. The 

REE sulfate salts obtained from this process can easily be dissolved in 

aqueous solution for further processing and recovery of the individual 

elements by other techniques. 

 

The LCA study showed that the selected recycling methods do not 

present a large difference compared to the virgin battery production 

in terms of environmental burdens. Among the three recovery 

methods and the base case comparison, sulfation, roasting followed by 

water leaching resulted the highest yields of REE but also had the 

highest environmental burden attached to the process. Use of 

hydrochloric acid followed by addition of 300% of the stoichiometric 

amount of oxalic acid for REE separation was found unfavourable due 

to environmental impact of the oxalic acid.  

Unless an alternative end product taking into consideration other than 

REE oxides followed by individual separation of REE from oxides, 

which adds great burden on the critical factors, the possibility to make 

recycling steps environmentally feasible is highly limited than 

manufacturing the individual REE from natural resources. Many 
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improvements can be done by improving the large-scale process 

design.  
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