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As the demand of metals is increasing and the grade of primary ores is decreasing secondary 

sources, such as mine tailings, have gained attention. Mine tailings are the waste generated 

from the mineral processing of ores. It has been discovered that some old mine tailings de-

posits may contain significant amounts of valuable metals including battery metals such as 

copper, manganese, nickel and cobalt. Chelating ion exchange resins have been shown to be 

effective in the selective separation of the previous metals.  

This Master’s thesis investigates the recovery of copper, manganese, nickel and cobalt from 

a synthetic mine tailings leachate by ion exchange. Ion exchange experiments were carried 

out in a small pilot-type ion exchange column. The aim was to make an initial design of an 

ion exchange process, where high purities of copper, manganese, nickel and cobalt can be 

obtained. More specifically, the impact of the process conditions (pH, temperature and 

flowrate) on the dynamic capacities and on the purities of the target metals were investigated. 

Three commercial chelating resins with three different functional groups were used for se-

lective separation of copper, manganese, nickel and cobalt. Purolite®S930Plus resin with 

iminodiacetic acid functional group removed copper with dynamic capacity of 22 g Cu/L. 

Lewatit® MDS TP 260 resin with aminomethylphosphonic acid functional group separated 

manganese from nickel and cobalt with dynamic capacity of 2.5 g Mn/L. Lewatit® MDS TP 

220 resin with bis-picolylamine functional group selectively separated nickel from cobalt 

with dynamic capacity 15 g Ni/L. Purities 98.2 %, 99.2 %, 99.5 % and >99.9 % were ob-

tained for copper, manganese, nickel and cobalt, respectively.  



 

 

TIIVISTELMÄ 

Lappeenrannan–Lahden teknillinen yliopisto LUT 

LUTin insinööritieteiden tiedekunta 

Kemiantekniikka  

 

Siham el Issaoui 

 

Kuparin, mangaanin, nikkelin ja koboltin talteenotto synteettisestä rikastushiekkaliu-

oksesta ioninvaihtomenetelmällä 

 

Kemiantekniikan diplomityö 

2026 

135 sivua, 24 kuvaa, 18 taulukkoa ja 4 liitettä 

Tarkastajat: Tutkijaopettaja Sami Virolainen, TkT ja Jaakko Nevala, DI 

Avainsanat: rikastushiekka, ioninvaihto, hydrometallurgiset menetelmät, kriittiset raaka-ai-

neet, akkumetallit, kelatoivat hartsit, Purolite S930Plus, Lewatit MDS TP 260, Lewatit MDS 

TP 220 

 

Metallien alati kasvavan kysynnän ja heikentyneiden malmien laatujen myötä toissijaiset 

lähteet, kuten rikastushiekka, ovat nousseet potentiaalisiksi raaka-aineiksi. Rikastushiekka 

on malminjalostuksen seurauksena syntynyttä jätettä. Merkittäviä määriä arvokkaita metal-

leja on löytynyt erityisesti vanhoilta rikastushiekka-läjitysalueilta. Näihin metalleihin kuu-

luvat muun muassa akkumetallit, kuten kupari, mangaani, koboltti ja nikkeli. Kelatoivat ioni-

vaihtohartsien on osoitettu toimivan edellä mainittujen metallien selektiivisessä erotuksessa. 

Tässä diplomityössä tutkittiin kuparin, mangaanin, nikkelin ja koboltin erotusta ionivaihto-

menetelmällä liuoksesta, joka vastaa rikastushiekan liuotuksesta saatavaa metallirikasta liu-

osta. Ionivaihtokokeet suoritettiin pienessä pilottityyppisessä ioninvaihtokolonnissa. Tavoit-

teena oli laatia alustava ioninvaihtoprosessi, jolla saataisiin mahdollisimman korkeat puh-

taudet kuparille, mangaanille, nikkelille ja koboltille. Varsinkin prosessiolosuhteiden (pH, 

lämpötila ja virtausnopeus) vaikutusta metallien puhtauksiin ja dynaamisiin kapasiteetteihin 

haluttiin tutkia. 

Kolme kaupallista kelatoivaa hartsia erilaisilla funktionaalisilla ryhmillä käytettiin kuparin, 

mangaanin, nikkelin ja koboltin selektiiviseen erotukseen. Purolite®S930Plus -hartsi imi-

nodiaetikkahappo funktionaalisella ryhmällä kykeni erottamaan kuparia dynaamisella kapa-

siteetilla 22 g Cu/L. Lewatit® MDS TP 260 -hartsi aminometyylifosfonihappo funktionaa-

lisella ryhmällä onnistui erottamaan mangaanin nikkelistä ja koboltista dynaamisella kapa-

siteetilla 2.5 g Mn/L. Lewatit® MDS TP 220 -hartsi bis-pikolyyliamiini funktionaalisella 

ryhmällä erotti nikkeliä koboltista dynaamisella kapasiteetilla 15 g Ni/L. Kuparin, mangaa-

nin, nikkelin ja koboltin puhtauksiksi saatiin 98.2 %, 99.2 %, 99.5 % ja >99.9 %.   
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1  Introduction 

As the grade of primary ores has decreased and demand for metals is increasing, more min-

ing, crushing and grinding are required to access valuable minerals (Edraki et al. 2014; 

Sarker et al. 2022). This has led to an increase in the amount of mine waste produced (side 

streams) such as waste rocks and mine tailings. Waste rocks are generated on mine sites, 

whereas mine tailings are generated from mineral processing of ores (Edraki et al. 2014; 

Lottermoser 2010). Proportion of tailings from extracted ore can vary from 90 to 99 % 

(Edraki et al. 2014). It is estimated that nowadays mining can produce 1 million tonnes of 

tailings daily (Morrison 2022, 6). 

Mine tailings, especially the old deposits (historical tailings), can contain significant con-

centration of valuable metals, even higher than in some primary ores. It is estimated that the 

traces of valuable metals resulted from inefficient mineral processing, and some were ne-

glected because they were not considered valuable at the time of ore processing (Binnemans 

et al. 2015; Kinnunen et al. 2022; Sarker et al. 2022). These are, for instance rare-earth 

elements (REEs) and cobalt (Dehaine et al. 2021; Sarker et al. 2022; Tunsu et al. 2019).  In 

addition to tailings accumulated from rare-earth mines, REEs had also been found, for in-

stance, from mine tailings of iron ores mines associated with apatite-rich rocks (Binnemans 

et al. 2015). Loss of Co to mine tailings has been linked to mineral processing of Cu and/or 

Ni bearing minerals (flotation tailings) (Dehaine et al. 2021). 

The focus of this thesis is on the extraction of the following metals from mine tailings: cop-

per (Cu), cobalt (Co), manganese (Mn) and nickel (Ni). European commission (EC) has de-

fined Mn and Co as critical raw materials (CRMs), and Ni and Cu as strategic raw materials 

(SRMs). According to EC, CRMs are raw materials that are significant for EU economy and 

have a high supply risk: most of primary sources are located outside of EU (European Com-

mission 2023). Cu, Mn, Ni and Co are referred to as battery materials as they are crucial raw 

materials in the battery industry. The battery industry alone consumes 58 % of produced Co 

(Dehaine et al. 2021). It is estimated that consumption of Ni in battery industry will increase 

from 3 % (2017) to 37 % in 2030 (Yao et al. 2021). Mn, Ni and Co are specifically used as 

cathode materials in lithium-ion batteries (LIBs) (Turcheniuk et al. 2021), whereas Cu can 

be used e.g., as anode material in LIBs (Huang et al. 2018). 
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Recycling of battery materials is increasing, but not at the same rate as the increasing de-

mand. Hence, secondary sources, such as mine tailings are gaining attention (Abo et al. 

2023). Previous research has focused on recovery of valuable metals from mine tailings by 

flotation (Lutandula and Maloba 2013), pyrometallurgical processes (Lei et al. 2017; Peng 

et al. 2018), solvent extraction (e.g., Abo et al. 2023; Han et al. 2018; Tunsu et al. 2019) and 

precipitation (Chen et al. 2014; Ye et al. 2017). Ion exchange (column) was investigated by 

Shields et al. (2023), where five commercial resins were applied to recover gold (Au) from 

synthetic tailings leachate.  

One of the major challenges of recovering valuable metals from tailings is the low concen-

tration of metals. Thus, conventional separation techniques applied for primary ores (high 

concentrations) are not suitable. Pyrometallurgical processes are energy-intensive, expen-

sive and have low recovery rates. Also, pyrometallurgical processes cannot separate chemi-

cally similar elements and are better suited for high-grade materials (Habashi 1999, 16-19; 

Kaya et al. 2020; Sarker et al. 2022).  

1.1  Research gap 

Separation of the metals from secondary sources (such as mine tailings and LIBs) have been 

carried out mostly by hydrometallurgical processes: chemical precipitation, solvent extrac-

tion and ion exchange. Chemical precipitation was not found suitable, because battery ma-

terials require high purity metals (>99.5 %) (Virolainen et al. 2021) and this is not possible 

with precipitation due to co-precipitation (e.g., Chen et al. 2014; Kang et al. 2010). Solvent 

extraction is more selective than precipitation, but it has selectivity issues regarding separa-

tion of Mn and Co (Virolainen et al. 2021). For instance, Abo et al. (2023) removed 100 % 

of Mn, aluminum (Al), iron (Fe) and calcium (Ca) and 60 % of magnesium (Mg) as impuri-

ties with di-2-ethylheyxl phosphoric acid (D2EHPA), which resulted in co-extraction of Co 

with 20 % loss. Chen et al. (2015) managed to extract 97.1 % of Mn with cobalt loaded 

D2EHPA (co-D2EHPA) without significant co-extraction of Co. Increasing the extraction 

percentage of Mn would have led to significant losses of Co (up to 16 %). Similarly, reaching 

high purities for Ni and Co solutions may require multiple purification (scrubbing) steps 

(e.g., Abo et al. 2023; Meshram et al. 2022).  

https://www-sciencedirect-com.ezproxy.cc.lut.fi/topics/chemical-engineering/phosphoric-acid
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Ion exchange has proven to be able to separate Mn, Co and Ni selectively. Virolainen et al. 

(2021) used commercial chelating resin Lewatit® TP 260 with aminomethylphosphonic acid 

(AMPA) functional group to remove Al, Fe, Cu and Mn from LIB leachate. Al, Fe, Cu and 

Mn were separated from LIB leachate with only 1.1 % loss of Co. Wesselborg et al. (2025) 

utilized continuous multi-column system (simulating moving bed (SMB)) with commercial 

resin Lewatit® MDS TP 260 (AMPA). As a result, 100 % pure solution containing Li + Co 

+ Ni was obtained with high recovery yield for Co and Ni (96.94 % and 99.15 %, respec-

tively). Strauss et al. (2021) removed Ni and Co from LIBs leachate by using commercial 

chelating resin Dowex® M4195 with bis-picolylamine (Bis-PMA) functional group. Ni was 

removed in the first column (CA) and eluted with the average purity 97.9 % and Co was 

removed in the second column (CB) obtaining average purity of 95.8 % (in the eluate).  

1.2  Objective of the thesis 

The objective of this thesis is to investigate the possibility of recovering Cu, Mn, Ni and Co 

from synthetic mine tailings leachate (i.e. low-grade materials) by ion exchange. Impact of 

temperature, flowrate and pH are studied to identify the optimal process conditions, where 

high purities of Cu, Mn, Ni and Co can be obtained. Possibility to increase the purity of Ni 

and Mn with two-step elution is also examined. 

1.3  Structure of the thesis 

Chapter 2 offers a background about mine tailings: metallurgical extraction, mineral pro-

cessing, composition and management. Chapter 3 includes discussion about different hydro-

metallurgical methods applied to recover valuable metals from mine tailings (comparison, 

advantages and disadvantages). Ion exchange and different chelating resins are discussed in 

Chapter 4. Chapter 5 covers ion exchange technology (ion exchange column) and factors 

impacting the performance of the ion exchange column. Chapter 6 discusses about used ap-

paratus and chemicals, and Chapter 7 presents the results obtained from each separation 

steps. 
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2  Background 

Tailings are generated both in mineral processing and metallurgical extraction (Kossoff et 

al. 2014; Lottermoser 2010). The aim of mineral processing is to extract ore minerals, where 

metals are presented in chemical combination with other elements (e.g., oxides and sulfides). 

Ore is described as a mineral deposit which contains elements that are economically viable 

to extract. Mineral processing can be also accompanied by metallurgical extraction (Lotter-

moser 2010). Concentrate is separated in mineral processing and then the metals can be re-

covered from concentrate with metallurgical extraction. For instance, chalcopyrite (Cu sul-

fide mineral) is extracted from the gangue with froth flotation and then followed by metal-

lurgical extraction (smelting and refining) to recover pure Cu (Schlesinger 2011, 2). Metal-

lurgical extraction can be also applied directly for extraction of metals (see Chapter 2.1). 

This thesis will particularly focus on the mine waste produced from mineral processing 

(mine tailings). 

2.1  Metallurgical extraction 

Metallurgical extraction extract metals from ores by chemical methods. It is carried out with 

hydrometallurgical, pyrometallurgical and electrometallurgical methods (Habashi 1999, 13). 

For instance, extraction of Ni and Co from laterite ores (the main source of Ni (Botelho 

Junior et al. 2019)) is achieved with high pressure leaching (HPL), that involves leaching 

with sulfuric acid (H2SO4) (hydrometallurgical method) at high temperatures (250-270°C). 

During the dewatering (thickening) circuit, the pregnant liquor (overflow) is removed from 

the residue (tailings). Significant losses of Ni and Co may occur due to inefficient solid-

liquid separation (Zainol and Nicol 2009a). 

Hydrometallurgical processes are also used to extract Cu and Mn from oxides (Botelho Jun-

ior et al. 2019; Habashi 1999, 258). Hydrometallurgy involves using of a liquid to dissolve 

metals of interest from a solid material (Free 2022; Lottermoser 2010). Pyrometallurgical 

processes use high temperatures to destroy the crystalline structure of the ore (Lottermoser 

2010). They are used for producing metal alloys, such Cu-Ni-Co-Mn-Fe alloy (Shi et al. 

2023). The remaining waste is oxide-rich waste (slag) (Schlesinger 2011, 73).   
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2.2  Mineral processing 

A simplified flowsheet of mineral processing is presented in Figure 1. In mineral processing, 

the unwanted gangue is separated from the ore. Gangue is referred to as mineral with no 

value. The first step is size reduction that liberates minerals from gangue (Lottermoser 2010; 

Wills and Finch 2016, 4-5). Size reduction is accomplished with crushing and grinding, 

where crushing is the first step (Lottermoser 2010). Crushing is a dry process that can be 

performed in multiple stages. For instance, ore can be crushed on mine site and then trans-

ported to a mineral processing plant for further handling (Wills and Finch 2016, 226-227). 

After crushing, ore is directed to grinding to obtain fine ores (<100 µm), from which miner-

als are easier to separate. Grinding is responsible for up to 50 % of energy consumption in 

mineral processing (Lottermoser 2010; Wills and Finch 2016, 18-20).  

 

 

Figure 1. Mineral processing flowsheet including formation of mine tailings. 

 

After size reduction, minerals are separated from gangue physically, chemically or with a 

combination of both. Physical separation includes gravitational, magnetic and electrostatic 

separation. Chemical separation is carried out by froth flotation (Lottermoser 2010). Com-

bination of gravity separation and froth flotation is used, for instance in mineral processing 

of Co bearing sulfide minerals (Dehaine et al. 2021). Gravitational separation categorizes 

minerals based on their different specific gravity and size. It is commonly applied as pre-
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concentration step after size reduction (Wills and Finch 2016, 223). Magnetic separation 

extracts minerals by utilizing magnetic properties. It can be also used to remove contami-

nants or to produce mixtures of magnetic and nonmagnetic minerals. Magnetic separation is 

used, for instance to separate paramagnetic minerals, such as Mn minerals (Wills and Finch 

2016, 381). Electrostatic separation methods extract minerals according to their conductivi-

ties (Wills and Finch 2016, 24). 

Froth flotation is commonly used in mineral processing to recover sulfide minerals (Lotter-

moser 2010). The extraction of minerals is based on the hydrophobic properties of the min-

erals: hydrophobic floating minerals attach to the bubbles. Addition of flotation reagents 

(e.g., collectors) is often required, because most of the minerals are hydrophilic (Wills and 

Finch 2016, 265-267). Flotation is used, for instance in recovery of Cu sulfides as they are 

insoluble in acid (Habashi 1999, 249). Froth flotation can be carried out so that the valuable 

minerals are collected in the froth (direct froth flotation) (Figure 2) or with reversible flota-

tion, where the gangue is obtained in the froth (Wills and Finch 2016, 266). Before flotation, 

an additional classification step can be added (e.g., with hydrocyclone), to obtain even finer 

particles (Schlesinger 2011, 36-44). 

 

 

Figure 2. Principle of froth flotation (direct froth flotation) (Adapted from Wills and Finch 

2016, 266). 

 

The remaining undesired gangue are mine tailings, that are often disposed to a tailings pond 

located near the mine or mineral processing plant (Binnemans et al. 2015; Lottermoser 2010; 
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Wang et al. 2014). In tailings pond the process water is recovered by settling, and recycled 

back to the mineral processing. The purpose of this is to decrease the amount of freshwater 

required for mineral processing and to reduce the amount of tailings (Wang et al. 2014). 

2.3  Composition of tailings 

Mine tailings are pumped to the tailings pond in a slurry form with a solid content of 20-40 

wt.%. Their composition varies according to the type of processed ore and on the mineral 

processing (Edraki et al. 2014; Lottermoser 2010; Wang et al. 2014). Intensive crushing in 

mineral processing results in formation of fine particles, that are difficult to separate from 

the process water and thus higher amount of tailings are generated (Edraki et al. 2014; Wang 

et al. 2014). Additionally, presence of certain clay particles in tailings limit water recovery 

(Wang et al. 2014). Mine tailings may contain the following mineral groups: silicates, ox-

ides, hydroxides, carbonates and sulfides (Kinnunen et al. 2022) (Table 1).  
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Table 1. Examples of chemical composition of mine tailings.  

Source Ahmari and 

Zhang (2012) 

Heikkinen and 

Räisänen (2008)a 

Stumbea et al. 

(2019)b 

Barzegar Ghazi et 

al. (2022)c 

Location Arizona, USA Nivala, Finland Suceava County, 

Romania 

East Azerbaijan 

province, Iran 

Type/description Cu mine tailings Sulfide mine tail-

ings 

Tailings from re-

covery Cu from 

Cu-rich pyrite ore 

Cu mine tailings 

Chemical composi-

tion 

Weight (wt.) % 

SiO2 64.8 38.9 38.0 60.9 

Al2O3 7.08 3.1 - 17.03 

FeS - - 35.0 - 

Fe2O3 4.33 12.1 - 3.86 

CaO 7.52 0.86 - 2.90 

PbS - - 5.0 - 

ZnS - - 9.0 - 

MgO 4.06 31.4 - 1.53 

Na2O 0.90 0.39 - 0.60 

K2O 3.26 0.43 - 2.63 

TiO2 - - - 0.4 

MnO - 0.14 - 0.04 
aTailings solids mean values 
bA-type waste (tailings stockpiles) 
cSungun copper tailings 

 

Disposal of mine tailings causes several environmental issues that are derived from the com-

position. One major problem related to disposal of mine tailings is oxidation of sulfide min-

erals. Oxidation of sulfide minerals, such as pyrite (FeS2), is responsible for formation of 

acid mine drainage (AMD). AMD increases the release of heavy metals (e.g., Cu, Mn, Co 

and Ni) and other pollutants to the environment. Carbonate minerals can neutralize the acid 

formed from oxidation of sulfide minerals by dissolving and complexing with protons (Lot-

termoser 2010). However, neutralizing potential of carbonate minerals is low compared to 

oxidation of sulfides (Dold and Fontboté 2002; Lindsay et al. 2015).  

2.4  Tailings management 

There are several methods implemented to reduce the environmental impact and the amount 

of mine tailings. These are, for instance, backfilling, dry stacking, desulfurization and neu-

tralization. Lime is added for neutralization of tailings. However, addition of lime is not a 
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long-time solution, as the lime will be eventually washed away due to weathering (Ritcey 

2005). Backfill and dry stacking involve dewatering of tailings to produce tailings with 

higher solids content (ratio of solids to water) and to increase the water recovery (Edraki et 

al. 2014; Morrison 2022, 87-88; Wang et al. 2014). Water obtained from dewatering of tail-

ings is recycled back to the mineral processing plant (Gálvez et al. 2014; Ritcey 2005). 

Desulfurization categorizes tailings into non-sulfuric and sulfuric mixtures by flotation. Sul-

fide-lean tailings can be used in backfilling or as a cover material, and sulfuric-rich mixture 

can be further processed to extract valuable minerals (Benzaazoua et al. 2008; Skandrani et 

al. 2019).  

 

2.4.1  Dewatering of tailings 

Dewatering of tailings are carried out with hydrocyclones, thickeners and filters (Table 2). 

Centrifuges are also applied for dewatering of tailings (Wang et al. 2014). Thickening is 

enhanced by adding flocculants, that aggregate fine particles thus enhancing settling (Mor-

rison 2022, 27; Wang et al. 2014). Natural drying methods (thin-lift drying and deep in-pit 

deposition) are also implemented for water removal from tailings (Wang et al. 2014).  Based 

on the solids content, tailings are categorized to thickened (50-70 wt.%), paste (70-85 wt.%) 

and filtered (dry stacked, >85 wt.%) tailings (Wang et al. 2014; Wills and Finch 2016, 443-

444). Thickened and paste tailings are pumpable, whereas dry stacked tailings can be trans-

ported by conveyor or trucks (Furnell et al. 2022).   
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Table 2. Different dewatering technologies that can be applied to produce different kinds of 

dewatered tailings. 

Dewatering technology Thickener/Filter Tailings  Reference 

Hydrocyclone - Paste  Toprak and Altun 

(2021) 

Thickening Conventional deep-cone 

thickener + flocculants 

Paste Qi and Fourie (2019) 

Vacuum filtration Disc Paste Yılmaz and Fall (2017) 

Vacuum filtration Drum  Dry stacked Davies (2011) 

Vacuum filtration Belt (horizontal) Dry stacked Davies (2011) 

Pressure filtration Belt (horizontal) Dry stacked Cacciuttolo and Atencio 

(2023) 

 

A hydrocyclone classifies tailings to fine and coarse fractions with the help of centrifugal 

force. Overflow of hydrocyclone is fine sand and underflow is coarse sand that can be used 

for producing dewatered product (e.g., paste tailings) (Morrison 2022, 87-88; Wang et al. 

2014). Paste tailings, 70-85 wt.% solids, can be utilized as filling material for underground 

mines by mixing them with a binder such as cement (Cemented paste backfill (CPB)) (Edraki 

et al. 2014; Wills and Finch 2016, 443-444).  

Dry stacking and backfilling are methods to manage the volume of mine tailings, but these 

methods do not offer any significant economic value (Sarker et al. 2022). Hence, repro-

cessing tailings to extract valuable metals (e.g., CRMs and SRMs) is a more promising so-

lution to manage and to reduce the environmental impact of tailings, at the same time assur-

ing new sources for metals (Araya et al. 2020; Ceniceros-Gómez et al. 2018; Cotrina-Teatino 

et al. 2025; Falagán et al. 2017; Tunsu et al. 2019). Additionally, it is more economically 

viable to extract valuable metals from mine tailings, as they they are already mined and 

processed (Falagán et al. 2017; Sarker et al. 2022).  
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3   Hydrometallurgical processing of mine tailings 

Hydrometallurgical processes can selectively extract a variety of metals from low-grade ma-

terials. For this reason, they are more suitable for extracting metals from mine tailings (Ha-

bashi 2005; Kaya et al. 2020; Kinnunen et al. 2022; Sarker et al. 2022). Table 3 presents 

examples of some reported concentrations of Cu, Mn, Ni and Co in mine tailings. 

 

Table 3. Examples of Cu, Mn, Ni and Co concentrations (in % and ppm) reported in mine 

tailings.  

Source Ahmadi et al. 

(2015) 

Juutinen et al. 

(2023)a 

Gitari et al. 

(2018)b 

Haque et al. 

(2008) 

Sprague et al. 

(2016)c 

Location Kerman prov-

ince, Iran 

Rautuvaara, 

Finland 

Malamulele, 

South Africa 

Arizona, USA Ontario, Can-

ada 

Cu  0.16 - - - - 

Mn  - 0.21 ± 0.092 - - - 

Ni  0.078 - - . - 

Co  0.044 - - - - 

Cu  - 1556.25 ± 

2089.63 

49.90 526.40 ± 1.90 378.0 ± 123.0 

Mn  - - - 157.38 ± 2.20 - 

Ni  - 849.50 ± 

529.70 

144.0 39.68 ± 0.50 114.0 ± 32.0 

Co - 279.50 ± 

260.43 

46.10 35.59 ± 0.40 209.0 ± 121.0 

aAverage values and standard deviations have been calculated from portable X-ray fluorescent (XRF) results 

obtained from Juutinen et al. (2023) study. 
bGold mine tailings 
cMean values and standard deviations (Beaver Mine tailings) 

 

Figure 3 presents the main steps in the hydrometallurgical processing of mine tailings. 

Leaching is the first step, which includes using of a suitable leaching agent to dissolve the 

concentrate (in this case tailings) to an aqueous solution (leachate) (Botelho Junior et al. 

2019; Free 2022). Leaching of mine tailings had been achieved with H2SO4 and micro-or-

ganisms (bioleaching) (Table 4). Also, hydrochloric acid (HCl) had been used in leaching of 

mine tailings (Lei et al. 2018; Macías-Macías et al. 2019). Chemical leaching can be en-

hanced by adding oxidants, such as hydrogen peroxide (H2O2), that change the valences of 

the metals (Alajoki et al. 2024; Karppinen et al. 2024). 
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Figure 3. The main steps in hydrometallurgical processing of mine tailings  

 

Chemical leaching is faster compared to bioleaching (Table 4). However, bioleaching can 

be more selective towards valuable metals, such as Co and Cu (Zhang and Schippers 2022). 

This is because certain bacteria can oxidize Fe(II) to Fe(III) or oxidize sulfur compounds to 

H2SO4 (Ye et al. 2017). Hence, Fe(III) attacks sulfide minerals and releases the metals to the 

solution phase (Mäkinen et al. 2020). 
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Table 4. Examples of chemical leaching and bioleaching carried out for extraction of metals 

from mine tailings.  

Type of 

mine tai-

lings 

Method Target 

metal (s) 

Chemical/ 

/Description 

of micro-or-

ganisms 

Duration 

and process 

conditions 

Recovery 

(or leaching 

efficiency) 

Reference 

Sulfidic tai-

lings  

Bioleaching Cu, Co, 

Ni 

Mixed culture 

of iron- and 

sulfur‐oxidiz-

ing micro-or-

ganisms 

30 days 

T = 45 °C 

pH = 1.8 

Stirring 

speed = 150 

rpm 

Cu: 55 % 

Co: 59 % 

Ni: 98 % 

Fe: 40 % 

 

Ahmadi et 

al. (2015) 

Pyrite rich 

tailings 

Bioleaching Co, Zinc 

(Zn), Ni, 

Cu 

Mixed culture 

of iron- and 

sulfur-oxidiz-

ing micro-or-

ganisms 

≈10 days 

T = 30 °C 

pH ≈ 1.6 

Stirring 

speed = 300 

rpm 

Co: 87 % 

Zn: 100 % 

Ni: 67 % 

Cu: 43 % 

 

 

Mäkinen et 

al. (2020) 

Mine tail-

ings from 

Cu mine 

Bioleaching Cu Mesophilic 

and moder-

ately thermo-

philic aci-

dophilic mi-

cro-organisms 

27 days 

T = 45 °C 

pH = 1.8-1.0 

Stirring 

speed = 150 

rpm 

Cu: 84.4 % Falagán et 

al. (2017)a 

Flotation ta-

lings 

 

Chemical 

leaching 

Cu 0.1 M H2SO4 

 

120 min 

Room tem-

perature 

pH = 1 

Stirring 

speed = 300 

rpm 

Cu: 60 % 

Fe: 2 % 

Antonijević 

et al. (2008) 

 

Cu-S tai-

lings 

Chemical 

leaching 

Fe, Cu, 

Mn, Zn 

0.24 mg/L 

H2SO4 

2 h 

T = 30 °C 

Stirring 

speed = 400 

rpm 

Cu: 98.45 % 

Fe: 17.25 % 

Zn: 21.41 % 

Mn: 56.13 % 

Chen et al. 

(2014) 

Sulfide tai-

lings 

Chemical 

leaching 

(HPL) 

Cu H2Ob 60 min 

T = 180 °C 

Total Pres-

sure = 2.0 

MPa 

Cu: 94.4 % 

Fe: 65.9 % 

Han et al. 

(2018) 

aCobre Las Cruces (CLC) tailings. Cu recovery rate from combination of oxidative and reductive bioleaching. 
bOxidaton of pyrite produced H2SO4. 
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3.1  Separation 

As leaching is not a selective step, leachate contains impurities (e.g., Fe, Al, Mg, Zn and Ca) 

in addition to the metal or metals of interest (Abo et al. 2023; Botelho Junior et al. 2019; 

Virolainen et al. 2021). Thus, additional separations or purifications steps are required for 

selective separation of the metal/metals of interest from the leachate. 

Hydrometallurgical separation of metals from tailings leachate has been achieved with sol-

vent extraction, ion exchange and chemical precipitation (Table 5). Solvent extraction uses 

liquid (organic solvent) as a separation material. Ion exchange uses solid material as separa-

tion material (Free 2022; Habashi 1999, 14). Chemical precipitation occurs when chemical 

compounds (e.g., hydroxides) are introduced to the solution where they form precipitates 

which are separated from the solution by solid-liquid separation methods (Botelho Junior et 

al. 2019; Free 2022).  
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Table 5. Examples of hydrometallurgical separation methods used for tailings. 

Description 

of tailings 

leachate 

Method Target me-

tal(s) 

Chemical/ com-

mercial rea-

gent/resin 

Description of 

the results 

Reference 

Bioleaching 

of sulfidic 

mine tailings, 

BHPa and 

chemical 

leaching 

(H2SO4 me-

dia) 

Solvent extrac-

tion 

Cu, Co, Ni LIX-984 (for Cu), 

Cyanex 272 (for 

Co), Versatic 

Acid 10 (for Ni) 

Recovery rates: 

Cu: 99 % (Pure 

Cu solution) 

Co: 77 % (Pure 

Co solution) 

Ni: 99.9 % 

Abo et al. 

(2023) 

HPL leaching 

of sulfide 

tailings 

(H2SO4 me-

dia) 

Solvent extrac-

tion 

Cu LIX‒84I Recovery rates: 

Cu: 91.3 % 

Fe: 0.5 % 

Han et al.  

(2018) 

Leachate of 

iron ore tail-

ings (HCl 

media) 

Solvent extrac-

tion 

Gallium 

(Ga) 

Tributylphosphate 

(TBP) 

Recovery rates: 

Ga: 100 % 

Fe: < 2 % 

Macías-

Macías et 

al. (2019) 

Leachate of 

Cu-S tailings 

(H2SO4 me-

dia) 

Precipitation Fe, Cu, Zn, 

Mn 

Ca(OH)2 and 0.5 

wt.% Na2S 

Recovery rates: 

Fe: 95.45 % 

Cu: 93.74 % 

Zn: 89.7 % 

Mn: 93.29 % 

 

Chen et al. 

(2014) 

Bioleaching 

of lead-zinc 

mine tailings 

Precipitation Lead (Pb), 

Zn, Fe 

Na2S (5 g/L) Recovery ratesb: 

Cu: ≈ 82 % 

Pb: 50 % 

Zn: ≈ 5% 

Fe: ≈2 % 

Ye et al. 

(2017) 

Synthetic 

mine tailings 

leachate 

(H2SO4 me-

dia) 

Ion exchange 

(column) 

Au Puromet® 

MTS9140 

Dynamic uptake 

capacity of the 

resin (q0):  41.6 

mg/gc 

Shields et 

al. (2023) 

Laterite leach 

tailings (from 

metallurgical 

extraction) 

(H2SO4 me-

dia) 

Ion exchange 

(batch) 

Mn, Ni, Co Purolite®S930 

(Protonated) 

Loading of the 

metals (g/L of 

resin) d: 

Mn: 1.9 g/L 

Ni: 12.2 g/L 

Co: 0.4 g/L 

Zainol and 

Nicol 

(2009a)  

aBulk hydroxide precipitation 
bEstimations done from Fig.5 (pH versus metal precipitation (%)) in Ye et al. (2017) study. 
cObtained at flowrate = 3.89 mL/min and at ambient temperature. 
dAfter 4 h of loading and at initial pH = 4.65. 
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Precipitation with hydroxides is easy and low-cost, but it has a major problem related to 

selectivity (Botelho Junior et al. 2019; Virolainen et al. 2021). For instance, precipitation 

with high yield of Fe leads to co-precipitation of valuable metals, which then results in sig-

nificant losses (Botelho Junior et al. 2019; Virolainen et al. 2021). For example, Zainol and 

Nicol (2009a) removed over 90 % of impurities (Al, Fe and chromium (Cr)) as hydroxide 

leading to 7 % loss of Co and 9.2 % loss of Ni. Likewise, Kang et al. (2010) removed 99.4 

% of Fe, 99.9 % of Cu and 99.8 % of Al with hydroxide precipitation. This resulted in 6.7 

% loss of Co, 19.4 % loss of Ni and 14.9 % loss of Mn. Precipitation has also been applied 

to recover valuable metals from mine tailings. Chen et al. (2014) recovered Fe, Cu, Zn and 

Ni from tailings leachate by fractional precipitation (four steps). First, Fe was precipitated 

as hydroxide with slacked lime (Ca(OH)2) (pH = 3), and Cu and Zn were precipitated with 

sodium sulfide (Na2S) (pH = 3.6 and pH = 3.8, respectively). Lastly, Mn was precipitated 

with Ca(OH)2 (pH = 11). Cu precipitate contained 19.53 % of Cu, where the main impurities 

in the precipitate were Ni (4.87 %) and Al (9.29 %). Mn precipitate contained 14.10 % of 

Mn with 8.12 % of Ca and 9.81 % of Mg as the main impurities.  

Solvent extraction is the most used hydrometallurgical separation technique for extracting 

valuable metals from primary and secondary sources, and it is more selective compared to 

precipitation (Sarker et al. 2022; Virolainen et al. 2021). Furthermore, reaching high purities 

for Mn, Ni and Co requires multiple steps (scrubbing steps). For instance, Abo et al. (2023) 

performed three scrubbing steps to remove impurities (Co and Mg) from a Ni solution. Peng 

et al. (2020) implemented two stripping stages to remove co-extracted Ni, Co and Li. In 

addition to multiple stages applied in solvent extraction, high losses of Co and/or Mn are 

obtained due to co-extraction (Abo et al. 2023; Chen et al. 2015; Peng et al. 2020). Solvent 

extraction is promising for separation of Cu from mine tailings leachate (Abo et al. 2023). 

Compared to solvent extraction, ion exchange has proven to be able to separate Mn from Ni 

and Co with only 1.1 % loss of Co in a single process (Virolainen et al. 2021). Selective 

separation of Ni and Co has also been achieved with ion exchange (Strauss et al. 2021). 

Table 6 includes examples of the commercial resins used for metals of interest. Selectivity 

of the chosen functional groups is discussed more in Chapter 4.1.1 and Chapter 5.1.1. 
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Table 6. Examples of commercial resins used for Cu, Mn, Ni and Co.  

Commercial 

resin and func-

tional group 

Target 

metal(s) 

Batch/Column Process conditi-

ons 

Results Reference 

Dowex® 

M4195 

(Protonated) 

Bis-PMA 

Ni, Co Two columns: 

CA and CB 

T ≈ 21 °C 

Bed volume = 20 

mL 

Flowrate = 0.25 

mL/min 

CA: Feed pH = 

1.10 

CB: Feed pH = 

4.19 

Average puri-

ties, %: 

Ni: 97.9 % 

Co: 95.8 % 

Strauss et al. 

(2021) 

Lewatit® MDS 

TP 220 

(Protonated) 

Bis-PMA 

Cu Batch Contact time = 20 

h 

Feed pH = 2 

Room temperature 

Recovery per-

centage: 

Cu: ≈ 100 % 

 

Adsorption ca-

pacity of Cu: 

15.7 mg/g 

 

Ibebunjo et al. 

(2024) 

Lewatit Mono-

Plus® TP 220 

Bis-PMA 

Ni Column Bed volume = 100 

mL 

Feed pH = 2.02 

Flowrate = 6 BV/h 

 

 

Peak concen-

tration of Ni in 

elution: 

10 g/L 

Abeywickrama 

et al. (2023) 

Purolite 

®930Plus 

(Sodium form) 

IDA 

Cu, Ni Batch Contact time = 3 h 

Feed pH = 2 

Recovery per-

centages: 

Cu: ≈ 99 % 

Ni: ≈ 80 % 

Ulloa et al. 

(2020) 

Amberlite® 

IRC 748 

(Protonated) 

IDA 

Mn, Ni, 

Co 

Batch Contact time = 4 h 

Feed pH = 4.65 

Metal ion load-

ing: 

Mn: 1.4 g/L 

Ni: 12.9 g/L 

Co: 0.1 g/L 

Zainol and Ni-

col (2009a) 

Lewatit® TP 

207 

(Protonated) 

IDA 

Cu, Ni Column Flowrate = 100 

cm3/h 

T ≈ 25 °C 

pH = 2 

Total ion ex-

change capac-

ity (Ct): 

Cu: 0.0045 

meq/cm3 

Ni: 0.0006 

meq/cm3 

Rudnicki et al. 

(2014) 

Lewatit® TP 

260 

(Protonated) 

AMPA 

Cu, Mn Column Bed height (hbed) = 

0.150 m 

Flowrate = 2 BV/h 

T = 60 °C 

Feed pH = 1.8 

 

>99.6 % Pure 

solution con-

taining Li + Co 

+ Ni, with 1.1 

% loss of Co 

Virolainen et 

al. (2021) 
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Iminodiacetic acid (IDA) functional group has shown to have a high affinity for Cu and a 

low affinity for Ni, Co and Mn at acidic pH (Mendes and Martins 2004). AMPA functional 

group was capable to separate Mn from Co and Ni at pH = 1.8 (Virolainen et al. 2021). Bis-

PMA functional group separated Ni from Co at pH = 1.1 (Strauss et al. 2021). Because the 

three previous functional groups were able to separate selectively the desired metals at acidic 

conditions, they were selected for the experimental part of this thesis. Lewatit® MDS TP 

260 with AMPA functional group was selected due to its smaller bead size compared Lewa-

tit® TP 260 (Wesselborg et al. 2024). Smaller beads enhance mass transfer (enhanced ion 

exchange) (Helfferich 1995, 426), which is discussed briefly in Chapter 5.1.  

3.2  Precipitation  

After separation, the pure metal or metal salt can be recovered from liquid phase by precip-

itation. Cu had been recovered from the solution phase with cementation and electrowinning 

(Table 7). Cementation, an electrochemical reduction process, can be used to recover Cu by 

adding iron scraps or powder to the solution (equation 1) (Habashi 1999, 651; Perez et al. 

2019; Stefanowicz et al. 1997). Fe(II), a less noble metal (higher standard potential, E0 = + 

0.44 V), replaces Cu(II) (E0 = + 0.34), the more noble metal (Perez et al. 2019; Stefanowicz 

et al. 1997). 

 

CuSO4 + Fe  → FeSO4 + Cu   (E0 = + 0.78)  (1) 

 

This process is referred to as cementation, because the precipitated desired metal is cemented 

on the added metal (Habashi 1999, 651). Cementation is an inexpensive and effective 

method to recover pure metals from the liquid phase and can be applied at low concentrations 

(Perez et al. 2019). Based on standard reduction potentials of Ni(II) and Co(II) (E0 = -0.25 

V and E0 = -0.30 V (Habashi 1999, 652), respectively), they can co-cement with Cu(II). 

Mn(II) should not interfere with cementation of Cu(II) based on the standard reduction po-

tential of Mn(II) (E0 = -1.19 V (Habashi 1999, 652)). The reaction between Fe powder and 

Mn(II) should not happen as E0 of the reaction is below 0. Nguyen and Lee (2023) managed 

to recover Cu(II) (2826 mg/L) with cementation percentage of 99.9 % in presence of Ni(II) 
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(7904 mg/L) and Co(II) (1645 mg/L). As a result, the cemented Cu did not have any traces 

of Ni and Co (i.e. cementation of Ni and Co did not occur). Peng et al. (2020) removed Cu 

(2.57 g/L) with Fe powder from LIBs leachate (PLS1) containing Mn (3.66 g/L), Co (19.33 

g/L), Ni (5.19 g/L), Li (3.58 g/L), Fe (0.52 g/L) and Al (2.04 g/L). Over 99 % of Cu was 

recovered as powder, that contained approximately 0.2 % of impurities. The two main im-

purities in the Cu product were Fe (0.16 %) and Co (0.04 %). 

Electrowinning is another common precipitation method, which can recover Cu from sulfate 

electrolyte (Habashi 1999, 665). It is an electrolytic extraction method, which involves re-

duction of the desired metal at the cathode from electrolyte. In electrowinning of Cu from 

sulfate electrolyte oxidation of H2O takes place at the anode (usually inert lead-calcium-tin 

alloy), while Cu is obtained at the cathode (stainless steel) (Shamsuddin 2021; Wang et al. 

2021). However, electrowinning can selectively extract Cu from electrolyte containing ap-

proximately 50 g/L of Cu (Sole et al. 2018). Additionally, Mn(II) can oxidize at the anode 

surface to manganese dioxide (MnO2), leading to corrosion of the anode (lead-calcium-tin) 

(Wang et al. 2021).  
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Table 7. Examples of hydrometallurgical recovery methods used for metals of interests. 

Solution Method Target 

metal(s) 

Chemical/Process con-

ditions 

Product(s) and 

result(s) 

Reference 

H2SO4 Oxidative pre-

cipitation 

Mn KMnO4 Purity: 

MnO2: >99.5 % 

Peng et al. 

(2020) 

H2SO4 Precipitation 

(Antisolvent 

crystallization 

assisted with 

ultrasounds) 

Ni, Co Acetone Purity: 

CoSO4 · H2O: 

99.5 % 

 

NiSO4 · H2O: 

98.8 % 

 

Abo et al. 

(2023) 

H2SO4 Carbonate pre-

cipitation 

Mn Na2CO3 Purity: 

MnCO3:  ≈ 99.7 

% 

Nayl et al. 

(2015) 

H2SO4 Hydroxide pre-

cipitation 

Ni, Co  NaOH Purity: 

Ni(OH)2: 99.0 % 

Co(OH)2: 98.5 % 

Strauss et 

al. (2021) 

 H2Oa Cementation Cu Fe powder 

Molar ratio of Fe powder 

to Cu = 2.7   

T = 22 °C 

Initial pH = 1.3 

Stirring speed = 400 rpm 

Time = 30 min 

Cementation per-

centage: 

Cu: 99.9 % 

Nquyen 

and Lee 

(2023) 

H2SO4 Electrowinning Cu  T = 50 °C 

Reaction voltage = 2 V 

Current density = 200 

Am-2 

Purity: 

Cu cathode: 

99.99 % 

Kamran 

Haghighi 

et al. 

(2013) 

a
Sulfate salts were dissolved to doubly distilled water. 

 

Suitable hydrometallurgical recovery methods for Mn were discussed by Zhang and Cheng 

(2007). Oxidative precipitation was suggested as one method to recover Mn in the presence 

Ni and Co. It is a simple process where a reducing agent is used to oxidize the metal ion to 

obtain metal salt. Potassium permanganate (KMnO4) is the most used oxidant due to its high 

reduction potential. Equation 2 presents the occurring reaction when Mn(II) is oxidized to 

MnO2 salt (Habashi 1999, 631; Shih et al. 2019). 
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3Mn2++ 2MnO4
-  + 2H2O →5MnO2 + 4H+  (2) 

 

Peng et al. (2020) managed to recover up to 99 % of Mn as MnO2 salt with purity of >99.5 

% by oxidative precipitation (Table 7). Peng et al. (2020) performed oxidative precipitation 

for two solutions with different concentrations of impurities. One solution (PLS3) contained 

Mn (3.67 g/L), Co (19.23 g/L), Ni (5.17 g/L), Li (3.55 g/L), Cu (0.02 g/L), Fe (0.48 g/L), Al 

(1.65 g/L) while the other solution (from scrubbing and selective stripping) consisted of Mn, 

Al  (12 g/L and 2 g/L, respectively) and almost no traces of other impurities (<0.025 g/L of 

Fe, Ni and Co and <0.01 g/L of Li). The non-purified solution (PLS3) resulted in a low purity 

salt, only ≈80 % of Mn was recovered from the solution. The two main impurities in the salt 

were Co (8.9 %) and Fe (0.66 %). The other solution, Mn-rich solution, produced salt with 

purity above 99.5 %, where the proportion of the impurities were less than 0.02 %.  

Presence of Co in the solution also affects the recovery of Ni. For instance, Strauss et al. 

(2021) managed to recover Ni(OH)2 precipitate with purity of 99.0 % from a solution con-

taining 99.7 % pure Ni (Table 7). The main two metal impurities in the Ni precipitate were 

Co (0.73 %) and Fe (0.15 %). Even though hydroxide precipitation is one of the most com-

mon ways to recover metals, it is not suitable for recovery of Mn(II), Ni(II) and Co(II) from 

a solution that contains these metals. Ni(II) and Co(II) hydroxides have almost similar solu-

bility behavior (Zhang and Cheng 2007). Based on the solubility diagram of metal hydrox-

ides (from Zhang and Cheng (2007) study, Fig. 3) Ni(II) starts to precipitate, followed by 

precipitation of Co(II) and Mn(II). With oxidative precipitation, Ni and Co oxides occur at 

higher pH than Mn, thus it is more suitable recovery method for Mn than hydroxide precip-

itation (Zhang and Cheng 2007). However, as was concluded before, significant co-precipi-

tation of Co still occurred. Peng et al. (2020) reported that co-precipitation of Co was prob-

ably due to oxidation of Co(II) to Co3O4 (at T ≈ 25 °C).  

Zhang and Cheng (2007) also suggested sulfide precipitation for recovery of Mn as Mn(II) 

sulfide is more soluble than Co(II) and Ni(II) sulfides. Thus, Ni(II) and Co(II) would be 

recovered as sulfides and Mn(II) remains in the solution phase. However, in a study done by 

Choubey et al. (2021), approximately 99.2 % of Co was precipitated as sulfide by using 

ammonium sulfide ((NH4)2S), which led to co-precipitation of Mn (0.89 %) and Li (0.62 %). 

Carbonate precipitation is also promising for selective recovery of Mn from Ni and Co 
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(Zhang and Cheng 2007). Nayl et al. (2015) recovered Mn(II) by using Na2CO3 to produce 

Mn(II) carbonate (MnCO3) with purity of 99.7 %. The pH of the solution was first adjusted 

to 7.5 with 2 M NaOH and then Na2CO3 was added to precipitate Mn(II). Co was then pre-

cipitated as hydroxide with purity above 99 %.  
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4  Ion exchange  

Ion exchange is a two-phase separation process, where ions with the same charge exchange 

between an ion exchanger (solid) and an electrolyte solution (liquid): dissolved ions are re-

placed with the same charge ions in ion exchanger by sorption (dissolved ions are taken by 

a solid material) (Botelho Junior et al. 2019; Helfferich 1995, 6; Inamuddin and Luqman 

2012). Ion exchange is an equilibrium reaction (equation 3), where the exchange of ions A 

and B is stoichiometric (Helfferich 1995, 6; SenGupta 2017, 89). 

 

𝑧BA̅ + 𝑧AB(aq) ↔ 𝑧AB̅ + 𝑧BA(aq)   (3) 

 

Where z valency of the ion  

 

Ion exchange is commonly applied as a purification or separation method (van Deventer 

2011; Free 2022). It is used in multiple industries such as wastewater treatment (Wang and 

Peng 2010), water purification (Meenakshi and Maheshwari 2006), pharmaceuticals and in 

hydrometallurgy (van Deventer 2011). In hydrometallurgy, ion exchange plays a crucial role 

in the recovery of precious metals (e.g., uranium and gold) due to its high performance and 

selectivity, especially when dealing with low concentrations (van Deventer 2011; Dorfner 

1991, 1140) 

 

4.1  Principle of ion exchangers 

Ion exchanger consists of a framework (ion exchanger pores) containing either positively or 

negatively charged ions. Ions that move freely in the ion exchanger framework are referred 

to as counter-ions. These counter-ions can be replaced with ions of the same charge. In ad-

dition, the framework contains mobile ions with the same charge as the framework. These 

are called co-ions and their amount is equivalent to amount of the counter-ions (Habashi 
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1999, 406; Helfferich 1995, 6-7). Figure 4 demonstrates the occurring phenomena, when a 

cation ion exchanger is contacted with a solution (electrolyte). 

 

 

Figure 4. Counter ions A+ in ion exchanger are replaced with counter ions B+ of the solution 

The exchange continues until the equilibrium is reached: the solution and the ion exchanger 

contains both counter-ions A+ and B+ (Adapted from Helfferich 1995, 6). 

 

An ion exchanger containing cations is a cation exchanger and it replaces cations (equation 

4). The same idea applies for an anionic exchanger: anionic counter-ions replace the anions 

(equation 5). (Habashi 1999, 406). As ion exchange is a reversible reaction, the ion ex-

changer can be returned to its original form. The reversible reaction is called regeneration 

(Helfferich 1995, 5-6). The amount of counter ions A in an ion exchanger is equivalent to 

the amount of counter ions B in the solution (stoichiometric exchange) to obtain electroneu-

trality (Helfferich 1995, 7). 

 

R-X+ + B+ → R-B+ + X+    (4) 

R+X- + A- → R+A
- + X-    (5) 

 

Where X counter ions in ion exchanger 
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 A anion  

 B cation 

 

Ion exchangers can be either a natural (e.g., coals and minerals) or a synthetic material. One 

of the most important ion exchangers are synthetic organic ion exchangers, which are called 

resins (Dorfner 1991, 19; Helfferich 1995, 14). Ion exchange resins are cross-linked poly-

electrolytes with a functional group attached covalently to the framework (Dorfner 1991, 21; 

Helfferich 1995, 14; SenGupta 2017, 50). Cross-linking involves interconnection of hydro-

carbon chains by adding a cross-linking agent, which creates a crosslinked network. For 

instance, polystyrene divinylbenzene (PS-DVB), the most common ion exchange resins 

framework, is achieved by adding divinylbenzene (cross-linking agent) to polymerization of 

styrene (Figure 5) (Habashi 1999, 412-413; Helfferich 1995, 28; LeVan et al. 1997).  

 

 

Figure 5. Polymerization of styrene involving addition of divinylbenzene (Adapted from 

Habashi 1999, 413). 

 

Cross-linking does not only make resin insoluble to water, but also affects e.g., the exchange 

capacity, swelling and selectivity (Dorfner 1991, 317; Helfferich 1995, 15). There are two 

types of resin based on the degree of crosslinking: gel-type and macroporous ion exchange 

resins (LeVan et al. 1997). Gel-type resins have a low crosslinking degree (2-12% of 
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divinylbenzene) (Dorfner 1991, 317), thus they swell more in aqueous solutions compared 

to macroporous resins with a high crosslinking degree (Dorfner 1991, 22-23). Swelling of 

the resin increases the exchange of ions (SenGupta 2017, 85-86). However, continuous 

swelling and drying lead to shorter lifespan of the resin (Inamuddin and Luqman 2012). 

Compared to gel-type resins, macroporous resins are more mechanically stable, selective 

and do not go through extensive volume changes (Dorfner 1991, 22-23). 

Resins are categorized into four types based on their ionic group: weak-acid cation (carbox-

ylic acid, R–COOH-), strong-acid cation (sulfonic acid, R–SO3
-), weak-base anion (tertiary 

amine, R–N+R2H) and strong-base anion exchanger (quaternary amino, R–N+R3) (Habashi 

1999, 413-414; SenGupta 2017, 50). The difference between strong exchangers and weak 

exchangers is that the strong exchangers can perform in all pH values (0-14), whereas weak 

exchangers can only work within certain pH range. Weak-acid cation exchangers are effec-

tive at high pH (5-14), whereas weak-base anion exchangers function at pH range of 0-9 

(LeVan et al. 1997). In addition to previous ion exchangers, there is another subgroup called 

chelating resins. Chelating resins are derived from adding functional groups which form 

strong complexes (chelates) to cation exchangers (Helfferich 1995, 65).  

4.1.1  Chelating resin 

Chelating resin is categorized as a weak cation exchanger, because the metal cations can be 

easily replaced with protons in neutral or alkaline conditions (Dorfner 1991, 253). Compared 

to other groups of ion exchangers, chelating resins are efficient both in sorption and regen-

eration. Chelating resin prefers protons, which make sorption and regeneration favorable 

based on the ion exchange equilibrium (equation 6) (Inamuddin and Luqman 2012; 

SenGupta 2017, 385-386). 

 

M2++ 2RL−H+ ↔ (RL)
2
M + 2H+   (6) 

  

Where M2+ divalent cation 

 RL−H+ chelating resin 
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The ion mechanism of chelating resin is based on the cation exchange and chelation 

(SenGupta 2017, 385): a coordinative bond is formed between one or more donor atoms, 

where the central metal cation is the electron-pair acceptor. This is referred to as Lewis acid-

base (LAB) interaction (SenGupta 2017, 380-381). The donor atom can be for instance, ox-

ygen, sulfur or nitrogen atom. Based on hard and soft acids and bases (HSAB) theory, softs 

acids (metal ion) form a covalent bond with the donor atom in the following order: sulfur > 

nitrogen > oxygen (Inamuddin and Luqman 2012; Parr and Yang 1989, 101; Wołowicz and 

Hubicki 2010). Soft acids are large and have a low positive charge, whereas hard acids are 

small and have high positive charge (Parr and Yang 1989, 98). Low positive charge allows 

soft acids to form covalent bonds with soft bases (Lin et al. 2024). Hard metal ions such as 

Fe(III) and Al(III) form strong complexes with hard bases by electrostatic interaction (non-

covalent bond) (Inamuddin and Luqman 2012; Lin et al. 2024). They exhibit the following 

affinity order for the donor atoms: oxygen > nitrogen > sulfur (Inamuddin and Luqman 2012; 

Wołowicz and Hubicki 2010). Cu(II) and Ni(II) are borderline soft metal cations, thus they 

interact with functional groups containing nitrogen (borderline soft base), such as Bis-PMA 

and IDA functional groups (Chatterjee and SenGupta 2011; Silva et al. 2021; Wołowicz and 

Hubicki 2012). Co is also classified as borderline soft metal, whereas Mn is categorized 

more as hard (Lin et al. 2024), but also as borderline cation (Mn(II)) (SenGupta 2017, 379). 

More specifically, Cu(II) is the softest and Mn(II) is the hardest metal ion from the metals 

of interests. Because of this (LAB interaction) chelating resins are suitable for removal of 

specific metal from multi-metal solution (Botelho Junior et al. 2019; SenGupta 2017, 383). 

Figure 6 presents the chemical structure of the chosen functional groups. IDA group consists 

of two carboxylic groups (weak-acid) and one nitrogen atom that acts as a central electron 

donor (Lewis base) (SenGupta 2017, 385; Ulloa et al. 2020). AMPA functional group in-

cludes one nitrogen atom (Lewis base) and phosphonic acid group (weak-acid) (Wesselborg 

et al. 2024). Bis-PMA functional group carries three nitrogen atoms: one in the tertiary amine 

(weak-base) functional group and two others in pyridyl groups (Wołowicz and Hubicki 

2012). 
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Figure 6. a) IDA (Adapted from Botelho Junior et al. 2019) b) AMPA (Adapted from Wes-

selborg et al. 2024) c) Bis-PMA functional group (Adapted from Wołowicz and Hubicki 

2012). R represents the structure (PS-DVB).  

 

Weak-acid groups interact with metal cations electrostatically to maintain electroneutrality 

(SenGupta 2017, 393). However, in case of tertiary amine, the electrostatic interaction is 

absent (SenGupta 2017, 157). 

Because of the electrostatic interaction (SenGupta 2017, 100), the binding mechanisms of 

mono-, di- and trivalent cations to AMPA and IDA functional groups differs. Monovalent 

cations require only one free electron pair from the oxygen atom to obtain electroneutrality 

(one electrostatic bond). Oxygen atoms (of IDA and AMPA) form two electrostatic bonds 

with divalent cations to neutralise the positive charge (two free electron pairs required). 

However, it must be noted that both, for IDA and AMPA, the nitrogen atom still interacts 

due to LAB interaction (i.e. chelating effect (Wesselborg et al. 2024)). Trivalent cations 

require three electron pairs to reach electroneutrality, where the third electron pair can be 

obtained, for instance, from the nitrogen atom in the amino group (Wesselborg et al. 2024), 

Hence, selectivity increases as the valency of the counter-ion increases (counter-ion with 

higher charges have higher affinity towards fixed sites with opposite charges) (Helfferich 

1995, 162; SenGupta 2017, 100-101). 

Binding mechanism of Bis-PMA functional group differs from IDA and AMPA as the ni-

trogen atoms are the electron pairs donors. Amine group contains one free electron pair and 

pyridyl groups have two free electron pairs (Wołowicz and Hubicki 2012). Nitrogen atoms 

in the pyridyl groups are stronger than the nitrogen atom in the amine group. At low pH (<2), 

the nitrogen atoms in the pyridyl groups remain deprotonated (active) due to low pKa values 

(negative logarithm of the acid dissociation constant). The low pKa values are the result of 
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the electron withdrawing effect of the aromatic groups (Ibebunjo et al. 2024; Wołowicz and 

Hubicki 2012). This allows Bis-PMA functional groups to form two strong complexes (bi-

dentate) between divalent cations and the nitrogen atoms in the pyridyl groups even at low 

pH (Wołowicz and Hubicki 2012). Eventually all nitrogen atoms are protonated at a very 

low pH. At pH above 4, all nitrogen atoms are deprotonated (Edebali and Pehlivan 2016). 

Bis-PMA functional group has very high affinity for Cu(II) compared to other base metals 

(e.g., Ni(II), Co(II) and Zn(II)) (Wołowicz and Hubicki 2012). Efficient sorption of Cu(II) 

at acidic pH (pH = 1.5) results from LAB interaction (bidentate), without electrostatic inter-

action (Chatterjee and SenGupta 2011). Tertiary amine is protonated at pH = 1.5 (Wołowicz 

and Hubicki 2012): the nitrogen atom in tertiary amine acts as an electron donor (Lewis 

base) to neutralize conjugate acid (water) (Harland 1994, 55). Selectivity of Bis-PMA is 

driven by HSAB theory (Silva et al. 2021), thus Bis-PMA functional group is less selective 

for Fe(III) (hard acid) compared to IDA and AMPA functional groups. The selectivity of 

each functional group for Fe(III) is discussed more in Chapter 5.1.1. However, it must be 

noted that electrostatic interaction is presented between protonated tertiary amine and anions 

(anion exchange) (Wołowicz and Hubicki 2012). More detailed information about the cho-

sen commercial resins are listed in Table 8.  
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Table 8. Properties of selected resins.   

Commercial name Purolite®S930Plus Lewatit® MDS TP 260 Lewatit® MDS TP 220 

Functional group IDA AMPA Bis-PMA 

Acid type Weak-acid Weak-acid Weak-base 

Resin type Macroporous Macroporous Macroporous 

Matrix Crosslinked polystyrene Crosslinked polystyrene Crosslinked polystyrene 

Appearance Spherical beads Beige, opaque white, opague 

Particle size range 425 - 1000 µm - - 

Mean bead size (d50, 

mm) 

- 0.40 (± 0.04) 0.38 (±0.04) 

Uniformity coefficient 1.5 1.15 1.15 

Density (g/mL) - 1.21 1.13 

Bulk density (g/L) 750-800 740 725 

Temperature limit 

(°C) 

80 80 70 

Source(s) Purolite (2025) Lanxess (2025a); 

Wesselborg et al. (2024) 

Lanxess (2025b) 

 

Because chelating resins primarily perform due to LAB interaction, they can still work at a 

very low pH. However, weak-acid or weak-base of the functional group is affected by the 

pH, which can either enhance or reduce the performance of the resin. As pH increases, the 

functional group becomes deprotonated allowing more chelates to be formed (less competi-

tion with protons). At a low pH, weak-acid or weak-base becomes protonated leading to 

reduced performance of the chelating resin (Inamuddin and Luqman 2012; SenGupta 2017, 

384). The optimal pH range is 2.0-7.0 for most of the chelating resins, when considering the 

solubility of metal cations’ precipitates and the competition between metal cations and pro-

tons (SenGupta 2017, 384). 
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5  Ion exchange process  

Ion exchange process can be carried out in both batch and continuous systems (Inamuddin 

and Luqman 2012). Batch process includes mixing of an ion exchanger and solution in a 

suitable reaction vessel until the equilibrium is reached. The ion exchanger can be separated 

from the solution phase by filtration or settling (Dorfner 1991, 126). Stirred tanks are gen-

erally applied industrially (Inamuddin and Luqman 2012). 

The batch process has significant disadvantages: time-consumption, capacity and selectivity 

issues (Botelho Junior et al. 2019; Inamuddin and Luqman 2012). Therefore, it is not gener-

ally applied in ion exchange process (Dorfner 1991, 126-127; Botelho Junior et al. 2019). 

The most important and commonly applied equipment in ion exchange process is the fixed 

bed column (Figure 7). In a fixed bed column, the solution is pumped through the bed, where 

the separation of species (in this case metals) occurs. As the fresh feed solution is passed 

continuously through the bed, no equilibrium is obtained inside the column. This allows the 

utilization of all counter-ions of the resin and eventually leads to the removal of all mobile 

counter-ions (metal ions) from the solution (Helfferich 1995, 421-423). The selectivity can 

be further enhanced by using multiple fixed bed columns (multicolumn system) (Botelho 

Junior et al. 2019; Inamuddin and Luqman 2012). The column operation can be carried out 

with downflow, upflow and counterflow. However, upflow is more preferred in fixed bed 

column operation due to better quality of the flow and it allows complete wetting of the 

resins (Inamuddin and Luqman 2012). 
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Figure 7. General principle of a fixed bed column (upflow). 

 

Ion exchange column process is done in a cycling operation which includes the following 

steps: 1) loading (sorption) 2) washing 3) elution and 4) regeneration (Figure 8). In loading, 

the ion exchanger is contacted with the solution, and the counter-ions in the solution ex-

change between the counter-ions of the ion exchanger. After loading, the column is washed 

to remove traces of the feed solution in the void. The sorbed ions are eluted (stripped) from 

the bed by using an eluent that replaces the sorbed ions and releases them to the solution 

state (eluate). Elution can be followed by regeneration if the ion exchanger needs to be trans-

formed back to its original form or to other desired ion form (Dorfner 1991, 133; Helfferich 

1995, 428; Inamuddin and Luqman 2012; LeVan et al. 1997).  
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Figure 8. The main steps implemented in a typical ion exchange process.  

 

An additional washing step (selective elution) may be required to remove impurities from 

the resin bed (van Deventer 2011). Selective elution includes using an eluent that removes 

certain counter-ions. The removal of certain counter-ions is based on different affinities (Ha-

bashi 1999, 432; Helfferich 1995, 435), which is discussed more in Chapter 5.1.1. 

5.1  Ion exchange column 

Figure 9 demonstrates the occurring phenomena, when the solution is pumped through the 

bed from the bottom to the top. The bed is divided into three different zones. In the first zone 

(bottom of the bed), resins become saturated from the solution (exhausted zone). The second 
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zone, middle of the bed, is referred to as ion exchange zone or mass transfer zone, where the 

actual ion exchange process takes place. The third zone (top of the bed) contains resins in 

their original form (unconverted zone) (Helfferich 1995, 422-423; Loganathan et al. 2014). 

 

 

 

Figure 9.  A schematic illustration of different zones occurring during the column process. 

 

When the solution is fed continuously from the bottom to the top, the bottom layer becomes 

eventually “exhausted”, leading to the breakthrough of the metal. Breakthrough is the point, 

where the metal first appears in the raffinate (Helfferich 1995, 423-424). Concentration of 

the metal increases until it reaches the same concentration as in the feed solution (i.e. equi-

librium between the bed and the solution is obtained) (Dorfner 1991, 129; Helfferich 1995, 

423-424). More specifically, breakthrough appears when the bottom of the bed becomes 

exhausted, and equilibrium is reached when the whole bed is exhausted (Helfferich 1995, 

423-424). Figure 10 presents a typical plot of breakthrough curve. 
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Figure 10. Breakthrough curve, where the ratio of metal concentration in the raffinate is 

plotted against bed volume (BV) (dynamic system).  

 

Different capacities such as the breakthrough capacity and the dynamic sorption capacity 

(dynamic capacity, qdyn) can be determined from the breakthrough curve. The breakthrough 

capacity is less than dynamic capacity as it describes the amount of sorbed metals before the 

breakthrough point (Loganathan et al. 2014). Dynamic capacity, the dashed area in Figure 

10, describes the amount of metal sorbed by the whole bed (Virolainen et al. 2019), i.e. 

overall sorption capacity in an unsteady (dynamic) system (Dorfner 1991, 137; Loganathan 

et al. 2014). With weak exchangers (weak-acid and weak-base functional groups), both dy-

namic sorption capacity and breakthrough capacity depend on the pH. At high pH, metal 

sorption increases, whereas at low pH it decreases (Inamuddin and Luqman 2012; SenGupta 

2017, 117-118). This is due to the preference of weak exchangers for protons (i.e. high af-

finity towards protons), which results in competition between protons and metal cations 

(SenGupta 2017, 385), as was discussed in Chapter 4.1.1. 

From the shape and location of breakthrough curve, the ion exchanger selectiveness for the 

metal can be seen. The steeper curve and sharp breakthrough indicate that the metal ion is 

highly favourable (selective) by the resin (Helfferich 1995, 424). When the resin is selective 

for the metal ion, the breakthrough curve has so called self-sharpening behaviour, where the 

concentration of the metal (or the ratio of metal concentration in raffinate) follows a constant 

pattern through the column (Harland 1994, 161-162; Inamuddin and Luqman 2012). Addi-

tionally, broadening of breakthrough curve implies that the sorption of the metal ion is 
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favoured (Wesselborg et al. 2024). If the metal ion is unfavourable, the breakthrough curve 

has more spreading behaviour and it diffuses more throughout the column (Helfferich 1995, 

425; Inamuddin and Luqman 2012).  

In a multi-metal system, breakthroughs of the metals occur due to displacement, which result 

from self-sharpening behaviour of the metal with the highest affinity (Harland 1994, 253-

254). As an example, if the resin is selective for counter-ions A, B and C in the order A > B 

> C, counter-ion C break throughs first as it get displaced by counter-ion B. Then, counter-

ion B break throughs due to displacement by counter-ion A. As counter-ion A has the highest 

affinity, the breakthrough curve of counter-ion A follows a constant pattern (self-sharpening 

behaviour) (Helfferich 1995, 437-438; LeVan et al. 1997). Displacement of the counter-ions 

can be also observed in the behaviour of the breakthrough curve. When the counter-ion 

(metal ion) is pushed out of the column, the ratio of metal concentration in the raffinate (c/c0) 

exceeds unity (c/c0 = 1) (Wesselborg et al. 2024). 

The selectivity can be enhanced by choosing process temperature and flowrate so that the 

sorption of the desired metal is preferred (Helfferich 1995, 426-428). Ion exchange is a dif-

fusion-controlled reaction, thus the rate of the reaction depends on the mobility of the coun-

ter-ions (Helfferich 1995, 317-318). As the temperature increases, mobility of the counter-

ions in the ion exchanger increases. This leads to enhanced mass transfer (Helfferich 1995, 

308). Again, in lower flowrates the breakthrough is sharper and steeper than at higher 

flowrates (Dorfner 1991, 1180-1181). This can be briefly explained by the interaction time 

of an ion exchanger and the solution. In low flowrate, the counter-ions of the ion exchanger 

have longer interaction time with the mobile counter-ions of the solution, which results in 

better exchange (better utilization of counter-ions of an ion exchanger) (Hamdaoui 2009). In 

conclusion, choosing high temperatures and low flowrates would favour the sorption 

(Helfferich 1995, 426). However, the stability of the resin at the chosen temperature must be 

noted (Helfferich 1995, 565), and flowrate must be chosen such that the productivity of the 

process (the amount of feed processed per BV) is considered (LeVan et al. 1997). At high 

temperatures, thermal hydrolysis may occur leading to loss of fixed ionic groups (Helfferich 

1995, 16). The resistance of the resin for thermal hydrolysis (or thermal stability) depends 

on the type of the resin, ionic form and on if the resin is in a dry or aqueous environment 

(Harland 1994, 79-80).  
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Mass transfer can also be influenced by the bead size of the ion exchanger (Dorfner 1991, 

1284; Helfferich 1995, 426-428). Smaller bead size decreases the distance of diffusion (mass 

transfer) thus allowing faster exchange (Dorfner 1991, 1284; Helfferich 1995, 565).  

5.1.1  Selectivity 

Selectivity illustrates the activity of the ion exchanger towards certain ion (i.e. the ability of 

the ion exchanger to select a certain counter-ion from another) (Dorfner 1991, 336; Helffer-

ich 1995, 151). It is one of the most important properties of the resin, as the resin is chosen 

based on its selectivity and capacity for the desired metal/metals. The metal with higher 

affinity is sorbed less easily than the one with lower affinity (Dorfner 1991, 336; LeVan et 

al. 1997). Selectivity of an ion exchanger is not constant as it is influenced by multiple fac-

tors. These are for instance concentration of components (metals) in the solution, valency of 

the counter-ions (see Chapter 4.1.1), as well as temperature and pH of the solution (In-

amuddin and Luqman 2012; LeVan et al. 1997). In case of a multi-metal system, the selec-

tivity is presented via selectivity order (Table 9) (Dorfner 1991, 112). Selectivity order is 

also utilized in selective elution: metal with the lowest affinity is eluted more easily (Helffer-

ich 1995, 439). 

 

  



45 

 

 

Table 9. Selectivity order of three functional groups utilized in this thesis.  

Example of com-

mercial names 

Functional group Selectivity order References 

Puro-

lite®S930Plus 

Amberlite® IRC 

748 

Lewatit® TP 207  

Chelex® 100 

 

IDA Fe(III) > Cu > Ni > Zn > Al > Co 

> Fe(II) > Mn 

Inamuddin and 

Luqman (2012); Lin 

and Juang (2007); Lit-

tlejohn and Vaughan 

(2012); Zainol and 

Nicol (2009b) 

Lewatit® TP 260 

Lewatit® MDS TP 

260 

AMPA Fe(III) > Al > Cu > Mn > Co > Ni 

> Li 

Virolainen et al. 

(2021)a; Wesselborg 

et al. (2024) 

Dowex® M4195 

Lewatit® MDS TP 

220 

Lewatit Mono-

Plus® TP 220 

 

 

Bis-PMA Cu >> Ni > Pb > Fe(III) > Zn > 

Co > Fe(II) ≫ Mn > Li 

Diniz et al. (2005); 

Lanxess (2025b); 

Strauss et al. (2021); 

Wołowicz and 

Hubicki (2012) 

aSelectivity order based on Fig. 3d in Virolainen et al. (2021) study. 

 

IDA functional group is widely used in removal of heavy metals due its high selectivity 

towards certain heavy metals such as Cu(II), Ni(II) and Zn(II) (Lin et al. 2008; Lin and Juang 

2007; Ulloa et al. 2020). Ulloa et al. (2020) investigated removal of Cu, Ni and Fe from 

sulfuric acid in a batch experiment with IDA functional group. It was noted that removal 

percentage of Ni decreased when IDA functional group was used in protonated form instead 

of sodium form, whereas the removal percentage of Cu (≈ 99 %) was not impacted. Addi-

tionally, Ulloa et al. (2020) noted that removal of Fe with IDA in sodium form led to precip-

itation of Fe, due to pH increase of the solution. Fe, particularly Fe(III) starts to precipitate 

at pH above 1.8 (Wesselborg et al. 2024).   

IDA functional group is more selective for Cu than Co (Table 9). Sole et al. (2016) imple-

mented split-elution (i.e. two-step elution) to recover sorbed Co and then Cu from IDA func-

tional group. Split-elution was carried out first at low H2SO4 concentration (8.4 g/L) and 

then with more concentrated H2SO4 (53 g/L). It was noted that efficient two-step elution 

would require lower flowrate (1-2 BV/h) than performed in the study (9 BV/h). IDA func-

tional group is more selective for Cu, because Cu prefers nitrogen atoms (see Chapter 4.1.1). 

Mendes and Martins (2004) tested two commercial resins with IDA functional groups. Both 
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commercial resins (Amberlite® IRC 748 and Purolite®S930) showed high selectivity for 

Cu in presence of Mn, Ni and Co. 

AMPA functional group have been used for purification of LIBs leachate, in which AMPA 

was advantageous due its high affinity for Mn over Co and Ni (Virolainen et al. 2021; Wes-

selborg et al. 2024). It has also been used to purify Co solution from impurities (e.g., Cd, 

Mn and Pb), because AMPA has low affinity for Co, even with high concentration of Co 

(US 2015/0361524 A1 2015). Elution of Mn, Co and Ni can be achieved with 1 M H2SO4 

(Wesselborg et al. 2024).  

AMPA functional group low affinity for Co can be utilized to perform two-step elution. For 

instance, in the patent US 2015/0361524 A1 (2015), Co and Mg were eluted with diluted 

H2SO4 at pH = 1.0 (wash solution) and other impurities (Mn, Cd and Pb) were eluted with 2 

M H2SO4 (split-elution/two-step elution).  

One major advantage of Bis-PMA functional group (compared to IDA and AMPA) is that it 

prefers Cu, Ni and Co over Fe (Table 9), thus Fe can be displaced in a column experiment. 

This is a major advantage as Fe is a common impurity presented in the leachate (e.g., in LIBs 

and mine tailings leachate) (Botelho Junior et al. 2019; Virolainen et al. 2021). Additionally, 

Fe tends to interfere with sorption and performance of the resin (Mendes and Martins 2004; 

Zainol and Nicol 2009a). Botelho Junior et al. (2020) reported that Cu sorption (adsorption 

in the study) to IDA functional group was significantly lower in the presence of Fe(III) com-

pared to Fe(II). Botelho Junior et al. (2020) stated IDA functional group selectiveness for 

Fe(III) results from Fe(III) preference to bond with oxygen atoms (see Chapter 4.1.1).  

Virolainen et al. (2021) managed to elute Fe(III) from AMPA functional group by using 

potassium oxalate (K2C2O4), as H2SO4 is not strong enough to elute Fe from AMPA func-

tional group (Wesselborg et al. 2024). K2C2O4 elutes Fe by complexing with Fe(III) (Viro-

lainen et al. 2021). 

Bis-PMA functional group also has higher affinity for Cu (Table 9) than IDA functional 

group, even at very low pH (pH = 1.5) (see Chapter 4.1.1) (Wołowicz and Hubicki 2012). 

However, Cu can be only eluted from Bis-PMA functional group by using ammonium hy-

droxide (NH4OH) or strong acid (500 g/L H2SO4). In the long run, this can lead to decreased 

performance of the resin bed (Strauss et al. 2021). Compared to Cu elution, Ni, Co and Fe 

can be eluted efficiently from Bis-PMA by using 2 M H2SO4 (Strauss et al. 2021). Diniz et 
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al. (2005) proposed Bis-PMA for purification of Mn solution as it was found that Bis-PMA 

has very low affinity for Mn. Bis-PMA functional group has higher affinity for Ni over Co, 

thus it is suitable for removal of Ni. Additionally, higher affinity for Ni over Co can be 

utilized in selective elution (two-step elution) as was demonstrated by Strauss et al. (2021).
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6  Materials and Methods 

Each ion exchange resin was pretreated with NaOH-H2O-H2SO4 cycles using 1 M NaOH 

and 1 M H2SO4. Pretreatment of the resins was done to remove possible organic and inor-

ganic impurities (e.g., Lin et al. 2008). Each resin was left in protonated form to act as an 

acid (to give up a proton (Habashi 1999, 45). Thus, during the ion exchange, the resin gives 

up protons and accepts metal cations, which can be observed as a temporary decrease in the 

pH of the raffinate (e.g., Strauss et al. 2021; Weisselberg et al. 2024). Additionally, signifi-

cant pH increase can be avoided by using resin in protonated form. For instance, using IDA 

functional group in sodium form is associated with a significant increase in pH of the solu-

tion (Ulloa et al. 2020).  

Protonated resins were packed in to the column in H2O for each experiment. The bed height 

(hbed) of each resin was measured in a room temperature. More detailed information about 

the bed resins can be found in Table 10.  

 

Table 10. Properties of used chelating resins in the experiments.   

Commercial name Functional group hbed, mm Bed porosity (εb), - 

Purolite®S930Plus IDA Experiment 1: 125 

Experiment 2 & 3: 123 

0.43a 

Lewatit® MDS TP 260 AMPA 120 0.38b 

Lewatit® MDS TP 220 Bis-PMA 118 0.4c 

aVirolainen et al. (2021) 
bWesselborg et al. (2024) 
cAssumption as there was no data available. 

 

 

Bed porosity (εb) of Purolite®S930Plus and Lewatit® MDS TP 260 were obtained from 

literature. Bed porosity of Lewatit® MDS TP 220 was assumed to be 0.4, as typical bed void 

(porosity) varies from 0.4 to 0.5 (Inamuddin and Luqman 2012). 

Several synthetic solutions with acidic behaviour and low metals concentrations were pre-

pared as feed solutions. The aim was to obtain a solution similar to acidic tailings leachate 

(see Chapter 3). NaOH pellets and concentrated H2SO4 were used for the pH adjustment. 

Metal sulfides were dissolved into a solution containing 0.1 M H2SO4 and 0.9 M Na2SO4 to 
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corresponds to 1 M H2SO4 solution neutralized with NaOH (equation 7). The chemicals used 

in the experimental part are listed in Table 11. 

 

Table 11. Chemicals utilized in the experimental part.  

Chemical Supplier Purity, % 

CuSO4 · 5H2O VWR Chemicals >99 

MnSO4 · H2O VWR Chemicals 99.8 

CoSO4 · 7H2O VWR Chemicals ≥ 97 

NiSO4· 6H2O VWR Chemicals 99 

H2SO4 Merck 95–97 

NaOH Merck >99 

Na2SO4 (anhydrous) Thermo Schientific 99 

Na2SO4 · 10H2O Sigma-Aldrich ≥ 99 

 

 

H2SO4 + 2NaOH  → Na2SO4 + 2H2O   (7) 

 

The concentrations of each metal in the feed solutions and in the samples were determined 

by using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (7900 ICP-MS by Ag-

ilent). Specific concentrations of the metals (Cu, Mn, Ni and Co) in the feed solution of each 

experiment can be found in Appendix A. 

6.1  Column experiment 

The laboratory-scale column set-up consisted of a jacketed glass column with a diameter of 

15 mm, a peristaltic pump, a heat exchanger and a fraction collector (Figure 11). The feed 

solution was pumped through column from the bottom to the top. The samples were collected 

by using a fraction collector. The column was heated by using a heat exchanger with water 

circulation.  

 



50 

 

 

 

Figure 11. Laboratory-scale column set-up. 

 

The column experiment included four main steps: loading, 1. washing, elution and 2. wash-

ing. Loading was conducted until the breakthrough curve of the target metal was reached. 

After loading, the column was washed with pure H2O approximately 3 BV to ensure that all 

feed solution was removed from the column before elution. The same H2O wash was done 

after elution to remove the eluent from the column. Flowrate in elution was kept constant (Q 

= 10 BV/h), whereas temperature was changed according to the temperature used in the 

loading step. Duration of elution varied from 7 BV to 13 BV depending on the resin.  

 

6.2  Equations  

The total mass of the metal fed in to the column at certain time was calculated from equation 

8.  

 

min,i = c0 × Q × t    (8) 
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Where i metal [-] 

c0 initial concentration [g/L] 

 Q flowrate [L/min] 

 t time [min]  

 m mass [g] 

 

Purity of the raffinate at a certain time was calculated according to equation (9). Mass of 

target metal and the mass of metals in the raffinate at a certain time were calculated by nu-

merically integrating loading data (Trapezoidal Method). Target metal is the metal that is 

removed during the loading step and obtained in the eluate. Total metals include the raffinate 

(remaining metals after the removal of the target metal) as well as the target metal. Purity 

(equation 9, equation 12 and equation 14) takes into consideration only the investigated met-

als (Cu, Mn, Ni and Co).  

 

 Purity 
raffinate

(%) = (1-
mtarget metal in raffinate

mtotal metals in raffinate
) ×100 %   (9) 

 

Another important factor to consider is loss of the raffinate (%), when specific purity of the 

raffinate is obtained. Equation 10 describes, how much of the raffinate was lost during load-

ing and not obtained as a raffinate. As the loading proceeds, more raffinate is obtained, which 

decreases the amount of lost raffinate. However, purity of the raffinate decreases as break-

through of the target metal occurs. Equation 10 was used, when the equilibrium of the raffi-

nate was obtained. 

 

Loss raffinate(%) = 
mraffinate sorbed by the bed

mraffinate in the feed solution
×100 %  (10) 

 

Total mass of products sorbed by the bed was calculated by determining the mass of each 

metal sorbed/adsorbed (mads) by the bed. The performance of each resin for the target metal 
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was investigated by determining the dynamic capacity (equation 11) and the purity of the 

target metal in the eluate (equation 12). In equation 11, the concentration of the target metal 

remaining in the void of the bed (not exchanged) is considered.   

 

q
dyn 

= 
mads

Vbed
 - c0 × εb    (11) 

 

Purity 
target metal

(%) = 
mtarget metal in eluate

mtotal metals sorbed by the bed
×100 %  (12) 

 

Loss of Mn in the first elution stream (diluted stream) was calculated from equation 13. Ni 

and Co recovered (%) in diluted stream were also calculated with equation 13.   

 

Lossi(%) = 
mi, diluted stream

mi, total sorbed by the bed
×100 %   (13) 

   

Fractions (Purities) of Ni and Co in the second elution stream (2 M H2SO4) were calculated 

by using equation 14.  

 

Purity
i
(%) = 

mi, second elution stream

mtotal metals in second elution stream
×100 %  (14) 

 

Purity of Mn in the second elution stream was determined the same way as presented in 

equation 14, assuming that the first stream (diluted stream) is recycled back to the loading 

step.  
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7  Results and Discussion 

Different pH, temperatures and flowrates were investigated to determine suitable process 

conditions, where the purest target metal can be obtained. For AMPA and Bis-PMA experi-

ments two-step-elution was implemented to improve the purity of Mn and Ni. The aim of 

the two-step-elution was to wash the column with more diluted H2SO4 to further increase 

the purity of Mn and Ni. Achieving high purity Mn and Ni solutions are crucial to avoid co-

precipitation and thus obtaining high purity salts. Simple oxidative precipitation was sug-

gested for recovery of Mn to produce MnO2. MnO2 salt is low-cost and has unique chemical 

and physical properties (e.g., high-activity, non-toxicity and high specific capacitance) 

(Guan et al. 2018; Nguyen and Lee 2023). Thus, it is widely used as catalytic material (Guan 

et al. 2018). Carbonate precipitation can be also carried out to produce high purity MnCO3 

(Nayl et al. 2015). Sulfide and hydroxide precipitations are not viable options due to co-

precipitation (see Chapter 3.2). Based on the results, purity of Mn can be improved so that 

it fulfils the requirements for the battery grade purity. 

Hydroxide precipitation was suggested for recovery of Ni and Co, as it easy, low-cost and 

the precipitation is easier to control compared to sulfide precipitation (Botelho Junior et al. 

2019; Lewis 2010). Sulfide precipitation is more difficult to control, because precipitation 

of metals occurs at lower pH (lower solubilities) (Lewis 2010). Another method to recover 

Mn, Ni and Co is with evaporation crystallization to produce NiSO4·6H2O, CoSO4·7H2O 

and MnSO4·H2O salts. These salts are used as raw materials in the production of Nickel 

Cobalt Manganese (NCM) cathodes (Ma et al. 2020). NCM cathodes are used in LIBs 

(Turcheniuk et al. 2021). Selective separation of Ni from Co was achieved, obtaining > 99.9 

% pure raffinate (Co). Based on the literature, purity of Ni can be enhanced with two-step 

elution thus obtaining Ni salt with battery grade purity.  

Cementation was chosen for recovery of Cu due to concentration of Cu in the eluate (22 

g/L). Electrowinning is not an option as it not effective at low concentrations (see Chapter 

3.2). Hydroxide or sulfide precipitation would lead to co-precipitation (Chen et al. 2014; 

Kang et al. 2010; Zhang and Cheng 2007).  
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7.1  Removal of Cu with IDA 

Sorption of each metal occurred in the following selectivity order: Cu(II) > Ni(II) > Co(II) 

> Mn(II) (Figure 12). Mn was first metal to obtain breakthrough curve (1.8 BV). Break-

through curves of Co and Ni were observed around 23 BV at feed pH = 2, T = 25℃ and Q 

= 10 BV/h. Resin was exhausted by Cu at 640 BV. Displacement of Mn can be observed as 

the breakthrough curve of Mn exceeds unity. Ni and Co also break through due to displace-

ment. Small amounts of Ni, Co and Mn were sorbed by the bed. Ni was the main impurity 

in the eluate as can be seen from Figure 13b.  

 

 

 

Figure 12. Breakthrough curves and pH graph obtained at feed pH = 2, Q = 10 BV/h and T 

= 25℃ with IDA functional group. 
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Figure 13. Elution curves of a) Cu, Mn, Co and Ni b) Mn, Co and Ni at feed pH = 2, Q = 10 

BV/h and T = 25℃ with IDA functional group. 

 

Table 12 illustrates the loss of the raffinate during the loading step as the loading proceeds. 

The highest purity was obtained at feed pH = 2, Q = 10 BV/h and T = 25℃.  However, the 

loss of raffinate in the loading was slightly higher at feed pH = 2, Q = 10 BV/h and T = 25℃ 

compered to at pH = 2.1, Q = 10 BV/h and T = 60℃. The lowest purity of the raffinate was 

obtained at feed pH = 1.5, Q = 20 BV/h and T = 60℃. The low purity of the raffinate can be 

explained by the high flowrate (Q = 20 BV/h), similarly as was demonstrated by Lin et al. 

(2008). In the study, IDA functional group was used for removal of Cu(II) and Ni(II) with a 

batch and fixed-bed (column) experiments. It was noted that the reaction between the resin 

and the metals proceeded more efficiently as the flowrate was decreased.  

  

a) 

b) 
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Table 12. Purity of the raffinate (Mn + Co + Ni) compared to loss of the raffinate at certain 

BV. 

Experiment 1 (Feed pH = 2.1, T = 60℃ and Q = 10 BV/h) 

Purity of the raffinate (Mn + Co 

+ Ni), % 

Loss of raffinate (Mn + Co +Ni), 

% 

BV, - 

99.7 2.7 143.2 

99.4 2.2 173.6 

98.9 1.9 204.1 

Experiment 2 (Feed pH = 1.5, T = 60℃ and Q = 20 BV/h) 

Purity of the raffinate (Mn + Co 

+ Ni), % 

Loss of raffinate (Mn + Co +Ni), 

% 

BV, - 

98.1 3.8 44.9 

96.1 2.6 65.1 

94.3 2.0 85.3 

Experiment 3 (Feed pH = 2, T = 25℃ and Q = 10 BV/h) 

Purity of the raffinate (Mn + Co 

+ Ni), % 

Loss of raffinate (Mn + Co +Ni), 

% 

BV, - 

99.8 4.7 23.4 

99.0 2.5 44.1 

98.7 2.3 49.2 

 

The pH of the raffinate was also monitored (Figure 14). The pH of the raffinate is higher 

than the pH of the feed solution, because water is displaced from the column. Water dis-

placement is followed by the pH increase or decrease of the raffinate. Eventually, the pH of 

the raffinate reaches the pH of the feed solution. Temporary decrease in the pH of the raffi-

nate is explained by the release of protons from the functional group, which aligns with ion 

exchange (protons are replaced by metal cations). However, at feed pH = 2 a slight increase 

in pH of the raffinate is observed (Figure 14a). At pH = 2 or less, IDA functional group starts 

to behave as a weakly basic anion exchanger due to protonation (Rudnicki et al. 2014). Res-

ins were left in protonated form, thus the pH increase is not derived from sodium ions. 

Hence, it can be assumed that the pH increase of the raffinate is because the protons have 

been taken by the bed at feed pH = 2 (Figure 14a).  
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Figure 14. Behaviour of the IDA bed at a) feed pH = 2, T = 25℃ and Q = 10 BV/h b) feed 

pH = 2.1, T = 60℃ and Q = 10 BV/h. 

 

Dynamic capacity of Cu decreased from 38.4 to 24.8 g/L (Table 13), when pH of the feed 

solution was reduced from 2.1 (T = 60℃) to 2 (T = 25℃), respectively. As both temperature 

and pH are not constant, it cannot be said for sure, that the significant decrease in dynamic 

capacity is derived from pH change. However, decrease in the bed capacity resulting from 

reducing pH at constant temperature (T = 25℃) had been reported by other authors, e.g., Lin 

et al. (2008) and Tang et al. (2024). Lin et al. (2008) stated that increasing the pH of the feed 

solution, increased the exchange capacity both in batch and in column experiments. The 

same observation about the impact of pH was done in Lin and Juang (2007) study, where 

IDA functional group was used for removal of Cu(II) and Zn(II) in a batch experiment.  

 

Table 13. Process conditions including the dynamic capacities and purities of Cu derived 

from elution with 2 M H2SO4. 

Experiment T, °C Feed pH Q, BV/h qdyn(Cu), g/(L 

bed) 

Purity of 

Cu in elu-

ent, % 

1 60 2.1 10 38.4 96.4 

2 60 1.5 20 21.6 97.7 

3 25 2 10 24.8 98.2 

 

Loading and elution curves of Cu derived from each experiment are presented in Figure 15. 

Breakthrough curves were obtained around 400 and 640 BV at pH 1.5 and 2, respectively. 

a) b) 
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At feed pH = 2.1, the resin bed was not fully exhausted at 700 BV. Thus, the dynamic ca-

pacity for Cu is probably slightly higher at pH = 2.1 than calculated. Increasing the feed pH 

did not only increase the amount of sorbed Cu but also the proportion of the impurities. As 

was concluded before, the pH has impact on the bed capacity. Hence, it can be assumed that 

purity of Cu increased, when the feed pH was reduced as there is less sites available for the 

exchange. 

 

 

Figure 15. Comparison of a) loading b) and elution curves of Cu in each experiment.  

 

When comparing loading curves of at feed pH = 2.1, T = 60℃ and Q = 10 BV/h the break-

through curve is sharper indicating better removal of Cu from the feed solution. The earliest 

breakthrough of Cu is obtained at feed pH = 1.5, T = 60℃ and Q = 20 BV/h. Additionally, 

at Q = 20 BV/h is less steep compared to breakthrough curve obtained at pH = 2.1, T = 60℃ 

and Q = 10 BV/h. Inefficient separation is also observed at feed pH = 2, T = 25℃ and Q = 

10 BV/h.  

a) 

b) 
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7.2  Removal of Mn with AMPA 

Lewatit® TP MDS 260, with AMPA functional group, was used to separate Mn from Co 

and Ni. AMPA functional group showed high affinity for Mn (Figure 16), with the following 

selectivity order: Mn(II) > Co(II) > Ni(II). At feed pH = 1.5, Q = 10 BV/h and T = 60℃, 

breakthrough of Mn occurred at 8.6 BV, and breakthrough curves of Ni and Co were ob-

tained at 3.8 BV and 6.2 BV, respectively. Protons were released from the bed, which can 

be seen in decrease of pH of the raffinate. This indicates that ion exchange between protons 

and metals occurred.  

 

 

Figure 16. Breakthrough curves and pH graph obtained at feed pH = 1.5, T = 60℃ and Q = 

10 BV/h and T = 60℃ with AMPA functional group.  

 

The loss of the raffinate during the loading step as the loading proceeds is presented in Table 

14. As the flowrate was increased from 10 BV/h to 20 BV/h, the separation of Mn was evi-

dently less selective, leading to decreased purity of the raffinate and to higher loss of the 

raffinate in the loading step. Wesselborg et al. (2024) observed that increasing the flowrate 
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decreased the purity of the raffinate as it led to earlier breakthrough of Mn. Likewise, de-

creasing the temperature from 60℃ to 25 ℃ resulted in more inefficient separation. Viro-

lainen et al. (2021) noted that increasing the temperature from 25 ℃ to 60℃, enhanced the 

removal of impurities (Al, Fe and Mn) with AMPA functional group during loading step. 

Additionally, more battery grade purity raffinate (Co + Li + Ni) was collected at T = 60℃ 

than at T = 25 ℃ (i.e. decreased loss of the raffinate). Feed pH did not have a significant 

impact on the purification of raffinate (compared to the impact of flowrate and temperature), 

which was also observed by Virolainen et al. (2021). 

 

Table 14. Purity of the raffinate (Co + Ni) compared to loss of the raffinate at certain BV.  

Experiment 1 (Feed pH = 2, T = 60℃ and Q = 10 BV/h) 

Purity of the raffinate (Co + Ni), 

% 

Loss of raffinate (Co +Ni), % BV, - 

99.9 11.6 18.9 

99.6 9.0 24.4 

99.1 7.3 30.0 

Experiment 2 (Feed pH = 1.5, T = 60℃ and Q = 10 BV/h) 

Purity of the raffinate (Co + Ni), 

% 

Loss of raffinate (Co +Ni), % BV, - 

99.9 15.2 8.6 

99.6 11.9 10.9 

99.1 9.8 13.3 

Experiment 3 (Feed pH = 1.5, T = 60℃ and Q = 20 BV/h) 

Purity of the raffinate (Co + Ni), 

% 

Loss of raffinate (Co +Ni), % BV, - 

99.3 23.7 5.0 

96.7 12.2 9.8 

92.5 7.6 15.7 

Experiment 4 (Feed pH = 1.5, T = 25℃ and Q = 10 BV/h)a 

Purity of the raffinate (Co + Ni), 

% 

Loss of raffinate (Co +Ni), % BV, - 

99.3 13.2 3.7 

98.7 10.0 4.9 

97.8 8.0 6.1 

Experiment 5 (Feed pH = 1.5, T = 60℃ and Q = 10 BV/h)b 

Purity of the raffinate (Co + Ni), 

% 

Loss of raffinate (Co +Ni), % BV, - 

99.9 14.4 8.3 

99.6 11.2 10.7 

99.4 10.1 11.8 
a,b Two-step elution 
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Impact of the process conditions on the breakthrough and elution curves of Mn can be seen 

from Figure 17. When the flowrate was increased from 10 BV/h to 20 BV/h, the break-

through of Mn appeared at approximately 4 BV, obtaining full curve at 26 BV. Earliest 

breakthrough of Mn (≈ 3 BV) was obtained at T = 25℃. At pH = 2, the breakthrough of Mn 

occurred later (18.9 BV) than at pH = 1.5 (8.6 BV). 

  

 

Figure 17. Comparison of a) loading curves and b) elution curves of Mn in each experiment. 

Experiment 5 was excluded because it had the same loading conditions as experiment 2 (feed 

pH = 1.5, T = 60℃ and Q = 10 BV/h). At feed pH = 1.5, T = 25℃ and Q = 10 BV/h elution 

curve (with 2 M H2SO4) appears later than others, because elution was done in two steps.  

 

Dynamic capacity of AMPA functional group for Mn was influenced by feed pH, tempera-

ture and flowrate as can be seen from Table 15 and Figure 17b. When the pH of the solution 

was reduced from 2 to 1.5, the dynamic capacity decreased from 5 to 2.5 g Mn/L, respec-

tively. The lowest dynamic capacity for Mn (1.3 g/L) was obtained at T = 25 ℃. The en-

hanced sorption of Mn to AMPA functional group at higher pH and higher temperature was 

a) 

b) 



62 

 

 

also observed by Virolainen et al. (2021). Increasing the flowrate 10 BV/h to 20 BV/h de-

creased the dynamic capacity for Mn from 2.5 to 2.2 g/L, respectively.  

 

Table 15. Process conditions including the dynamic capacities and the purities of Mn ob-

tained from each experiment. Experiment 4 and 5 included two-step elution.  

Experiment T, °C Feed pH Q, BV/h  qdyn(Mn), 

g/(L bed) 

Purity of Mn in elu-

ent (2 M H2SO4), % 

1 60 2 10 5.0 88.4 

2 60 1.5 10 2.5 89.3 

3 60 1.5 20 2.2 89.1a 

4  25 1.5 10 1.3 91.8 

5  60 1.5 10 2.5 99.2  
aElution was done with 1 M H2SO4 (as was done in Wesselborg et al. (2024) study). All metals were eluted 

(see Appendix C, Figure C2). 

 

Purity of Mn in eluate was mostly impacted by pH of the feed solution (Table 15). The lowest 

purity of Mn (88.4 %) was obtained at pH = 2. Decreasing the pH of the feed solution to pH 

= 1.5 improved the purity of Mn to 89.3 %. Flowrate did not have a major impact on purity 

as the purity of Mn decreased only from 89.3 to 89.1 %, when the flowrate was increased 

from 10 BV/h to 20 BV/h, respectively. The purity of Mn (89.3 %) in the eluate was still 

low (considering battery-grade purity), and eluate contained significant amount of impurities 

(Ni and Co), which can be seen from Figure 18. Two-step elution was carried out to increase 

the purity of Mn. 
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Figure 18. Elution curves of a) Mn, Co and Ni b) Co and Ni at feed pH = 1.5, T = 60℃ and 

Q = 10 BV/h. 

 

Two-step elution was carried out with diluted H2SO4 at pH = 2 and pH = 1. With diluted 

H2SO4 at pH = 2, the purity of Mn improved slightly in the second stream, 2 M H2SO4, (from 

89.3 to 91.8 %). However, the purity of Mn was still not high enough (Figure 19) and only 

≈0.3 % of impurities (Ni and Co) were removed in the diluted stream. At this point it can be 

concluded that decreasing the temperature to 25°C in the loading step did not have a negative 

impact on the purity of Mn. As two-step elution with diluted H2SO4 at pH = 2 was not effec-

tive, two-step elution was conducted with diluted H2SO4 at pH = 1 (similarly as was done in 

the patent US 2015/0361524 A1 (2015)). 

 

 

a) 

b) 
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Figure 19. Comparison of two-step elution curves achieved with diluted H2SO4 at pH = 2 

and pH = 1.  

 

As can be seen from Figure 19, two-step elution with diluted H2SO4 at pH = 1 removed 

significant amount of impurities compared to diluted H2SO4 at pH = 2. Two-step elution with 

diluted H2SO4 at pH = 1 was done at T = 60 °C, whereas two-step elution with diluted H2SO4 

at pH = 2 was carried out at T = 25 °C. The amount of recovered metals in elution with 

diluted H2SO4 at pH = 1 was compared to the amount of metals obtained in elution with 2 M 

H2SO4 (Table 16). 

 

Table 16. Two-step elution carried out at feed pH = 1.5, Q = 10 BV/h and T = 60 °C. 

H2SO4 (pH = 1) 

Loss of Mn, % Recovered Co, % Recovered of Ni, % 

7.0 96.9 88.2 

2 M H2SO4 

Purity of Mn, % Purity of Co, % Purity of Ni, % 

99.2 0.2 0.6 

 

2 M H
2
SO

4
 

2 M H
2
SO

4
 

H
2
SO

4 
(pH = 2) 

H
2
SO

4 
(pH = 1) 
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As Table 16 shows, about 97 % of Co was removed from the resin in elution with diluted 

H2SO4 at pH = 1. As well as 88 % of Ni was removed with 7 % loss Mn (from sorbed 

amount). However, the loss of Mn in the diluted stream should not considered as a loss, 

because the stream can be recycled back as feed leachate, thus creating a closed loop process 

(as was suggested by Strauss et al. (2021)). 

7.3  Removal of Ni from Co with Bis-PMA 

Last separation step was separation of Ni from Co by using Lewatit® MDS TP 220 with 

Bis-PMA functional group. Based on the sharpness of the breakthrough curve, effective sep-

aration was obtained at feed pH = 1.5, Q = 10 BV/h and T = 60℃ (Figure 20). Breakthrough 

curve of Co was obtained at 36 BV, before any breakthrough of Ni occurred. Co was dis-

placed by Ni, as the breakthrough curve of Co is above unity. Also, protons being taken by 

the bed can be observed from Figure 20. At pH = 1.5 nitrogen atom in the tertiary amine 

group is protonated (Wołowicz and Hubicki 2012), thus protons have been taken by the 

nitrogen donor atom in the amine group.  

 

 

Figure 20. Breakthrough curves and pH graph obtained at feed pH = 1.5, T = 60℃ and Q = 

10 BV/h with Bis-PMA functional group. 
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Impact of the temperature and the flowrate can be also noticed in the loss of Co (Table 17). 

It is possible to obtain 99.9 % raffinate with only < 1 % loss of Co during loading. The lowest 

purity (95.7 %) of the raffinate was obtained, when the temperature was decreased from 

60℃ to 25 ℃. Increasing the flowrate to 20 BV/h led also to raffinate with low purity (97.1 

%). Based on the results, it is evident that flowrate and temperature have impact on the purity 

and on the loss of the raffinate 

 

Table 17. Purity of the raffinate (Co) compared to loss of the raffinate at certain BV. 

Experiment 1 (Feed pH = 1.5, T = 60℃ and Q = 10 BV/h) 

Purity of the raffinate (Co), % Loss of raffinate (Co), % BV, - 

99.9 0.96 68.5 

99.7 0.84 79.0 

99.5 0.78 84.2 

Experiment 2 (Feed pH = 1.5, T = 25℃ and Q = 10 BV/h) 

Purity of the raffinate (Co), % Loss of raffinate (Co), % BV, - 

95.7 7.2 8.4 

95.2 5.6 10.8 

94.0 3.7 16.4 

Experiment 3 (Feed pH = 1.5, T = 60℃ and Q = 20 BV/h)a 

Purity of the raffinate (Co), % Loss of raffinate Co), % BV, - 

97.1 4.4 27.7 

96.9 3.9 31.3 

96.6 3.5 34.9 

Experiment 4 (Feed pH = 2.5, T = 60℃ and Q = 10 BV/h) 

Purity of the raffinate (Co), % Loss of raffinate (Co), % BV, - 

99.8 6.9 100.7 

99.7 6.3 111.1 

99.6 5.5 126.8 
aTwo-step elution 

 

At feed pH = 1.5, T = 60℃ and Q = 10 BV/h, the dynamic capacity of Bis-PMA functional 

group for Co was 0.033 g/L. When the pH was increased 2.5, the dynamic capacity for Co 

increased to 0.87 g /L. This indicates that sorption of Co is much higher at pH = 2.5. It is 

known that the separation of Ni from Co with Bis-PMA functional group is much more 

selective at pH = 1.5 than at pH = 2 (Strauss et al. 2021). This explains the increased losses 

of raffinate (Co) at pH = 2.5. Elution curves of Ni and Co obtained at feed pH = 1.5, T = 

60℃ and Q = 10 BV/h are presented in Figure 21. 
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Figure 21. Elution curves of a) Ni b) Co at feed pH = 1.5, T = 60℃ and Q = 10 BV/h. 

 

Temperature impacted the dynamic capacity significantly (Table 18 and Figure 22b). The 

dynamic capacity for Ni decreased from 15.3 to 6.3 g/L, when the temperature decreased 

from T = 60 ℃ to T = 25 ℃, respectively. Flowrate did not affect the dynamic capacity. As 

the pH was increased from 1.5 to 2.5, the dynamic capacity for Ni increased from 15.3 to 

23.5 g/L, respectively. The pH of the feed solution also had a major impact on the purity of 

Ni compared to the temperature and the flowrate. The highest purity of Ni (99.5 %) was 

obtained at feed pH = 1.5, T = 60℃ and Q = 10 BV/h. Purity of Ni decreased to 96.2 % as 

the pH was increased to 2.5. 

 

Table 18. Process conditions including the dynamic capacities and the purities of Ni obtained 

from each experiment. 

Experiment T, °C Feed pH Q, BV/h qdyn(Ni), g/ 

(L bed) 

Purity of Ni in eluent 

(2 M H2SO4), % 

1 60 1.5 10 15.3 99.5 

2 25 1.5 10 6.3 99.2 

3 60 1.5 20 16.5 99.4a 

4 60 2.5 10 23.5 96.2 
a Two-step elution 

a) 

b) 
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The sharpest and steepest breakthrough was obtained at feed pH = 1.5, T = 60℃ and Q = 10 

BV/h as can be seen from Figure 22a. The weakest separation occurred when the temperature 

was decreased from 60℃ to 25 ℃. At pH = 2.5, the mass transfer area is much broader, 

compared to at pH = 1.5. Broader mass transfer indicates that the separation of Ni is less 

selective. Increasing the flowrate to 20 BV/h led to more diffused breakthrough curve. As a 

conclusion, temperature, pH and flowrate had impact on the separation of Ni with Bis-PMA 

functional group. 

 

 

 

Figure 22. Comparison of a) loading and b) elution curves of Ni in each experiment. 

 

To further increase the purity of Ni (99.5 %), two step-elution was done with diluted H2SO4 

at pH = 1 (Figure 23). Purity of Ni should be increased to avoid co-precipitation of Co as 

was discussed in Chapter 3.2. Two step-elution was carried out at T = 60 °C and Q = 10 

BV/h. 

a) 

b) 
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Figure 23. Two-step elution implemented at T = 60 °C and Q = 10 BV/h. 

 

As can be seen from Figure 23, there is no significant elution curve of Co at pH = 1. Thus, 

two-step elution should be carried out with diluted H2SO4 at pH below 1. In a study done by 

Strauss et al. (2021), two-step elution was done with 0.2 M H2SO4 to improve the purity of 

Ni. The pH was monitored during the elution step. At pH < 1, Co began to elute from the 

resin. Strauss et al. (2021) managed to increase the purity of Ni to 99.7 % by implementing 

two-step elution.  

7.4  Flowsheet development 

Process flowsheet (Figure 24) was proposed based on the results obtained from the column 

experiments as well as from the literature review. High temperature (T = 60 ℃), low flowrate 

(10 BV/h) and low pH (pH = 1.5) resulted in the most efficient removal and in highest puri-

ties for Mn, Ni and Co compared to high flowrate (20 BV/h), high pH and low temperature 

(T = 25 ℃). With IDA functional group, high purity of Cu (98.2 %) was achieved at feed 

pH = 2, T = 25 ℃ and Q = 10 BV/h with dynamic capacity of 22 g Cu/L.  

H
2
SO

4 
(pH = 1) 2 M H

2
SO

4
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Figure 24. Process flowsheet for separation of Cu, Mn, Ni and Co with ion exchange. 
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Flowrate change from 10 BV/h to 20 BV/h had only a small impact on the dynamic capacity 

for Mn (AMPA), but no impact on the Ni capacity (Bis-PMA). However, low temperature 

(T = 25 ℃) decreased the dynamic capacities of AMPA and Bis-PMA bed for Mn and Ni, 

respectively. Increasing the pH of the feed solution increased the sorption of Mn to AMPA 

and Ni to Bis-PMA functional group. However, this led to reduced purities of Mn and Ni in 

the eluates. It was observed that elution of Ni from Bis-PMA functional group should be 

carried out longer than 13 BV and at T = 60 °C, to ensure that the resin bed is free from Ni.  

Two-step elution increased the purity of Mn from 89.3 to 99.2 % with diluted H2SO4 at pH 

= 1. However, the purity of Mn should be increased to recover all Mn e.g., with oxidative 

precipitation, without co-precipitation of Co. It was found that increasing the purity of Ni is 

possible with diluted H2SO4 at pH below 1. The main observed limitation is the low dynamic 

capacity of AMPA functional group for Mn (2.5 g Mn/L). Furthermore, it can be improved 

by increasing the pH of the feed solution and implementing two-step elution. Recycling 

streams were added to the process flowsheet to avoid the loss Mn, Co and Ni. 

Temperature and flowrate impacted the loss and the purity of the raffinate (Co + Ni) obtained 

after separation of Mn with AMPA functional group. Temperature, flowrate and pH had 

impact on the raffinate (Co) derived from separation of Ni with Bis-PMA functional group. 

Purity and recovery of the raffinate can be enhanced by expanding the mass transfer area by 

applying a multicolumn system (Strauss et al. 2021; Wesselborg et al. 2024), decreasing the 

flowrate (Wesselborg et al. 2024) or by increasing the bed height (Virolainen et al. 2021). 
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8  Conclusion 

Separation of Cu, Mn, Ni and Co was carried out with a small pilot-type ion exchange col-

umn. IDA functional group was used to separate Cu from Mn, Ni and Co. IDA functional 

group was able to separate Cu with purity of 98.2 % and with dynamic capacity of 22 g Cu/L. 

This shows that ion exchange can be applied for the selective separation Cu of low concen-

trations (100-130 mg/L). 

AMPA functional group was used to separate Mn from Ni and Co. Mn was selectively sep-

arated from Ni and Co without any additional steps. Two-step elution allowed to obtain Mn 

solution with purity of 99.2 % and to recover about 97 % and 88 % of co-sorbed Co and Ni, 

respectively. The main disadvantage is the low dynamic capacity of AMPA functional group 

for Mn (2.5 g Mn/L). This indicates that ion exchange can be used to for the selective sepa-

ration of Mn presented in low concentrations, without additional steps or significant losses 

of Co as was reported with solvent extraction (e.g., Abo et al. 2023; Meshram et al. 2022; 

Peng et al. 2020). 

Bis-PMA functional group was used to separate Ni and Co. Ni was selectively separated 

from Co in one process, with purity of 99.5 % and with dynamic capacity of 15 g Ni/L. 

Purity of Ni can be further increased by implementing two-step elution. This proves that ion 

exchange is advantageous in selective separation of Ni and Co with one process compared 

to solvent extraction (e.g., Abo et al. 2023; Nayl et al. 2015). 
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77 

 

 

Habashi, F. 2005. A short history of hydrometallurgy. Hydrometallurgy. 79 (1), 15–22. 

Available at DOI: 10.1016/j.hydromet.2004.01.008 

Hamdaoui, O. 2009. Removal of copper(II) from aqueous phase by Purolite C100-MB cation 

exchange resin in fixed bed columns: Modeling. Journal of hazardous materials. 161 (2), 

737–746. Available at DOI: 10.1016/j.jhazmat.2008.04.016 

Han, B., Altansukh, B., Haga, K., Stevanović, Z., Jonović, R., Avramović, L. et al. 2018. 

Development of copper recovery process from flotation tailings by a combined method of 

high‒pressure leaching‒solvent extraction. Journal of hazardous materials. 352, 192–203. 

Available at DOI: 10.1016/j.jhazmat.2018.03.014 

Haque, N., Peralta-Videa, J. R., Jones, G. L., Gill, T. E. & Gardea-Torresdey, J. L. 2008. 

Screening the phytoremediation potential of desert broom (Baccharis sarothroides Gray) 

growing on mine tailings in Arizona, USA. Environmental Pollution. 153 (2), 362–368. 

Available at DOI: 10.1016/j.envpol.2007.08.024 

Harland, C. E. 1994. Ion-exchange : theory and practice. 2. London: Royal Society of Chem-

istry. 

Heikkinen, P. M. & Räisänen, M. L. 2008. Mineralogical and geochemical alteration of 

Hitura sulphide mine tailings with emphasis on nickel mobility and retention. Journal of 

Geochemical Exploration. 97 (1), 1–20. Available at DOI: 10.1016/j.gexplo.2007.09.001 

Helfferich, F.G., 1995. Ion Exchange. Dover Publications, New York, US 

Huang, B., Pan, Z., Su, X. & An, L. 2018. Recycling of lithium-ion batteries: Recent ad-

vances and perspectives. Journal of Power Sources. 399, 274–286. Available at DOI: 

10.1016/j.jpowsour.2018.07.116 

Ibebunjo, K., El Ouardi, Y., Bediako, J. K., Iurchenkova, A. & Repo, E. 2024. Selective 

recovery of copper from copper tailings and wastewater using chelating resins with bis-

picolylamine functional groups. Heliyon. 10 (6), e27766. Available at DOI: 10.1016/j.heli-

yon.2024.e27766 

Inamuddin, Luqman, M., 2012. Ion Exchange Technology I. Springer, Dordrecht, The 

Netherlands. Available at DOI: 10.1007/978-94-007-1700-8 



78 

 

 

Juutinen, M., Seitsaari, M. & Sarala, P. (2023). Geochemical and mineralogical characteri-

zation of mine tailings at the Rautuvaara mine site and aspects to environmental conditions 

and resource potential. Bulletin of the Geological Society of Finland, 95(1), 59–78. [Ac-

cessed 7.12.2025]. Available at DOI: 10.17741/bgsf/95.1.005 

Kamran Haghighi, H., Moradkhani, D., Sedaghat, B., Rajaie Najafabadi, M. & Behnamfard, 

A. 2013. Production of copper cathode from oxidized copper ores by acidic leaching and 

two-step precipitation followed by electrowinning. Hydrometallurgy. 133, 111–117. Avail-

able at DOI: 10.1016/j.hydromet.2012.12.004 

Kang, J., Senanayake, G., Sohn, J. & Shin, S. M. 2010. Recovery of cobalt sulfate from spent 

lithium ion batteries by reductive leaching and solvent extraction with Cyanex 272. Hydro-

metallurgy. 100 (3), 168–171. Available at DOI: 10.1016/j.hydromet.2009.10.010 

Karppinen, A., Seisko, S. & Lundström, M. 2024. Atmospheric leaching of Ni, Co, Cu, and 

Zn from sulfide tailings using various oxidants. Minerals Engineering. 207, 108576. Avail-

able at DOI: 10.1016/j.mineng.2024.108576 

Kaya, M., Hussaini, S. & Kursunoglu, S. 2020. Critical review on secondary zinc resources 

and their recycling technologies. Hydrometallurgy. 195, 105362. Available at DOI: 

10.1016/j.hydromet.2020.105362 

Kinnunen, P., Karhu, M., Yli-Rantala, E., Kivikytö-Reponen, P. & Mäkinen, J. 2022. A re-

view of circular economy strategies for mine tailings. Cleaner Engineering and Technology. 

8, 100499. Available at DOI: 10.1016/j.clet.2022.100499 

Kossoff, D., Dubbin, W. E., Alfredsson, M., Edwards, S. J., Macklin, M. G. & Hudson-

Edwards, K. A. 2014. Mine tailings dams: Characteristics, failure, environmental impacts, 

and remediation. Applied geochemistry journal of the International Association of Geo-

chemistry and Cosmochemistry. 51, 229–245. Available at DOI: 10.1016/j.apgeo-

chem.2014.09.010 

Lanxess, 2025a. Product Information Lewatit MDS TP 260 Resin. [Accessed 5.12.2025]. 

Available at: https://lanxess.com/en-us/products-and-brands/products/l/lewatit--mds-tp-260 

Lanxess, 2025b. Product Information Lewatit MDS TP 220 Resin. [Accessed 5.12.2025]. 

Available at: https://lanxess.com/en-us/products-and-brands/products/l/lewatit--mds-tp-220 



79 

 

 

Lei, C., Yan, B., Chen, T. & Xiao, X. 2017. Recovery of metals from the roasted lead-zinc 

tailings by magnetizing roasting followed by magnetic separation. Journal of Cleaner Pro-

duction. 158, 73–80. Available at DOI: 10.1016/j.jclepro.2017.04.164 

Lei, C., Yan, B., Chen, T., Wang, X. & Xiao, X. 2018. Silver leaching and recovery of val-

uable metals from magnetic tailings using chloride leaching. Journal of Cleaner Production. 

181, 408–415. Available at DOI: 10.1016/j.jclepro.2018.01.243 

LeVan, M. D., Carta, G., & Yon, C. M., 1997. Adsorption and ion exchange, in: Perry, Rob-

ert H., Don W. Green (Eds.), Perry’s Chemical Engineers’ Handbook. McGraw-Hill Educa-

tion, New York, US. 

Lewis, A. E. 2010. Review of metal sulphide precipitation. Hydrometallurgy. 104 (2), 222–

234. Available at DOI: 10.1016/j.hydromet.2010.06.010 

Lin, L. & Juang, R. 2007. Ion-exchange kinetics of Cu(II) and Zn(II) from aqueous solutions 

with two chelating resins. Chemical Engineering Journal. 132 (1), 205–213. Available at 

DOI: 10.1016/j.cej.2006.12.019 

Lin, L., Li, J. & Juang, R. 2008. Removal of Cu(II) and Ni(II) from aqueous solutions using 

batch and fixed-bed ion exchange processes. Desalination. 225 (1-3), 249–259. Available at 

DOI: 10.1016/j.desal.2007.03.017 

Lin, Q., Kundu, D., Skyllas‐Kazacos, M., Lu, J., Zhao, D., Amine, K. et al. 2024. Perspective 

on Lewis Acid‐Base Interactions in Emerging Batteries. Advanced materials (Weinheim). 

36 (42), e2406151–n/a. Available at DOI: 10.1002/adma.202406151 

Lindsay, M. B. J., Moncur, M. C., Bain, J. G., Jambor, J. L., Ptacek, C. J. & Blowes, D. W. 

2015. Geochemical and mineralogical aspects of sulfide mine tailings. Applied Geochemis-

try. 57, 157–177. Available at DOI: 10.1016/j.apgeochem.2015.01.009 

Littlejohn, P. & Vaughan, J. 2012. Selectivity of commercial and novel mixed functionality 

cation exchange resins in mildly acidic sulfate and mixed sulfate–chloride solution. Hydro-

metallurgy. 121-124, 90–99. Available at DOI: 10.1016/j.hydromet.2012.04.001 

Loganathan, P., Vigneswaran, S., Kandasamy, J. & Bolan, N. S. 2014. Removal and Recov-

ery of Phosphate From Water Using Sorption. Critical Reviews in Environmental Science 

and Technology. 44 (8), 847–907. Available at DOI: 10.1080/10643389.2012.741311 



80 

 

 

Lottermoser, B. & SpringerLink (Online service). 2010. Mine Wastes Characterization, 

Treatment and Environmental Impacts. Berlin, Heidelberg: Springer Berlin Heidelberg. 

Available at DOI: 10.1007/978-3-642-12419-8 

Lutandula, M. S. & Maloba, B. 2013. Recovery of cobalt and copper through reprocessing 

of tailings from flotation of oxidised ores. Journal of Environmental Chemical Engineering. 

1 (4), 1085–1090. Available at DOI: 10.1016/j.jece.2013.08.025 

Ma, Y., Svärd, M., Xiao, X., Gardner, J. M., Olsson, R. T. & Forsberg, K. 2020. Precipitation 

and Crystallization Used in the Production of Metal Salts for Li-Ion Battery Materials: A 

Review. Metals (Basel). 10 (12), 1609. Available at DOI: 10.3390/met10121609 

Macías-Macías, K. Y., Ceniceros-Gómez, A. E., Gutiérrez-Ruiz, M. E., González-Chávez, 

J. L. & Martínez-Jardines, L. G. 2019. Extraction and recovery of the strategic element gal-

lium from an iron mine tailing. Journal of Environmental Chemical Engineering. 7 (2), 

102964. Available at DOI: 10.1016/j.jece.2019.102964 

Mäkinen, J., Salo, M., Khoshkhoo, M., Sundkvist, J. & Kinnunen, P. 2020. Bioleaching of 

cobalt from sulfide mining tailings; a mini-pilot study. Hydrometallurgy. 196, 105418. 

Available at DOI: 10.1016/j.hydromet.2020.105418 

Meenakshi & Maheshwari, R. C. 2006. Fluoride in drinking water and its removal. Journal 

of hazardous materials. 137 (1), 456–463. Available at DOI: 10.1016/j.jhazmat.2006.02.024  

Mendes, F. D. & Martins, A. H. 2004. Selective sorption of nickel and cobalt from sulphate 

solutions using chelating resins. International Journal of Mineral Processing. 74 (1), 359–

371. Available at DOI: 10.1016/j.minpro.2004.04.003 

Meshram, P., Virolainen, S., Abhilash, A. & Sainio, T. 2022. Solvent Extraction for Sepa-

ration of 99.9% Pure Cobalt and Recovery of Li, Ni, Fe, Cu, Al from Spent LIBs. Metals 

(Basel). 12 (6), 1056. Available at DOI: 10.3390/met12061056 

Morrison, K. F. 2022. Tailings Management Handbook: A LifeCycle Approach. Englewood, 

Colorado: Society for Mining, Metallurgy & Exploration Inc. 

Nayl, A. A., Hamed, M. M. & Rizk, S. E. 2015. Selective extraction and separation of metal 

values from leach liquor of mixed spent Li-ion batteries. Journal of the Taiwan Institute of 

Chemical Engineers. 55, 119–125. Available at DOI: 10.1016/j.jtice.2015.04.006 



81 

 

 

Nguyen, T. T. H. & Lee, M. S. 2023. Separation of base metals from reduction smelt-alloy 

of spent lithium-ion batteries by ferric sulfate leaching, cementation, solvent extraction and 

oxidative precipitation. Hydrometallurgy. 215, 105969. Available at DOI: 10.1016/j.hy-

dromet.2022.105969 

Parr, R. G. & Yang, W. 1989. Density-functional theory of atoms and molecules. 1. Oxford 

University Press ;: New York, New York. 

Peng, C., Chang, C., Wang, Z., Wilson, B. P., Liu, F. & Lundström, M. 2020. Recovery of 

High-Purity MnO2 from the Acid Leaching Solution of Spent Li-Ion Batteries. JOM (1989). 

72 (2), 790–799. Available at DOI: 10.1007/s11837-019-03785-1 

Peng, N., Pan, Q., Liu, H., Yang, Z. & Wang, G. 2018. Recovery of iron and manganese 

from iron-bearing manganese residues by multi-step roasting and magnetic separation. Min-

erals Engineering. 126, 177–183. Available at DOI: 10.1016/j.mineng.2018.07.002 

Perez, J. P. H., Folens, K., Leus, K., Vanhaecke, F., Van Der Voort, P. & Du Laing, G. 2019. 

Progress in hydrometallurgical technologies to recover critical raw materials and precious 

metals from low-concentrated streams. Resources, Conservation and Recycling. 142, 177–

188. Available at DOI: 10.1016/j.resconrec.2018.11.029 

Purolite, 2025. Data sheet Purolite S930Plus. [Accessed 4.12.2025]. Available 

at: https://www.purolite.com/product/s930plus 

Qi, C. & Fourie, A. 2019. Cemented paste backfill for mineral tailings management: Review 

and future perspectives. Minerals Engineering. 144, 106025. Available at DOI: 

10.1016/j.mineng.2019.106025 

Ritcey, G. M. 2005. Tailings management in gold plants. Hydrometallurgy. 78 (1), 3–20. 

Available at DOI: 10.1016/j.hydromet.2005.01.001 

Rudnicki, P., Hubicki, Z. & Kołodyńska, D. 2014. Evaluation of heavy metal ions removal 

from acidic waste water streams. Chemical engineering journal. 252, 362–373. Available at 

DOI: 10.1016/j.cej.2014.04.035 

Sarker, S. K., Haque, N., Bhuiyan, M., Bruckard, W. & Pramanik, B. K. 2022. Recovery of 

strategically important critical minerals from mine tailings. Journal of environmental chem-

ical engineering. 10 (3), 107622. Available at DOI: 10.1016/j.jece.2022.107622 

https://www.purolite.com/product/s930plus


82 

 

 

Schlesinger, M. E. 2011. Extractive metallurgy of copper. 5. Amsterdam: Elsevier. 

SenGupta, A. K. 2017. Ion Exchange in Environmental Processes: Fundamentals, Applica-

tions and Sustainable Technology. 1. Newark: Wiley. Available at DOI: 

10.1002/9781119421252 

Shamsuddin, M. 2021. Physical Chemistry of Metallurgical Processes, Second Edition. 2. 

Cham: Springer International Publishing AG. Available at DOI: 10.1007/978-3-030-58069-

8 

Shi, P., Yang, S., Wu, G., Chen, H., Chang, D., Jie, Y. et al. 2023. Efficient separation and 

recovery of lithium and manganese from spent lithium-ion batteries powder leaching solu-

tion. Separation and purification technology. 309, 123063. Available at DOI: 10.1016/j.sep-

pur.2022.123063 

Shields, V. R., Robshaw, T. J., Porter, C. P., Amphlett, J. T. M., Hides, A., Bruce, R. et al. 

2023. Gold recovery from synthetic mine tailings leachate using chelating ion exchange res-

ins with thiosulfate-thiourea lixiviant. Resources, Conservation & Recycling Advances. 19, 

200182. Available at DOI: 10.1016/j.rcradv.2023.200182 

Shih, Y., Chien, S., Jhang, S. & Lin, Y. 2019. Chemical leaching, precipitation and solvent 

extraction for sequential separation of valuable metals in cathode material of spent lithium 

ion batteries. Journal of the Taiwan Institute of Chemical Engineers. 100, 151–159. Availa-

ble at DOI: 10.1016/j.jtice.2019.04.017 

Silva, R. A., Zhang, Y., Hawboldt, K. & James, L. A. 2021. Study on Iron-nickel Separation 

Using Ion Exchange Resins with Different Functional Groups for Potential Iron Sub-pro-

duction. Mineral Processing and Extractive Metallurgy Review. 42 (2), 75–89. Available at 

DOI: 10.1080/08827508.2019.1678155 

Skandrani, A., Demers, I. & Kongolo, M. 2019. Desulfurization of aged gold-bearing mine 

tailings. Minerals Engineering. 138, 195–203. Available at DOI: 

10.1016/j.mineng.2019.04.037 

Sole, K. C., Jurrius, Y., & Hardwick, E. (2016). Purification of a cobalt electrolyte by ion 

exchange: Pilot-plant results and preliminary commercial design. In International ion ex-

change conference. [Accessed 30.12.2025]. Available at: https://soleconsulting.co.za/publi-

cations/cobaltnickel/Co1.pdf 



83 

 

 

Sole, K. C., Mooiman, M. B. & Hardwick, E. 2018. Ion Exchange in Hydrometallurgical 

Processing: An Overview and Selected Applications. Separation and purification reviews. 

47 (2), 159–178. Available at DOI: 10.1080/15422119.2017.1354304 

Sprague, D. D., Michel, F. A. & Vermaire, J. C. 2016. The effects of migration on ca. 100-

year-old arsenic-rich mine tailings in Cobalt, Ontario, Canada. Environmental earth sci-

ences. 75 (5), 1–12. Available at DOI: 10.1007/s12665-015-4898-1 

Stefanowicz, T., Osińska, M. & Napieralska-Zagozda, S. 1997. Copper recovery by the ce-

mentation method. Hydrometallurgy. 47 (1), 69–90. Available at DOI: 10.1016/S0304-

386X(97)00036-4 

Strauss, M. L., Diaz, L. A., McNally, J., Klaehn, J. & Lister, T. E. 2021. Separation of cobalt, 

nickel, and manganese in leach solutions of waste lithium-ion batteries using Dowex M4195 

ion exchange resin. Hydrometallurgy. 206, 105757. Available at DOI: 10.1016/j.hy-

dromet.2021.105757 

Stumbea, D., Chicoș, M. M. & Nica, V. 2019. Effects of waste deposit geometry on the 

mineralogical and geochemical composition of mine tailings. Journal of hazardous materials. 

368, 496–505. Available at DOI: 10.1016/j.jhazmat.2019.01.071 

Tang, X., Ju, K. & Zhao, Z. 2024. A strategy for deep removal of Cu from Ni anolyte based 

on the ion-exchange method. Journal of Environmental Chemical Engineering. 12 (1), 

111786. Available at DOI: 10.1016/j.jece.2023.111786 

Toprak, N. A. & Altun, O. 2021. Considering hydrocyclone operation for tailings dewatering 

purpose and its effects on product specifications of paste backfill operations. Minerals En-

gineering. 173, 107176. Available at DOI: 10.1016/j.mineng.2021.107176 

Tunsu, C., Menard, Y., Eriksen, D. Ø, Ekberg, C. & Petranikova, M. 2019. Recovery of 

critical materials from mine tailings: A comparative study of the solvent extraction of rare 

earths using acidic, solvating and mixed extractant systems. Journal of cleaner production. 

218, 425–437. Available at DOI: 10.1016/j.jclepro.2019.01.312 

Turcheniuk, K., Bondarev, D., Amatucci, G. G. & Yushin, G. 2021. Battery materials for 

low-cost electric transportation. Materials today (Kidlington, England). 42, 57–72. Available 

at DOI: 10.1016/j.mattod.2020.09.027 



84 

 

 

Ulloa, L., Bringas, E. & San‐Román, M. 2020. Simultaneous separation of nickel and copper 

from sulfuric acid using chelating weak base resins. Journal of chemical technology and 

biotechnology. 95 (7), 1906–1914. Available at DOI: 10.1002/jctb.6364 

US 2015/0361524 A1. 2015. Method for purification of a cobalt containing solution by con-

tinuous ion exchange. Norilsk Nickel Harjavalta Oy, Finland. (Sainio, T.,   Suppula, I.)   

US14/742,001, 17.6.2015.   Published 17.12.2015. 

van Deventer, J. 2011. Selected Ion Exchange Applications in the Hydrometallurgical In-

dustry. Solvent extraction and ion exchange. 29 (5-6), 695–718. Available at DOI: 

10.1080/07366299.2011.595626 

Virolainen, S., Holopainen, O., Maliarik, M. & Sainio, T. 2019. Ion exchange purification 

of a silver nitrate electrolyte. Minerals Engineering. 132, 175–182. Available at DOI: 

10.1016/j.mineng.2018.12.020 

Virolainen, S., Wesselborg, T., Kaukinen, A. & Sainio, T. 2021. Removal of iron, alumin-

ium, manganese and copper from leach solutions of lithium-ion battery waste using ion ex-

change. Hydrometallurgy. 202, 105602. Available at DOI: 10.1016/j.hydromet.2021.105602 

Wang, C., Harbottle, D., Liu, Q. & Xu, Z. 2014. Current state of fine mineral tailings treat-

ment: A critical review on theory and practice. Minerals Engineering. 58, 113–131. Availa-

ble at DOI: 10.1016/j.mineng.2014.01.018 

Wang, S. & Peng, Y. 2010. Natural zeolites as effective adsorbents in water and wastewater 

treatment. Chemical Engineering Journal. 156 (1), 11–24. Available at DOI: 

10.1016/j.cej.2009.10.029 

Wang, X., Xu, Y., Zhang, P., Leng, H., Dong, J., Chen, B. et al. 2021. Effect of Mn2+ on 

the anodic film and corrosion behavior of Pb-Ca-Sn alloy anode in copper electrowinning. 

Hydrometallurgy. 202, 105618. Available at DOI: 10.1016/j.hydromet.2021.105618 

Wesselborg, T., Asumalahti, S., Virolainen, S. & Sainio, T. 2024. Design of a continuous 

ion exchange process in battery metals recycling: From single column experiments towards 

a simulated moving bed configuration. Hydrometallurgy. 228, 106361. Available at DOI: 

10.1016/j.hydromet.2024.106361 



85 

 

 

Wesselborg, T., Asumalahti, S., Virolainen, S. & Sainio, T. 2025. Continuous multicolumn 

ion exchange process for spent lithium-ion battery leachate: Recovery and purification of a 

Li+Ni+Co mixture. Separation and Purification Technology. 353, 128351. Available at DOI: 

10.1016/j.seppur.2024.128351 

Wills, B. A. & Finch, J. 2016. Wills' Mineral Processing Technology - An Introduction to 

the Practical Aspects of Ore Treatment and Mineral Recovery (8th Edition). 8. Chantilly: 

Elsevier. 

Wołowicz, A. & Hubicki, Z. 2010. Selective Adsorption of Palladium(II) Complexes onto 

the Chelating Ion Exchange Resin Dowex M 4195 - Kinetic Studies. Solvent extraction and 

ion exchange. 28 (1), 124–159. Available at DOI: 10.1080/07366290903408953 

Wołowicz, A. & Hubicki, Z. 2012. The use of the chelating resin of a new generation Lewatit 

MonoPlus TP-220 with the bis-picolylamine functional groups in the removal of selected 

metal ions from acidic solutions. Chemical engineering journal. 197, 493–508. Available at 

DOI: 10.1016/j.cej.2012.05.047 

Yao, P., Zhang, X., Wang, Z., Long, L., Han, Y., Sun, Z. et al. 2021. The role of nickel 

recycling from nickel-bearing batteries on alleviating demand-supply gap in China's industry 

of new energy vehicles. Resources, Conservation and Recycling. 170, 105612. Available at 

DOI: 10.1016/j.resconrec.2021.105612 

Ye, M., Li, G., Yan, P., Ren, J., Zheng, L., Han, D. et al. 2017. Removal of metals from lead-

zinc mine tailings using bioleaching and followed by sulfide precipitation. Chemosphere 

(Oxford). 185, 1189–1196. Available at DOI: 10.1016/j.chemosphere.2017.07.124 

Yılmaz, E., Fall, M. & SpringerLink (Online service). 2017. Paste Tailings Management. 

Cham: Springer International Publishing. Available at DOI: 10.1007/978-3-319-39682-8 

Zainol, Z. & Nicol, M. J. 2009a. Comparative study of chelating ion exchange resins for the 

recovery of nickel and cobalt from laterite leach tailings. Hydrometallurgy. 96 (4), 283–287. 

Available at DOI: 10.1016/j.hydromet.2008.11.005 

Zainol, Z. & Nicol, M. J. 2009b. Ion-exchange equilibria of Ni2+, Co2+, Mn2+ and Mg2+ 

with iminodiacetic acid chelating resin Amberlite IRC 748. Hydrometallurgy. 99 (3), 175–

180. Available at DOI: 10.1016/j.hydromet.2009.08.004 



86 

 

 

Zhang, R. & Schippers, A. 2022. Stirred-tank bioleaching of copper and cobalt from mine 

tailings in Chile. Minerals Engineering. 180, 107514. Available at DOI: 

10.1016/j.mineng.2022.107514 

Zhang, W. & Cheng, C. Y. 2007. Manganese metallurgy review. Part II: Manganese sepa-

ration and recovery from solution. Hydrometallurgy. 89 (3), 160–177. Available at DOI: 

10.1016/j.hydromet.2007.08.009 



1 

 

 

Appendix A. Concentrations of the metals in feed solutions in obtained from ICP-MS 

measurements. 

Table A1. The concentrations of the metals in the feed solutions used in experiments done 

with Purolite®S930Plus. 

Experiment 1 c, mg/L 

Replicate Cu Mn Ni Co 

1 115 124 125 128 

2 104 113 114 117 

3 118 129 129 132 

4 118 129 130 132 

Average 114 124 124 127 

Experiment 2 c, mg/L 

Replicate Cu Mn Ni Co 

1 96 94 97 100 

2 102 102 102 108 

3 101 99 100 105 

Average 99 98 99 104 

Experiment 3 c, mg/L 

Replicate Cu Mn Ni Co 

1 139 140 138 143 

2 134 134 134 138 

3 130 127 128 133 

Average 134 134 133 138 
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Table A2. The concentrations of the metals in the feed solutions used in experiments done 

with Lewatit® MDS TP 260. 

Experiment 1 c, mg/L 

Replicate Mn Co Ni 

1 151 153 146 

2 158 158 151 

3 151 151 144 

Average 153 154 147 

Experiment 2 & 3 c, mg/L 

Replicate Mn Co Ni 

1 112 116 113 

2 109 111 110 

3 117 122 120 

Average 112 116 114 

Experiment 4 c, mg/L 

Replicate Mn Co Ni 

1 131 135 132 

2 114 116 115 

3 119 122 120 

Average 121 124 122 

 

Table A3. The concentrations of the metals in the feed solutions used in experiments done 

with Lewatit® MDS TP 220. 

Experiment 1 c, mg/L 

Replicate Co Ni 

1 132 129 

2 126 124 

3 123 120 

Average 127 124 

Experiment 2 & 3 c, mg/L 

Replicate Co Ni 

1 114 111 

2 114 111 

3 104 101 

4 114 110 

Average 111 108 

Experiment 4 c, mg/L 

Replicate Co Ni 

1 139 135 

2 126 121 

3 138 133 

4 134 130 

Average 134 139 
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Appendix B. Loading, elution and pH data obtained from Purolite®S930Plus experiments. 

 

Figure B1. Breakthrough, pH and elution curves obtained from 1. experiment (feed pH = 

2.1, Q = 10 BV/h and T = 60℃) with Purolite®S930Plus. 
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Table B1. Loading data obtained from the 1. experiment with Purolite®S930Plus. 

Loading 

c, mg/L t, min 

Mn Co Ni Cu 

0 0 0 0.025 1.1 

0 0 0 0.039 2.2 

0 0 0 0.024 3.3 

0 0 0 0 4.4 

0 0 0 0.039 5.4 

5.1 0 0 0.18 6.5 

30 0 0 0.1 7.6 

54 0 0 0.073 8.7 

61 0 0 0.044 9.8 

74 0 0 0.047 11 

78 0 0 0.041 12 

82 0.015 0 0.058 13 

105 77 11 0.040 129 

105 119 39 0.024 251 

95 114 59 0.031 374 

105 122 83 0.13 496 

108 119 104 1.1 679 

111 119 119 4 862 

105 110 120 9.2 1046 

101 105 117 15 1229 

99 103 116 22 1412 

104 106 118 32 1595 

101 102 113 37 1779 

113 114 125 49 1962 

112 112 122 68 2328 

113 115 123 73 2512 

110 111 117 74 2688 

116 117 123 81 2871 

110 111 115 79 3054 

108 110 113 82 3238 

105 108 109 80 3421 

105 106 108 81 3604 

105 108 108 84 3787 

106 108 108 85 3971 

115 117 117 93 4154 

113 115 113 93 4337 

112 113 113 93 4398 

104 106 106 88 4459 

109 112 111 93 4520 

108 109 109 92 4581 

107 108 108 92 4643 
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Table B2. Elution data obtained from the 1. experiment. with Purolite®S930Plus. 

Elution 

c, mg/L t. min 

Mn Co Ni Cu 

0 0 0 1.4 0.82 

0 0 0 0 1.6 

0 0 0 0 2.5 

0 0 0 0 3.3 

0 0 0 0 4.1 

0 0 0 25 4.9 

0 1.3 0 0 5.7 

67 112 289 1379 6.5 

116 201 776 14205 7.4 

80 147 773 27604 8.2 

60 112 869 41391 9.0 

35 85 945 50106 10 

17 51 911 43273 11 

11 31 797 31867 11 

4.6 22 749 22899 12 

0 16 737 17135 13 

0.75 8.9 533 10438 14 

0 5.5 451 7486 15 

0 5.8 373 4993 16 

0 3.3 249 2937 16 

0 2.2 220 2200 17 

0 1.7 143 1404 18 

0 0 108 916 19 

0 0 87 751 20 

0 0 47 502 20 

0 0.69 47 355 21 

1.1 0.69 48 282 22 

0 0 20 199 23 

0 0 17 152 24 

0 0 14 118 25 

0 0 13 81 25 

0 0 4.5 69 26 

40 15 35 55 27 

0 0 2.6 41 28 

0 0 1.2 37 29 

0 0.74 0.79 26 29 

0 0.58 0 25 30 

0 1.2 0 19 31 

0 0.53 0 18 32 

0 0.74 0 14 33 

0 0 0 9.2 34 

0 0.20 0 10 34 

0 2.1 0 8.7 35 

0 0 0 7.1 36 

0 0 0 5.8 37 
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0 0.036 0 5.8 38 

0 0 0 3.0 38 

0 0.091 0 2.0 39 

0 0 0 2.4 40 

0 0 0 0 41 

0 1.5 0 1.7 42 

0 1.0 0 1.4 43 

0 0 0 0 43 

0 0 0 1.3 44 

0 0 0 2.6 45 

7.1 0 0 2.1 46 

0 0 0 1.8 47 

0 0 0 3.3 47 

0 0 0 0.30 48 

0 0 0 0.89 49 
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Figure B2. Breakthrough, pH and elution curves obtained from 2. experiment (feed pH = 

1.5, Q = 20 BV/h and T = 60℃) with Purolite®S930Plus.  
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Table B3. Loading data obtained from the 2. experiment with Purolite®S930Plus. 

Loading 

c, mg/L t, min 

Mn Co Ni Cu 

0.022 0.019 0 0.031 0.6 

0 0 0 0 1.1 

0 0 0 0.01 1.7 

0.041 0 0 0 2.2 

1.6 0.01 0.048 0 2.8 

26 0.36 0.88 0 3.3 

60 2.2 4.3 0 3.9 

82 6 10 0 4.4 

91 12 14 0 5.0 

91 18 18 0 5.5 

105 29 25 0 6.1 

115 40 31 0 6.6 

124 132 94 3.7 74 

113 121 101 18 134 

120 128 115 37 195 

119 128 120 48 255 

117 123 119 57 316 

116 123 120 65 377 

126 131 128 79 437 

122 127 125 81 498 

113 118 114 79 558 

118 122 119 86 619 

121 126 122 95 740 

113 118 114 93 861 

115 120 115 98 982 

111 115 110 95 1098 

114 118 113 100 1219 

114 119 113 102 1336 

109 114 108 100 1457 

122 126 121 112 1576 

102 106 100 97 1818 

106 109 103 99 1939 

105 109 104 101 2060 

108 112 106 104 2181 

114 118 111 110 2302 

106 111 104 103 2423 

105 110 104 103 2484 
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Table B4. Elution data obtained from the 2. experiment with Purolite®S930Plus. 

Elution 

c, mg/L t, min 

Mn Co Ni Cu 

0 0.72 1.2 5.8 0.84 

0 0.98 1.6 8.4 1.7 

0 0.74 1.8 8.4 2.5 

0 0.86 1.4 9.4 3.4 

0 1.1 2.7 10 4.2 

0 1.2 1.4 8.9 5.0 

0.25 1.5 1.6 8.3 5.9 

7.2 13 17 10 6.7 

76 152 508 2277 7.5 

38 89 577 19635 8.4 

12 36 446 35688 9.2 

3.9 16 364 37654 10 

0.78 8.5 328 28071 11 

0 4.3 234 13850 12 

0 2.8 172 7716 13 

0 2.5 140 4894 13 

0 1.8 94 2620 14 

0 1.8 64 1497 15 

0 1.2 45 826 16 

0 1.3 33 513 17 

0 1.2 26 348 18 

0 1.4 20 211 18 

0 0.95 15 133 19 

0 1.6 11 84 20 

0 1.4 10 58 21 

0 1.1 7.3 32 22 

0 1.3 7.2 25 23 

0 1.2 4.9 17 23 

0 1.1 5.1 12 24 

0 1.2 4.5 9.0 25 

0 1.4 4.8 7.0 26 

0 1.0 3.3 4.8 27 

0 0.94 46 5.0 28 

0 0.94 3.5 3.3 28 

0 1.1 2.6 2.7 29 

0 0.93 2.8 2.2 30 

0 1.0 2.9 2.0 31 

0 1.2 2.4 1.3 32 

0 1.2 1.7 1.5 33 

0 1.1 1.9 1.5 34 

0 1.3 1.9 1.2 34 

0 1.1 1.5 1.0 35 

0 1.0 1.2 0.67 36 

0 1.0 1.6 1.0 37 

0 1.1 1.0 1.0 38 
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0 3.3 1.4 1.0 39 

0 1.3 4.9 0.52 39 

0 1.0 1.0 0.92 40 

0 1.0 1.5 0.81 41 

0 1.4 1.4 0.67 42 

0 1.0 1.1 0.55 43 

0 1.2 0.84 0.70 44 

 

  



9 

 

 

Table B5. Loading data obtained from the 3. experiment with Purolite®S930Plus.  

Loading 

c, mg/L t, min 

Mn Co Ni Cu 

0.010 0.0077 0.012 0.067 1.1 

0 0 0 0.0060 2.2 

0 0.0053 0 0 3.3 

0 0 0.0058 0.0082 4.4 

0.40 0.073 0.067 0.020 5.6 

28 4.7 4.0 0.0090 6.7 

77 16 18 0.055 7.8 

107 27 35 0.0045 8.9 

109 34 44 0 10 

131 47 60 0 11 

139 57 71 0 12 

139 64 77 0.0082 13 

135 141 124 1.4 141 

120 128 119 12 266 

135 143 132 18 297 

146 153 145 36 426 

139 146 140 48 549 

137 143 138 58 671 

138 145 140 69 793 

135 140 136 74 915 

137 142 140 83 1038 

139 144 141 91 1160 

138 144 140 96 1282 

131 135 134 103 1640 

122 128 126 103 1885 

127 133 130 108 2007 

128 133 131 113 2251 

128 133 130 117 2618 

130 134 132 120 2862 

130 135 133 122 2985 

131 135 133 124 3229 

135 139 138 129 3474 

139 143 140 133 3840 

138 142 140 133 3962 

153 156 154 148 4207 

156 161 156 152 4329 

152 156 154 148 4451 

157 163 160 154 4574 

155 159 156 152 4635 

160 165 163 157 4696 
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Table B6. Elution data obtained from the 3. experiment with Purolite®S930Plus.  

Elution 

c, mg/L t, min 

Mn Co Ni Cu 

0 0 0 0.40 0.83 

0 0 0.045 0.71 1.7 

0 0 0 0.53 2.5 

0 0 0 0.80 3.3 

0 0 0 1.3 4.2 

0 0 0 0.34 5.0 

4.0 4.7 9.9 3.7 5.8 

46 62 206 1079 6.7 

61 86 407 9950 7.5 

37 56 328 20385 8.3 

22 35 239 26467 9.2 

14 24 185 28658 10 

6.8 14 123 21944 11 

4.2 9.9 97 16744 12 

2.6 7.7 79 13109 13 

1.3 5.2 62 9048 13 

0.41 4.7 56 7007 14 

0.66 3.6 46 5220 15 

0.44 3.3 45 4084 16 

0.022 2.5 44 3144 17 

0 2.3 41 2597 18 

0 2.1 41 2024 18 

0 1.8 37 1502 19 

1.5 3.4 43 1220 20 

0 1.6 33 937 21 

0 1.3 36 818 22 

0 1.2 30 626 23 

0 1.0 31 519 23 

0 0.73 30 413 24 

0 0.75 24 328 25 

0 0.71 27 281 26 

0 0.79 26 236 27 

0.011 0.72 26 205 28 

0 0.71 23 171 28 

0 0.68 24 151 29 

0 0.58 23 122 30 

0 0.59 24 114 31 

0 0.67 22 89 32 

0 0.65 22 83 33 

0.11 0.79 22 71 33 

0 0.53 23 74 34 

0 0.64 19 55 35 

0 0.61 20 50 36 

0 0.60 20 44 37 

0 0.39 19 85 38 
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0 0.70 18 36 38 

0 0.76 18 32 39 

0 0.54 18 30 40 

0 0.59 17 26 41 

0.16 0.68 17 24 42 

0 0.67 15 21 43 
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Appendix C. Loading, elution and pH data obtained from Lewatit® MDS TP 260 experi-

ments. 

 

Figure C1.  Breakthrough curves, pH graph and elution curves obtained from 1. experiment 

(feed pH = 2, Q= 10 BV/h and T = 60℃) with Lewatit® MDS TP 260. 
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Table C1. Loading data obtained from the 1. experiment with Lewatit® MDS TP 260. 

Loading 

c, mg/L t. min 

Mn Co Ni 

0 0 0 1.1 

0 0 0 2.3 

0.059 0 0 3.4 

0 0 0 4.6 

0 0 0 5.7 

0 0 0 6.9 

0 0.063 1.4 8.0 

0 0.36 5.6 9.1 

0 0.58 8.6 10 

0 0.94 12 11 

0 1.2 15 13 

0 1.6 18 14 

0.036 6.1 45 25 

0 26 90 37 

0 78 150 48 

0.014 85 112 59 

0.074 105 112 70 

0.027 151 148 81 

0.24 117 112 92 

1.1 158 147 115 

4.5 170 157 148 

12 168 157 181 

26 162 152 215 

39 142 133 248 

63 149 140 282 

83 142 135 315 

83 130 126 326 

117 142 135 371 

126 137 132 419 

115 119 117 450 

140 146 140 481 

136 140 135 543 

146 148 143 605 

152 154 148 668 

152 155 150 730 

147 149 144 792 

152 155 149 855 
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Table C2. Elution data obtained from the 1. experiment with Lewatit® MDS TP 260. 

Elution 

c, mg/L t, min 

Mn Co Ni 

0 0 0 0.86 

0 0 0.16 1.7 

0 0 0 2.6 

0 0 0 3.4 

0 0 0 4.3 

0.066 0.092 0 5.1 

0 0.011 0 6.0 

0.35 0.37 0 6.9 

2.5 2.4 1.6 7.7 

7.9 11 11 8.6 

372 441 312 9.4 

9180 2298 1059 10 

10820 346 100 11 

6486 26 7.0 12 

3671 5.6 1.9 13 

2128 2.3 0.91 14 

1198 1.7 0.12 15 

668 1.0 0 15 

361 0.75 0.45 16 

198 0.81 0.26 17 

110 0.76 0.10 18 

61 0.91 0 19 

35 0.72 0 20 

19 0.67 0 21 

20 0.65 0 21 

25 0.67 0 22 

5.4 0.82 0 23 

3.4 0.59 0 24 

2.6 0.66 0 25 

2.1 0.36 0 26 

1.8 0.46 0 27 

1.2 0.44 0 27 

0.81 0.50 0 28 

1.1 0.52 0.31 29 

0.56 0.55 0 30 

0.66 0.66 0 31 

0.67 0.71 0.41 32 

0.67 0.73 0.0064 33 

0.088 0.60 0 33 

0.77 0.71 0 34 

0.56 0.56 0.54 35 

0.41 0.63 0.20 36 

0.54 0.65 0 37 

0.72 0.63 0 38 

0.22 0.59 0 39 
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0.19 0.41 0 39 

0.70 0.48 0 40 

0.23 0.84 0 41 

1.8 0.56 0 42 

0.23 0.60 0 43 
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Table C3. Loading data obtained from the 2. experiment with Lewatit® MDS TP 260. 

Loading 

c, mg/L t, min 

Mn Co Ni 

0 0 0 1.1 

0 0 0 2.3 

0 0 0 3.4 

0 0 0 4.6 

0 0 0.030 5.7 

0.0050 0 0 6.9 

0.11 0.074 1.7 8.0 

0 0.43 8.1 9.1 

0 1.6 18 10 

0 3.8 33 11 

0 6.8 46 13 

0 12 65 14 

0 84 134 23 

0 111 125 30 

0.070 128 127 38 

0.45 130 125 45 

1.3 136 130 52 

2.3 129 124 59 

4.2 133 126 66 

6.7 137 131 73 

10 135 129 80 

14 139 132 88 

19 138 132 95 

25 137 131 102 

32 139 133 109 

37 131 127 116 

47 139 135 123 

51 130 125 130 

61 132 129 138 

72 141 138 145 

72 128 125 152 

84 124 121 167 

96 128 124 180 

105 127 124 193 

109 125 121 206 

116 128 124 219 

116 125 122 232 

119 126 123 245 

122 128 124 259 

119 123 120 272 

122 125 122 285 

128 130 128 298 

124 126 124 311 

120 122 120 324 
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Table C4. Elution data obtained from the 2. experiment with Lewatit® MDS TP 260. 

Elution 

c, mg/L t, min 

Mn Co Ni 

0 0.030 0 0.86 

0 0 0 1.7 

0 0 0.065 2.6 

0 0 0.17 3.4 

0 0 0 4.3 

0 0 0 5.1 

0 0 0.047 6.0 

0 0.19 0 6.9 

0 0.54 0.29 7.7 

0 0 0.0090 8.6 

471 489 294 9.4 

3677 832 330 10 

4139 120 28 11 

3082 11 1.7 12 

2177 1.6 0.38 13 

1462 0.66 0 14 

923 0.39 0.15 15 

651 0.28 0.29 15 

406 0.29 0 16 

261 0.075 0.047 17 

156 0.14 0 18 

98 0.065 0.33 19 

63 0.19 0.029 20 

35 0.11 0 21 

20 0.10 0 21 

12 0 0.17 22 

7.5 0 0.14 23 

4.3 0.0050 0.38 24 

2.5 0.035 0 25 

1.2 0 0.065 26 

0.97 0.040 0 27 

0.61 0.065 0.1 27 

0.30 0.055 0 28 

0.40 0 0 29 

0 0 0 30 

0.026 0.020 0.047 31 

0 0 0 32 

0.0065 0 0 33 

0 0 0 33 

0.036 0.020 0 34 

0 0.079 0.012 35 

0.056 0.045 0 36 

0 0 0 37 

0 0 0 38 

0 0 0 39 
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0 0 0 39 

0 0 0 40 

0 0 0.17 41 

0 0 0 42 

0 0.0099 0 43 
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Figure C2.  Breakthrough curves, pH graph and elution curves obtained from 3. experiment 

(feed pH = 1.5, Q = 20 BV/h and T = 60℃) with Lewatit® MDS TP 260.  
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Table C5. Loading data obtained from the 3. experiment with Lewatit® MDS TP 260. 

Loading 

c, mg/L t, min 

Mn Co Ni 

0 0.0045 0 0.27 

0 0 0 0.54 

0 0 0.0082 0.79 

0 0.0030 0 1.1 

0 0 0 1.3 

0 0 0 1.9 

0 0 0.0029 2.4 

0.0095 0.0094 0.29 3.0 

0 1.1 8.2 3.6 

0 5.9 26 4.1 

0 13 44 4.7 

0 21 59 5.3 

0 38 92 5.8 

0 54 118 6.4 

0.021 62 124 7.0 

0.13 72 131 7.5 

0.20 79 136 8.1 

0.38 85 135 8.7 

4.5 140 149 15 

8.5 145 144 19 

14 154 150 22 

20 156 149 26 

26 155 148 29 

30 143 138 33 

39 155 150 36 

50 146 140 44 

60 152 146 47 

65 150 145 51 

73 152 148 54 

80 151 146 58 

89 157 151 61 

91 150 145 65 

116 158 153 79 

111 146 141 83 

115 145 140 86 

121 148 144 90 

120 140 138 97 

120 135 131 104 

118 130 127 111 

126 136 132 117 

123 132 127 124 

127 134 130 130 

127 133 130 137 

127 132 128 143 

133 138 134 150 
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119 125 122 157 

126 130 127 163 

126 128 125 170 
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Table C6. Elution data obtained with 1 M H2SO4 (Q = 10 BV/h and T = 60℃). 

Elution 

c, mg/L t, min 

Mn Co Ni 

0 0 0 0.86 

0 0 0.15 1.7 

0 0 0 2.6 

0 0.040 0 3.4 

0 0.0099 0 4.3 

0 0.0050 0 5.1 

0 0 0.012 6.0 

0 0.035 0 6.9 

0 0.48 0.77 7.7 

41 78 58 8.6 

1517 790 410 9.4 

4437 417 136 10 

3512 31 6.3 11 

2361 3.5 0.79 12 

1529 1.1 0.45 13 

984 0.71 0.79 14 

625 0.28 0 15 

371 0.33 0 15 

216 0.20 0.14 16 

127 0 0 17 

72 0.13 0 18 

41 0 0 19 

23 0.16 0.082 20 

13 0 0.10 21 

7.1 0 0 21 

3.5 0.0050 0 22 

1.9 0 0 23 

1.1 0 0 24 

0.25 0 0.029 25 

0 0 0 26 

0 0 0 27 

0 0.055 0 27 

0 0 0.10 28 

0 0 0 29 

0 0 0.029 30 

0 0 0 31 

0 0.030 0.44 32 

0 0 0 33 

0 0 0 33 

0 0 0 34 

0 0 0 35 

0 0 0 36 

0 0 0.29 37 

0 0 0 38 

0 0 0.19 39 
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0 0 0 39 

0 0 0 40 

0 0.020 0 41 

0 0 0 42 

0 0.0099 0 43 
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Figure C3.  Breakthrough curves, pH graph and two-step elution curves obtained from 4. 

experiment (feed pH = 1.5, Q = 10 BV/h and T = 25℃) with Lewatit® MDS TP 260. 
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Table C7. Loading data obtained from the 4. experiment with Lewatit® MDS TP 260.  

Loading 

c, mg/L t, min 

Mn Co Ni 

0 0 0 2.3 

0 0.012 0 3.4 

0.037 0.018 0 4.6 

0.0070 0.018 0.0056 5.7 

0.053 0.092 0.37 6.9 

0.037 3.0 13 8.0 

0.0030 14 43 9.1 

0.041 28 69 10 

0.072 45 89 11 

0.12 67 115 13 

0.21 80 119 14 

3.6 125 126 22 

7.5 110 108 30 

14 119 117 37 

22 119 118 44 

30 121 119 51 

42 128 127 58 

50 124 123 65 

61 132 129 72 

71 133 132 80 

75 123 121 87 

82 123 120 94 

91 129 127 101 

99 132 130 108 

109 136 135 115 

111 135 133 122 

112 129 128 130 

120 137 135 137 

122 135 134 144 

111 122 120 151 

115 123 122 158 

120 128 127 165 

113 120 119 172 

119 125 123 180 

123 128 127 187 

117 122 121 194 

118 123 122 201 

115 120 118 208 

123 126 125 215 

124 128 127 222 
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Table C8. Elution data obtained with 2 M H2SO4 (Q = 10 BV/h and T = 25℃) (Two-step 

elution). 

Elution 

c, mg/L t, min 

Mn Co Ni 

0.16 0.074 0.071 21 

0.13 0.085 0.020 22 

0.17 0.11 0.083 23 

0.26 0.20 0.18 24 

1.8 0.38 0.27 25 

0.60 0.45 0.41 26 

0.80 0.65 0.52 27 

1.1 0.84 0.72 27 

4.7 6.9 6.6 28 

145 129 85 29 

1111 276 128 30 

1871 119 40 31 

1641 27 7.2 32 

1335 6.8 1.6 33 

954 1.7 0.49 33 

727 0.63 0.19 34 

516 0.30 0.18 35 

359 0.19 0.081 36 

253 0.13 0.094 37 

180 0.12 0.82 38 

122 0.089 0.067 39 

92 0.077 0.079 39 

61 0.061 0.050 40 

43 0.040 0.035 41 

31 0.049 0.039 42 

23 0.031 0.035 43 

16 0.040 0.035 44 

11 0.051 0.050 45 

7.7 0.040 0.077 45 

5.9 0.088 0.0077 46 

4.4 0.034 0.043 47 

3.3 0.026 0.018 48 

2.5 0.015 0.054 49 

1.8 0.015 0.010 50 

1.6 0.015 0 51 

1.3 0.028 0 51 

0.89 0.038 0 52 

0.82 0.036 0 53 

0.77 0.015 0.014 54 

0.65 0.027 0 55 

0.47 0.021 0 56 

0.52 0.0080 0 57 

28 1.8 0.60 57 
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0.36 0.025 0.071 58 

0.40 0.026 0.014 59 

0.36 0.033 0 60 

0.34 0.043 0.041 61 

0.34 0.024 0.058 62 

0.22 0.015 0.016 63 

0.22 0.027 0.014 63 

 

  



17 

 

 

Table C9.  Elution data obtained with diluted H2SO4 at pH = 1 (Q = 10 BV/h and T = 60℃) 

(Two-step elution). 

Elution 

H2SO4 (pH = 1) 

c, mg/L t, min 

Mn Co Ni 

0 0 0 0.86 

0 0 0 1.7 

0 0 0 2.6 

0 0 0 3.4 

0 0 0 4.3 

0 0 0 5.1 

0 0 0 6.0 

0 0 0 6.9 

0.20 0.074 0.12 7.7 

0.38 0.25 1.1 8.6 

0.40 0.26 0.26 9.4 

0.25 0.26 7.2 10 

0.31 0.20 0.19 11 

0.35 0.47 0.56 12 

3.6 8.7 9.7 13 

19 40 39 14 

66 106 90 15 

101 139 108 15 

154 193 136 16 

166 185 111 17 

202 199 98 18 

208 171 68 19 

223 146 34 20 

226 110 15 21 
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Table C10. Elution data obtained with 2 M H2SO4 (Q= 10 BV/h and T = 60℃) (Two-step 

elution). 

Elution 

c, mg/L t, min 

Mn Co Ni 

201 21 0.44 21 

190 13 0 22 

196 7.5 0.16 23 

191 4.7 0.48 24 

187 3.0 3.9 25 

191 1.2 1.7 26 

223 0.85 0.0 27 

242 0.14 0.0 27 

311 0 0.0 28 

645 0 0.074 29 

3203 0 0 30 

3982 0 0 31 

2784 0 0 32 

1762 0 0 33 

1108 0 0 33 

640 0 0 34 

388 0 0 35 

203 0 0 36 

112 0 0 37 

63 0 0 38 

34 0 0 39 

19 0 0 39 

9.4 0 0 40 

5.2 0 0 41 

2.0 0 0 42 

0.88 0 0 43 

0.15 0 0 44 

0 0 0 45 

0 0 0 45 

0 0 0 46 

0 0 0 47 

0 0 0 48 

0 0 0 49 

0 0 0 50 

0 0 0 51 

0 0 0 51 

0 0 0 52 

0 0 0 53 

0 0 0 54 

0 0 0 55 

0 0 0 56 

0 0 0 57 

0 0 0 57 
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0 0 0 58 

0 0 0 59 

0 0 0 60 

0 0 89 61 

0 0 0 62 

0 0 0 63 

0 0 0 63 
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Appendix D. Loading, elution and pH data obtained from Lewatit® MDS TP 220 experi-

ments. 

Table D1. Loading data obtained from the 1. experiment (feed pH = 1.5, Q = 10 BV/h and 

T = 60℃) with Lewatit® MDS TP 220. 

Loading 

c, mg/L t, min 

Co Ni 

0 0 1.1 

0 0.040 2.3 

0 0.022 3.4 

0 0.26 4.6 

0 0.026 5.7 

0 0.0095 6.9 

0 0 8.0 

0 0 10 

0 0 11 

0 0 13 

0 0 14 

0 0 15 

0 0 16 

0 0 17 

0 0 18 

0 0 19 

0 0 21 

0 0 22 

0 0 23 

0 0 24 

0 0 25 

0 0 26 

0 0 27 

0 0 35 

0 0 43 

0 0 50 

0 0 57 

0 0 64 

0.070 0 71 

0.19 0 78 

0.45 0 85 

0.72 0 93 

1.2 0 100 

2.1 0 107 

3.5 0 114 

5.7 0 121 

7.7 0 128 

11 0 135 

15 0 143 



2 

 

 

22 0 150 

28 0 157 

36 0 164 

42 0 171 

51 0 178 

57 0 185 

66 0 193 

73 0 200 

104 0 207 

132 0 214 

131 0 221 

134 0 228 

137 0 235 

136 0 243 

138 0.048 250 

139 0.014 284 

137 0.14 315 

134 0.30 346 

144 0.51 377 

132 0.82 408 

141 1.3 439 

139 1.9 471 

129 2.9 502 

144 4.8 533 

130 6.5 564 

128 8.8 595 

137 13 626 

135 18 657 

131 23 689 

134 31 720 

126 37 751 

125 45 782 

128 55 813 

122 61 844 

119 67 875 

120 77 907 

124 86 938 

127 109 1062 

137 121 1093 

135 121 1125 

131 120 1156 

134 123 1187 
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Table D2. Elution data obtained from the 1. experiment with Lewatit® MDS TP 220. 

Elution 

c, mg/L t, min 

Co Ni 

1.0 32 0.86 

0.11 26 1.7 

0.26 25 2.6 

0.34 26 3.4 

0.11 26 4.3 

0.038 22 5.1 

0.038 20 6.0 

0 21 6.9 

0.062 20 7.7 

8.1 150 8.6 

58 2132 9.4 

181 12569 10 

106 20701 11 

47 18434 12 

33 12628 13 

25 7431 14 

21 4912 15 

15 3125 15 

14 2596 16 

10 1991 17 

9.3 1673 18 

7.2 1374 19 

5.6 1152 20 

6.0 1147 21 

4.7 1007 21 

4.6 889 22 

3.9 833 23 

3.3 745 24 

2.8 707 25 

2.4 649 26 

2.0 595 27 

1.8 560 27 

2.0 527 28 

1.6 499 29 

0.72 465 30 

0.92 438 31 

0.78 435 32 

0.59 416 33 

0.36 348 33 

0.28 353 34 

0.70 365 35 

0.60 380 36 

0.90 329 37 

0.28 306 38 

0 284 39 
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0.15 271 40 

0.044 255 41 

0 269 42 

0 245 43 

0 267 44 

0 254 45 

0 242 45 

0 238 46 

0 234 47 

0 220 48 

0 221 49 

0 215 50 

0 205 51 

0 203 51 
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Figure D1. Breakthrough curves, pH graph and elution curves obtained from 2. experiment 

(feed pH = 1.5, Q = 10 BV/h and T = 25℃) with Lewatit® MDS TP 220. 

 

 

 

 

 

 

  



6 

 

 

Table D3. Loading data obtained from the 2. experiment with Lewatit® MDS TP 220. 

Loading 

c, mg/L t, min 

Co Ni 

0 0 1.1 

0 0 3.4 

0 0 5.7 

0 0 8.0 

0 0 10 

0 0 13 

0.41 0 22 

106 4.2 36 

126 6.6 50 

130 8.2 64 

134 12 98 

134 17 129 

134 21 160 

131 25 191 

123 28 223 

107 31 254 

110 35 285 

115 40 316 

109 42 347 

112 48 378 

109 52 409 

114 62 472 

105 63 534 

108 72 596 

111 78 659 

115 84 721 

111 85 783 

114 91 845 

114 94 908 

105 89 970 

112 96 1032 

115 99 1095 

121 107 1157 

122 107 1219 

112 101 1250 

 

  



7 

 

 

Table D4. Elution data obtained from the 2. experiment with Lewatit® MDS TP 220. 

Elution 

c, mg/L t, min 

Co Ni 

0.93 22 0.86 

0.85 19 1.7 

0 16 2.6 

0 15 3.4 

0 15 4.3 

0 13 5.1 

0 14 6.0 

0 13 6.9 

0.21 42 7.7 

106 1429 9.4 

143 3467 10 

68 4514 11 

34 3870 12 

19 2954 13 

13 2482 14 

9.0 2015 15 

7.1 1728 15 

4.6 1447 16 

4.1 1366 17 

2.9 1166 18 

2.5 1080 19 

1.3 971 20 

0.74 904 21 

0.34 784 21 

0.77 792 22 

0.32 720 23 

0 710 24 

0 621 25 

0 623 26 

0 593 27 

0 593 27 

0 565 28 

0 529 29 

0 504 30 

0 489 31 

0 438 32 

0 459 33 

0 415 33 

0 367 34 

0 385 35 

0 351 36 

0 318 37 

0 327 38 

0 285 39 

0 297 39 
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0 283 40 

0 257 41 

0 266 42 

0 267 43 

0 245 44 

0 238 45 

0 232 45 

0 209 46 

0 208 47 

0 205 48 

0 207 49 

0 204 50 

0 195 51 

0 199 51 
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Figure D2. Breakthrough curves and pH graph obtained from 3. experiment (feed pH = 1.5, 

Q= 20 BV/h and T = 60℃) with Lewatit® MDS TP 220. 
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Table D5. Loading data obtained from the 3. experiment with Lewatit® MDS TP 220. 

Loading 

c, mg/L t, min 

Co Ni 

0.17 1.7 1.7 

0.051 0.64 3.4 

0.024 0.40 5.1 

0.019 0.31 6.9 

30 1.7 18 

58 1.8 29 

75 2.0 40 

98 2.3 50 

114 3.0 61 

116 3.2 72 

111 4.2 83 

117 5.4 93 

115 6.3 104 

123 8.1 115 

121 9.8 125 

126 16 156 

120 21 181 

117 27 206 

117 34 232 

120 44 257 

119 52 282 

113 58 307 

116 67 332 

107 67 357 

116 81 382 

112 84 408 

110 88 433 

111 94 458 

114 99 483 

113 103 521 

121 110 546 

117 107 571 

117 110 596 

114 106 609 
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Table D6.  Elution data obtained with diluted H2SO4 at pH = 1 (Q = 10 BV/h and T = 60℃) 

(Two-step elution). 

Elution 

c, mg/L t, min 

Co Ni 

2.3 19 0.86 

1.9 18 1.7 

1.7 16 2.6 

1.7 16 3.4 

1.7 15 4.3 

1.8 16 5.1 

1.8 16 6.0 

1.6 14 6.9 

1.7 15 7.7 

1.6 14 8.6 

1.5 14 9.4 

1.4 13 10 

1.4 13 11 

1.3 12 12 

1.4 12 13 

1.4 12 14 

1.3 11 15 

1.3 12 15 

1.3 11 16 

1.3 12 17 

1.3 11 18 

1.2 10 19 
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Table D7. Elution data obtained with 2 M H2SO4 (Q = 10 BV/h and T = 60℃) (Two-step 

elution). 

Elution 

c, mg/L t, min 

Co Ni 

1.6 13 20 

1.7 12 21 

2.1 13 21 

3.7 14 22 

6.4 15 23 

13 25 24 

22 47 25 

33 109 26 

49 525 27 

154 4552 27 

208 19443 28 

55 25502 29 

22 17785 30 

13 9906 31 

10 6025 32 

7.2 3996 33 

5.5 2842 33 

4.8 2342 34 

3.8 1872 35 

2.7 1527 36 

2.4 1398 37 

2.3 1250 38 

2.0 1045 39 

1.7 976 39 

1.6 870 40 

1.4 797 41 

1.2 742 42 

1.3 733 43 

1.4 645 44 

1.1 636 45 

0.92 593 45 

0.85 554 46 

1.00 515 47 

0.77 492 48 

0.86 456 49 

0.53 422 50 

0.51 384 51 

0.73 406 51 

0.54 397 52 

0.63 335 53 

0.32 321 54 

0.43 302 55 

0.55 289 56 
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0.50 305 57 

0.36 286 57 

0.22 270 58 

0.28 273 59 

0.36 269 60 

0.73 244 61 

0.37 238 62 

0.26 234 63 

0.33 225 63 

0.28 223 64 

0.27 208 65 

0.10 202 66 

0.11 176 67 

0.28 173 68 

0.24 184 69 

0.24 176 69 

0.20 179 70 
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Figure D3. Breakthrough curves, pH graph and elution curves obtained from 3. experiment 

(feed pH = 2.5, Q = 10 BV/h and T = 60℃) with Lewatit® MDS TP 220. 
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Table D8. Loading data obtained from the 4. experiment with Lewatit® MDS TP 220. 

Loading 

c, mg/L t, min 

Co Ni 

0 0 3.4 

0 0 6.9 

0 0 10 

0.14 0.12 14 

0 0.019 35 

0 0 57 

0 0.0042 78 

0.0041 0 100 

0.0019 0 121 

0.0041 0.012 143 

0.0019 0 164 

0.0026 0.017 185 

0.017 0 207 

0.0055 0.0268 228 

0.017 0 250 

0.64 0.044 288 

10 0.019 350 

30 0.037 413 

69 0.037 475 

112 0.19 537 

146 0.40 600 

175 0.79 662 

185 1.8 755 

193 6.5 880 

189 13 942 

176 25 1036 

179 47 1129 

151 56 1222 

145 73 1316 

148 94 1409 

132 95 1503 

124 99 1596 

135 102 1658 

132 106 1690 
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Table D9. Elution data obtained from the 4. experiment with Lewatit® MDS TP 220. 

Elution 

c, mg/L t, min 

Co Ni 

61 95 1.7 

60 99 2.6 

56 93 3.4 

53 90 4.3 

51 98 5.1 

47 93 6.0 

63 151 6.9 

251 1473 7.7 

386 3273 8.6 

1265 22551 9.4 

1127 26514 10 

1174 26981 11 

837 23013 12 

389 15178 13 

224 9623 14 

149 6290 15 

80 4389 15 

36 2730 16 

29 2339 17 

17 1666 18 

9.8 1194 19 

11 1167 20 

10 1010 21 

7.2 854 21 

4.5 688 22 

4.4 603 23 

2.7 490 24 

2.6 455 25 

2.5 424 26 

2.1 384 27 

1.6 341 27 

1.8 347 28 

1.8 317 29 

1.6 305 30 

1.5 298 31 

1.3 278 32 

1.5 279 33 

1.2 258 33 

1.3 242 34 

1.2 245 35 

0.97 238 36 

0.84 240 37 

1.1 224 38 

0.97 222 39 

0.81 201 39 
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0.78 209 40 

0.56 199 41 

0.68 202 42 

0.87 212 43 

0.74 187 44 

0.65 187 45 

0.77 189 45 

0.53 173 46 

0.88 182 47 

0.72 170 48 

0.60 163 49 

0.49 155 50 

0.65 149 51 

6.3 150 51 

0.38 139 52 

0.40 145 53 

0.38 128 54 

0.36 127 55 

1.2 122 56 

0.28 124 57 

0.19 114 57 

0.17 112 58 

0.22 102 59 

0.28 106 60 

0.24 107 61 

0.10 107 62 

0.095 107 63 

0.50 104 63 

0.29 102 64 

0.28 101 65 

0.39 100 66 

0.063 95 67 

0 97 68 

0 92 69 

0.10 86 69 

0.38 89 70 

0.13 80 71 

0.24 86 72 

0.27 77 73 

0.11 73 74 

0.18 77 75 

0 77 75 

0 76 76 
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