
 

 

 

 

 

 

 

 

 

 

SELECTIVE SOLVENT EXTRACTION OF LITHIUM FROM ALKALINE 

INDUSTRIAL WASTEWATERS USING SYNERGISTIC β-DIKETONE/ 

NEUTRAL ORGANOPHOSPHATE OXIDE EXTRACTION SYSTEM 

 

 

 

 

Lappeenranta–Lahti University of Technology LUT 

Master’s Programme in Chemical Engineering, Master’s Thesis 

2023 

Ville Hamara 

1st examiner:  Docent, Associate Professor, Sami Virolainen, 

D.Sc. (Tech.) 

2nd examiner and supervisor: Post-doctoral Researcher, Manivannan Sethurajan, 

D.Sc. (Tech.)  



 

 

ABSTRACT 

Lappeenranta–Lahti University of Technology LUT 

LUT School of Engineering Science 

Chemical Engineering 

Ville Hamara 

 

Selective solvent extraction of lithium from alkaline industrial wastewaters using 

synergistic β-diketone/ neutral organophosphate oxide extraction system 

 

Master’s thesis in Chemical Engineering 

2023 

85 pages, 33 figures,14 tables, and 1 appendix. 

Examiners: Docent, Associate Professor, Sami Virolainen, D.Sc. (Tech.) and Post-doctoral 

Researcher, Manivannan Sethurajan, D.Sc. (Tech.) 

Supervisor: Post-doctoral Researcher, Manivannan Sethurajan, D.Sc. (Tech.) 

 

Keywords: lithium, liquid-liquid extraction, solvent extraction, wastewater, HBTA, TOPO 

 

Lithium (Li) is one of the most used metals in the modern world finding uses in wide range 

of industries such as electric vehicles, batteries, and other electronic devices, ceramics and 

glass, pharmaceutics, and lubricants manufacturing industries. The demand for lithium has 

increased exponentially mainly due to the rapid increase of electric vehicles manufacturing. 

Lithium is needed in large amounts as a cathode material for Li-ion batteries providing a 

power source for the vehicles. In addition to extracting lithium from primary resources,  it is 

important to recognise and utilise secondary lithium resources (e.g., lithium containing 

industrial wastewaters), in order to meet the growing demand 

The aim of this thesis is to selectively extract lithium by solvent extraction system under 

alkaline conditions. A synergistic extraction system consisting of a β-diketone and a neutral 

organophosphate oxide was chosen and two different industrial wastewaters were used as 

the secondary raw material streams. 

The equilibrium behaviour of the extraction system was studied by varying different process 

parameters such as (i) pH, (ii) temperature and (iii) phase ratio. Scrubbing and stripping were 

also studied with different reagents. In addition, the synergistic effect of the two extractants 

was studied by changing the ratio of these two compounds. The results revealed that the 

extraction system selectively recovers Li over a wide range of pH and temperature in the 

presence of large amounts of other alkali metals. This synergistic lithium extraction system 

shows great potential in extracting lithium effectively from different kinds of wastewaters.  
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Litium (Li) on yksi modernin maailman hyödyllisimmistä metalleista löytäen 

käyttötarkoituksia monelta teollisuuden alalta, kuten sähköajoneuvojen, muiden akkujen, 

keramiikan ja lasin, lääkeaineiden, sekä voiteluaineiden valmistuksesta. Litiumin kysyntä on 

kasvanut eksponentiaalisesti johtuen pääosin sähköajoneuvojen valmistuksen nopeasta 

lisääntymisestä. Litiumia tarvitaan suurissa määrin sähköajoneuvojen voimanlähteenä 

toimivien akustojen katodimateriaalina. Primäärilähteistä louhinnan lisäksi, on tärkeää 

tunnistaa ja ottaa käyttöön sekundäärisiä lähteitä, kuten teollisuuden jätevesiä, joista litiumia 

voidaan talteenottaa, jotta pystytään vastaamaan litiumin valtaisaan kysyntään. 

Tämän tutkimuksen tavoitteena on talteenottaa selektiivisesti litiumia käyttäen neste-

nesteuuttoa emäksisissä olosuhteissa. Synergistinen uuttosysteemi, joka muodostuu β-

diketonista ja neutraalista organofosfaatti oksidista valittiin uuttoreagenssiksi ja kahta 

erilaista jätevettä käytettiin sekundäärisenä materiaalivirtana. 

Uuttosysteemin tasapainokäyttäytymistä tutkittiin muuttamalla prosessin olosuhteita, kuten 

(i) pH:ta, (ii) lämpötilaa ja (iii) orgaanisen sekä vesifaasin suhdetta. Myös orgaanisen faasin 

pesua ja takaisinuuttoa tutkittiin eri reagensseilla. Viimeisenä, uuttoreagenssien synergististä 

vaikutusta tutkittiin muuttamalla näiden yhdisteiden suhdetta. Tulokset paljastivat, että 

uuttosysteemi talteenottaa selektiivisesti litiumia laajalla pH- ja lämpötila-alueella kun 

syöttöliuoksessa on suuret määrät muita alkalimetalleja. Tämä synergistinen litiumin 

uuttosysteemi vaikuttaa lupaavalta litiumin selektiivisessä uutossa erilaisista jätevesistä. 
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SYMBOLS AND ABBREVIATIONS 

 

Roman characters 

𝑏𝐵̅ solvating extractant   [-] 

Co concentration of metal in the organic phase  [ppm or g/L] 

Ca concentration of metal in the aqueous phase  [ppm or g/L] 

D distribution coefficient   [-] 

D’ stripping coefficient   [-] 

E extraction percent   [%] 

E’ stripping percent   [%] 

𝐻𝐿̅̅ ̅̅  acidic extractant before loading  [-] 

𝐻+ proton    [-] 

𝑀𝐿𝑛
̅̅ ̅̅ ̅̅  acidic extractant after loading  [-] 

𝑀𝑛+ metal cation    [-] 

𝑀𝑋𝑛𝐵𝑏
̅̅ ̅̅ ̅̅ ̅̅ ̅ solvating extractant metal complex with an  

 inorganic anion   [-] 

SC synergism factor   [-] 

Vo volume of the organic phase   [L] 

Va volume of the aqueous phase   [L] 

𝑋− inorganic anion   [-] 

 

Greek characters 

β separation factor   [-] 

ηA hardness parameter   [-] 



 

 

Abbreviations 

Aliquat 336  Trioctylmethylammonium chloride 

CE  Crown ether 

Cyanex 272  Bis-(2, 4, 4-trimethylpentyl) phosphinic acid 

Cyanex 923  Commercial trialkylphosphine oxide mixture extractant 

Cyphos IL 101   Trihexyl(tetradecyl)phosphonium chloride 

Cyphos IL 109 Trihexyl(tetradecyl)phosphonium bis(trifluoromethanesulfonyl) 

amide 

DB14C4  Dibenzo-14-crown-4 ether 

DIMP  Di-iso-octyl methylphosphonat 

DMP  Dimethyl phthalate 

DPOP  Diphenyl isooctyl phosphate  

D2EHPA  Di-(2-ethylhexyl)phosphoric acid 

HSAB  Hard soft acid base 

Exxsol D80  Commercial hydrocarbon solvent 

HBNA  1-benzoyl-2-nonanone 

HBTA Benzoyl-1,1,1-trifluoroacetone/ 4,4,4-trifluoro-1-phenyl-1,3-

butadione 

HEHEP  2-ethylhexyl hydrogen-2-ethylhexylphosphonate 

HTTA  Thenoyltrifluoroacetone 

IL  Ionic liquid 

LIB  Lithium-ion battery 

LIX 54  Commercial β-diketone extractant 

LLE  Liquid-liquid extraction 

MEHPA  2-ethylhexyl-phosphonic acid 2-ethylhexyl ester 



 

 

MIBK  Methyl-iso-butyl ketone 

MTBE  Methyl-tertbutyl ether 

N523  N,N-bis(2-ethylhexyl)actamide 

PHPD  1-phenyl-3-heptyl-1,3-propanedione 

PTFE  Polytetrafluoroethylene 

P204  Hexafluorophosphoric acid 

P507  2-ethylhexyl phosphate mono 2-ethylhexyl ester 

RTIL  Room temperature ionic liquid 

ShellSol D70  Aliphatic hydrocarbon with C11-C14 paraffins and napthenes 

SX  Solvent extraction 

SXX  Synergistic solvent extraction 

TBP  Tri-butyl-phosphate 

TIBP  Triisobutyl phosphate  

TIBPP  Tris(isobutylphenyl) phosphate  

TOP  Tri-octyl-phosphate 

TOPO  Trioctylphosphine oxide 

TPPO  Tri-phenyl-phosphine oxide 

TRPO  Trialkyl phosphine oxide 

TRPO  Trialkylphosphine oxide  

TTA  Thenoyltrifluoroacetone 

VOC  Volatile organic compound 

[C2mim][NTf2] 1-ethyl-3-methylimidazolium bis-trifluoro-methylsulfonimide 

[C4mim][NTf2] 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) 

imide 

[C4mim][PF6] 1-butyl-3-methyl-imidazolium hexafluorophosphate 



 

 

[C6mim][PF6] 1-hexyl-3-methylimidazolium hexafluorophosphate 

[Na][NTf2]  Sodium bis(trifluoromethylsulfonyl) imide 

[N444][EHEHP] 2-ethylhexyl hydrogen-2-ethylhexylphosphonate 

[N444][Cl]  Tetrabutylammonium chloride 

[Omim][Cl]  3-methyl-1-octylimidazolium chloride 

[Omim][NTf2] 3-methyl-1-octylimidazolium bis(trifluoromethylsulfonyl) 

imide 

[Omim][TTA] 3-methyl-1-octylimidazolium thenoyltrifluoroacetone
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1  Introduction 

In 2018, European Commission (EC) set a goal for a climate neutral European Union (EU). 

The aim for EU is to become an economy with net-zero greenhouse gas emissions by 2050 

(European Commission, 2023a). One major part for achieving this goal is the agreement that 

all new cars and vans registered in Europe after 2035 must be zero-emission vehicles 

(European Commission, 2023b). This decision will fuel the already fast growing production 

of electric vehicles. Because lithium (Li) is an irreplaceable part of electric vehicles batteries, 

its production will also continue increasing.  

Due to its importance in modern technology (e.g.  lithium-ion batteries) and only minor 

primary resources located in continental Europe, the European Commission has listed 

lithium as one of the critical raw materials for the EU (European Commission, 2023c). In 

order to tackle the lithium supply risk, it is important to recognise possible secondary lithium 

resources and engineer efficient extraction methods for lithium from the below mentioned 

secondary resources. 

Several secondary resources have been recognized as increasingly valuable sources of 

lithium. Lithium solvent extraction has been studied with different extraction systems from 

spent lithium-ion batteries (LIBs) (Fraz, et al., 2022), LIB recycling effluents (Zhang, et al., 

2020a), battery leachate (Wesselborg, et al., 2021), LiOH production by-product (Zhang, et 

al., 2022a), Li2CO3 productions mother liquor (Wang, et al., 2019), and boron industry 

wastewater (Çelebi, et al., 2019).  

In this study, the main research question was “How to implement solvent extraction on two 

different wastewaters in order to selectively extract lithium?” This spawned follow up 

questions e.g. “What extractants to use on selective lithium solvent extraction from alkaline 

industrial wastewaters?” The objective for this research was to answer these questions and 

come up with a selective solvent extraction method to extract lithium from two anonymous 

industrial wastewaters provided by our collaborators. The literature part discusses lithium in 

general and reviews the possible extraction methods for lithium solvent extraction. The 

experimental part presents and discusses the results of batch equilibrium experiments 

conducted on a laboratory scale as well as compares the results to existing literature.  
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2  Lithium - Applications, availability, production, and process 

Lithium was discovered in 1817 by a Swedish chemist Johan August Arfvedson. The name 

“Lithium” is derived from the Greek word “lithos” which means stone (Royal Society of 

Chemists, 2023). This chapter discusses the physical and chemical properties of lithium as 

well as its resources, production, and most used applications. 

Lithium is a soft silvery-white metal belonging to alkali metal group on the periodic table of 

elements. Its atomic number is 3 and atomic mass 6.941 g/mol. Lithium’s density is only 

0.53 g/cm3 at 20 ℃ which makes it the lightest metal in existence while being also the 

lightest of all solid elements in room temperature. Lithium has a very low melting point of 

180.54 ℃ compared to its boiling point of 1342 ℃. Like other metals in the alkali metal 

group, lithium is highly reactive, thus it is not occurring in its metallic form in nature 

(Nordberg, et al., 2014, p. 970). Electrochemically, lithium has a very high standard potential 

of -3.04 V (Haynes, et al., 2014, p. 5—80). 

Lithium is the 25th most abundant element in earth’s crust at 20 mg/kg. (Meshram, et al., 

2014). It is primarily produced from lithium containing pegmatite-minerals such as 

spodumene, and lithium-bearing salt lake brines. Other lithium sources with less commercial 

value are geobrines and lithium containing clays. In addition to these resources, small 

amounts of lithium minerals also occur in quartz veins, granite, sandstones, lithium-rich 

volcanic glass, and lithium-rich borates (United States Bureau of Mines, 1985, pp. 462-463). 

Sea water might become a new possible lithium resource in the future. Lithium concentration 

in sea water ranges from 0.1 ppm to 0.22 ppm depending on the area (Choubey, et al., 2017). 

Sea water isn’t usually included in the lithium resource calculations. 

According to U.S. Geological Survey (2023) identified primary lithium resources have 

substantially increased due to continuing exploration. It was estimated that global lithium 

resources would be about 98 million tonnes. In comparison, worldwide lithium resources 

were estimated to be 39.5 million tonnes in 2013 (U.S. Geological Survey, 2016). Most of 

the lithium resources are distributed between Bolivia, Argentina, United States, Chile, 

Australia, and China. These countries together hold over 80% of the identified lithium 

resources. Every country with more than a million tons of identified lithium resources have 

been presented in Figure 1. 
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Figure 1. Countries with lithium resources exceeding a million tonnes. Darker colour 

indicates more lithium resources (U.S. Geological Survey, 2023). 

 

It is estimated that lithium containing brines make up 66% of the world’s lithium resources, 

pegmatite minerals 26% and sedimentary rocks 8%, respectively. Major part of the lithium-

bearing brines is located in South America. More precisely in the salt lakes of Argentina, 

Bolivia, and Chile (Meshram, et al., 2014). 

Lithium production had been increasing steadily at the beginning of 21st century. Only in the 

last ten years the production has been increasing on a very fast pace. This can be connected 

to the rising popularity of electric vehicles including electric cars, -bikes and other electric 

powered vehicles.  The evolution of lithium production from 1995 to 2021 is presented in 

Figure 2. 
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Figure 2. Top five biggest lithium producers in the world and their production from 1995 to 

2021 (Our World in Data, 2023). 

 

In 2011, lithium’s worldwide mine production was about 34 000 tons excluding United 

States’ production. In 2021, the figure was already 107 000 tonnes, and in 2022, 130 000 

tonnes (U.S. Geological Survey, 2023). Australia is the biggest lithium producer with lithium 

production of about 55 000 tonnes in 2021, Chile is the second biggest with 26 000 tonnes, 

and China the third biggest with 14 000 tonnes (Our World in Data, 2023). 

Lithium is produced from α-spodumene mineral by combination of pyro- and 

hydrometallurgy. First lithium containing α-spodumene is crushed and then roasted in high 

temperature (1000 ℃) to convert it to β-spodumene. Next step is hot digestion with 

concentrated H2SO4 (250-300 ℃) and leaching with water. The solution is filtered, and 

impurities are precipitated with Ca(OH)2. At a pH range of 5.5-6.5 Fe and Al precipitate and 

at pH 11.0-13.0 Mg and Ca precipitate. Finally, Li is precipitated with Na2CO3, and the 

solution is filtered resulting in Li2CO3. This process is as called sulphate process, and another 

possible process route is alkali process (Choubey, et al., 2017). 

Existing commercial lithium production route from brine is similar to the above mentioned 

sulphate process and it also relies on purification by precipitation. Salt lake brine is first pre-

treated to get lithium concentration to 6-7%. In practice this is done by solar evaporation in 

large ponds. In the next step, boron is extracted from the solution using iso-octyl alcohol at 
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a pH range of 1.0-2.0 This is followed by three precipitation steps. Mg is precipitated using 

Ca(OH)2 and sulphate with CaCl2. Finally, Li is precipitated using Na2CO3 and filtered to 

recover Li2CO3 (Choubey, et al., 2017). 

Practically all of the world’s lithium is produced from primary sources such as spodumene 

minerals and salt lake brines. Lithium-ion batteries are the most abundant secondary resource 

of lithium available, but because of lack of recycling facilities and technologies, lack of 

knowledge about recycling, and due to their heterogenous composition, only 3% of LIBs are 

recycled worldwide (Fraz, et al., 2022).  

Lithium usage has been shifted radically towards battery production which can be seen from 

Figure 3. In 2016, 35% of lithium refined worldwide was used in different kinds of Li-ion 

batteries. In 2023, this amount has been multiplied and now 80% of newly refined lithium is 

used in batteries. This shift is largely due to the rapid increase of electric vehicle sales. In 

2016, about 900 000 new electric cars were registered which represented 0.89% global 

market share. In 2021, the market share was 8.57% with 6.7 million electric cars registered 

(IEA, 2022). It is estimated that electric car sales will continue increasing rapidly and the 

sales will reach 16.21 million units sold in 2026 (Statista, 2023). 

 

 

Figure 3. Usage of lithium: a comparison between 2016 and 2023 (U.S. Geological Survey, 

2016); (U.S. Geological Survey, 2023). 

 

Lithium is used in LIBs as a cathode material usually in combination with cobalt, 

manganese, and nickel and as an electrolyte. Most commonly used cathode compositions are 

LiCoO2, LiNixMnyCozO2, LiMn2O4, LiNiO2, and LiFePO4. Cathode measures up about 27% 

of the batteries mass. Electrolyte is a solution of LiSO2, LiClO4, LiBF4, and LiPF6 dissolved 
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in dimethyl sulfoxide, propylene carbonate, or ethylene carbonate. Electrolyte measures 

about 10% of a battery weight (Velázquez-Martínez, et al., 2019). 

In addition to LIBs, lithium is used in other smaller applications like ceramics and glass 

(7%), lubricating greases (4%), continuous casting mold flux powders (2%), air treatment 

(1%), medical (1%), and other smaller uses (5%) (U.S. Geological Survey, 2023). 
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3  Solvent extraction 

Liquid-liquid extraction (LLE), commonly referred as solvent extraction (SX) in 

hydrometallurgy, is a chemical process in which organic reactant is used to remove metal 

cations from aqueous phase, usually by forming an organometallic complex. Stripping is a 

reverse operation for extraction where the metal ion is stripped from the organic phase to the 

aqueous phase (Habashi, 1999, p. 438). 

3.1  Solvent extraction theory, process, and equipment 

The most important equations used to consider the efficiency of extraction are discussed in 

this section. These include extraction percent E, separation factor β, and distribution 

coefficient D (Habashi, 1999, pp. 442-448). 

Distribution coefficient D is used to measure the transfer of metal cations from aqueous 

phase to the organic phase. Definition of D is presented in Equation 1. Higher D value at 

equilibrium corresponds to better extractability in the studied conditions with the specific 

system. Stripping coefficient D’ is calculated similarly but the phases are reversed.  

 

𝐷 =  
𝐶𝑜

𝐶𝑎
=  

(𝐶0 − 𝐶𝑒)

𝐶𝑒
 ∙  

𝑉𝑎

𝑉𝑜

(1) 

 

Where Co is the concentration of the metal in the organic phase, Ca is the concentration of 

metal in the aqueous phase, C0 is the metal concentration in aqueous phase before extraction, 

Ce is the metal concentration in the aqueous phase after extraction, Va is the volume of the 

aqueous phase, and Vo is the volume of the organic phase (Hua, et al., 2022). 

Another important quantity is extraction percent E. It describes the percentage of overall 

cations of metal of interest transferred to organic phase from the aqueous phase. The higher 

the percent, the more of the metal cations have been transferred to organic phase. Extraction 

percent is defined by Equation 2 (Habashi, 1999, p. 445); (Hua, et al., 2022). 
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𝐸 =  
𝐷

𝐷 +
𝑉𝑎

𝑉𝑜

 ∙ 100% =  
𝐶0 − 𝐶𝑒

𝐶0
 ∙ 100% (2)

 

 

Stripping percent E’ describes the amount of metal ions transferred to the aqueous phase 

during stripping of the organic phase. Stripping percent E’ can be calculated using Equation 

3 (Ren, et al., 2021). 

 

 𝐸′ =  
𝐶𝑎

𝐶𝑜
 ∙  

𝑉𝑎

𝑉𝑜
 ∙ 100% (3) 

 

Separation factor 𝛽 is used when two metals are being extracted simultaneously from the 

aqueous phase. Thus, separation factor can be considered as the ratio of desired cations 

extracted compared to undesired cations. Separation factor is calculated using Equation 4. 

 

𝛽 =  
𝐷𝑎

𝐷𝑏
 (4) 

Where Da is the distribution coefficient of metal a, and Db the distribution coefficient of 

metal b. Concentration of metal ion C after multiple extraction cycles can be calculated using 

Equation 5. 

𝐶𝑛 =  𝐶𝑖  ∙  (
1

1 + 𝐷 ∙
𝑉𝑜

𝑉𝑎

)

𝑛

 (5) 

 

Where Cn is the metal ion concentration after n extractions, and Ci the initial metal ion 

concentration in aqueous phase (Habashi, 1999, p. 448). 

Extraction isotherm is a plot of metal ions concentration in the organic phase versus its 

concentration in the aqueous phase at equilibrium. These plots are useful, in which each 
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point directly displays the concentrations of metal in each phase, and it can be used to 

evaluate distribution coefficients. Usually, this plot is done by changing the ratio of organic 

phase coming to contact with the aqueous phase. Minimum of five different phase ratios are 

needed. After this the concentration of metal in both phases is determined and extraction 

isotherm is drawn accordingly. When an operating line, based on the volume ratio of the two 

phases, is added to extraction isotherm, the plot becomes McCabe-Thiele diagram from 

which the amount of steps in counter current extraction can be determined (Habashi, 1999, 

pp. 449-452). McCabe-Thiele diagram is presented in Figure 4. 

 

 

Figure 4. McCabe-Thiele diagram (Habashi, 1999, p. 452). 

 

The operating line for McCabe-Thiele diagram is fixed by two points presented in Figure 4. 

It can be drawn in two ways: with beginning and ending points or by either one, and the 

aqueous to organic ratio. Each of the steps in the diagram represent a theoretical or ideal 

equilibrium stage. Thus, the extraction process in Figure 4 could be conducted in three ideal 

counter-current stages to achieve almost complete extraction (Habashi, 1999, p. 452). 
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Many types of extraction equipment are used in solvent extraction, such as different kinds 

of columns and mixer-settlers. There is no single physicochemical reason to choose one type 

over another providing that equipment fulfils a couple of requirements. Firstly, extraction 

equipment needs to provide enough interfacial area for the extraction to take place without 

creating too small droplets which will not settle efficiently. Secondly, the equipment needs 

to provide an adequate residence time for the wanted degree of extraction to happen (Kislik, 

2012, p. 176). 

Solvent extraction uses various organic extractants otherwise called extracting reagents 

dissolved into an organic media called diluent. Extraction occurs when the organic phase is 

contacted with aqueous feed phase containing dissolved target metals. The aqueous feed 

phase depleted from the target metal is called raffinate and the inorganic stream containing 

the extracted metal ions is called extract. Extraction processes usually have two or three 

additional steps to form a complete extraction process. Scrubbing is a stage where the extract 

is purified from undesired components coextracted during the extraction process. Scrub 

raffinate can be circulated back to the extraction step. After the scrubbing step, the target 

metal ions are removed from the organic phase to the aqueous phase during process called 

stripping. Now the stripping raffinate optimally contains only the target metal ion. The 

stripped organic phase containing the extractant is then circulated back to the extraction stage 

usually via a regeneration step where the extractant is regenerated (Schmidt, et al., 2019). 

These steps can be conducted in different kinds of equipment like mixer-settlers or columns. 

Typical solvent extraction flowsheet is presented in Figure 5. 
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Figure 5. A typical SX process with extraction, scrubbing, stripping, and regeneration steps 

where the paths of target component (TC), side components (SCs), and impurities (IPs) are 

presented (Schmidt, et al., 2019). 

 

Mixer settlers are composed of a mixing chamber where the organic phase and the aqueous 

phase are mixed by an impeller and a settling chamber where the two phases separate from 

each other. Basic schematic diagram of a mixer settler is presented in Figure 6. Each of these 

units form a single stage and usually multiple stages are used in extraction. Multiple mixer 

settlers are often operated in counter-current in extraction process as well as in the stripping 

steps. Downside to this otherwise effective apparatus is its large area, due to the space needed 

for the settler part (Habashi, 1999, p. 439). 

 

 

Figure 6. Basic schematic diagram of a mixer settler (Zhang, et al., 2020b). 
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There have been multiple different column designs used in solvent extraction like packed 

columns, pulse columns, and rotating disc columns. Packed column is the simplest of these 

designs. They are vertical towers filled with different kinds of ceramic or metal shapes which 

increase the surface area. The aqueous phase is led to the column from near the top and the 

organic phase from the bottom. The phases are separated at the top of the column. Another 

column type is the pulse column which have screen partitioning instead of packing. Pulsating 

action is caused by piston and screens with small holes in them form bubbles in which the 

mass transfer happens. Rotating disc column is a vertical tower with disc baffles around the 

outer perimeter and a central rotating shaft. Rotation of the shaft in combination with the 

baffles causes dispersion in the column. Similarly, to packed columns, phase separation 

occurs at the top of the column (Habashi, 1999, pp. 439-442). 

3.2  Solvent extraction of lithium 

The ideal extractant would fulfil all of the following requirements: good selectivity, high 

extraction capacity, easy stripping, separates easily from aqueous phase, safe to handle, 

stable, and cheap. In reality, choosing an extractant is always a compromise (Habashi, 1999, 

p. 453). 

Just like the extractant, diluent has requirements as well. The ideal diluent solubilizes the 

extractant and the metal-extractant complex, has low density and viscosity to aid phase 

separation, is chemically stable, is insoluble to the aqueous phase, is not highly volatile, does 

not intervene with extraction or stripping chemistry, and is low cost and readily available 

(Kislik, 2012, p. 197). 

Plethora of different kinds of lithium solvent extraction systems have been studied in the 

literature. Common factor is that usually one extractant shows poor performance and co-

extractant or synergistic extractant is needed. Ionic liquids on the other hand, provide 

interesting possibilities in that they can be used in multiple roles. 

Lithium has been successfully extracted from different solutions using various different 

extractants, some of them quite usual chemicals used in hydrometallurgy, some of them more 

novel molecules specifically made in laboratory. Extraction systems used for solvent 

extraction of lithium can be categorized in multiple ways. In this chapter they are sorted as 
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chelating extractant- , acidic extractant-, ionic liquid-, and solvating extractant based 

extraction systems. Following sub sections have been sorted according to this categorization. 

Basic information about the extraction systems is presented as well as results from notable 

studies. 

3.2.1  Chelating extractant based extraction systems 

Chelating extractants work by forming an electrically neutral chelate with the target metal 

cation. Chelate is an organic molecule containing acidic and basic functions as well as a 

metal cation. This kind of formation is insoluble to the aqueous phase but readily soluble to 

the organic phase (Habashi, 1999, pp. 490-491). This extractant group contains substances 

like diketones, oximes, oxine, nitrosonapthols, cupferrons, dithizone and crown ethers and 

their derivates. From which crown ethers and diketones have been successfully implemented 

in selective lithium solvent extraction (Schmidt, et al., 2019); (Habashi, 1999, pp. 490-491).  

Chemical species like ions and atoms can be categorised to “soft” or “hard” Lewis bases and 

acids. Pearson’s HSAB (hard soft acid base) theory states that hard acids show higher affinity 

to hard bases and soft acids to soft bases. Hard acids form strong bonds with hard bases but 

are reluctant to form bonds with soft bases (Ho, 1975). Because lithium has a higher hardness 

than other alkali metals, it binds better to chelating extractants. On the other hand, because 

of their higher charge density and similar hardness to Li, alkali earth metals bind better to 

this kind of extractants compared to Li (Zhang, et al., 2018).  

Crown ethers have been intensively studied for metal solvent extraction since their discovery 

in the late 1960s. Especially, the point of interest has been their affinity to alkali metals. 

Crown ethers can be modified to get optimal selectivity for different species by re-organizing 

the ring structure, changing the type of donor atoms, and modifying its lipophilicity (Visser, 

et al., 2000). The selectivity of crown ethers is mostly determined by the cavity size 

compared to cation size. For instance, Li+ cations ionic diameter is 1.36 Å and 14-crown-4 

ethers cavity size is 1.2 – 1.5 Å, thus Li+ cation is the best match from different alkali cations 

(Xiong, et al., 2022). 14-crown-4 ether is presented in Figure 7. 
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Figure 7. The structure of 14-crown-4-ether. 

 

Torrejos et al., (2016) functionalized dibenzo-14-crown-4 ether (DB14C4) with a long C18 

alkyl chain to affect its lipophilicity and with carboxylic acid group (COOH) to add a proton 

ionizable functionality. The new one molecule crown ether Li+ carrier system (DB14C4-

C18-COOH) was dissolved in ionic liquid CYPHOSIL 109 

(trihexyl(tetradecyl)phosphonium bis(trifluoromethanesulfonyl)amide) instead of a 

conventional diluent and used to selectively extract Li+ from solution containing Li+, K+, and 

Na+ ions. At optimal conditions of O/A ratio of 1:5, pH of 12.8, and CE concentration of 0.1 

mM, the new CE had a Li+ extraction percent ELi of 82%. For comparison, dibenzo-14-

crown-4 ether without the carboxylic acid group was only able to extract <10% of the Li+. 

The separation factors were βLi/Na = 53 and βLi/K = 93, when extracting from solution with 

the same amount of all cations. When Na+ and K+ concentrations were 5000 and 100 times 

higher than Li+ concentrations, separation factors for lithium increased to βLi/Na = 1954 and 

βLi/K = 138. The study shows that adding an ionizable COOH group to the CE drastically 

increases its extraction capability and the addition of a long alkyl chain inhibits CEs 

solubility to the aqueous phase. In addition, the system seems to favour high pH. 

Torrejos et al., (2017) designed and synthesised multiple 14-membered di-hydroxy crown 

ethers and used them in lithium extraction experiments. Experiments were conducted with 

10 mM of CEs dissolved in 10 mL of dichloromethane. Aqueous phase consisted of 10 mL 

of 1 mM metal perchlorate. After conducting extractions from binary systems, Li/Na, Li/K, 

and Li/Cs, results showed that crown ethers 3d and 3e were the most selective towards 

lithium against other metals. Crown ethers 3d and 3e are presented in Figure 8. Their 

separation factors were βLi/Na = 2519 and βLi/Na = 1768, respectively. Both CEs selectivity 

towards K and Cs was so negligible that separation factors couldn’t be calculated. 3d had a 

lithium distribution coefficient DLi of 3.4 and 3e similarly DLi of 3.5.  Both of the crown 

ethers were dibenzo-14-crown-4 ether (DB14C4) derivatives. The study suggests that CEs 

can be modified with functional groups in order to achieve very high separation factors. 
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Figure 8. The structures of DB12C4 crown ether derivatives 3d (a) and 3e (b). 

 

More recently, Xiong et al.,  (2022) synthesised DB14C4 crown ether with C16 alkyl chain 

and studied its selectivity toward Li+ over Na+, K+, Ca2+, and Mg2 from synthetic brine. In 

this experiment, CH2Cl2 was used as a diluent. The concentration of each cation was 200 

mg/L in the aqueous phase. At optimal conditions of 30 min reaction time, 20 ℃ 

temperature, O/A ratio of 2:1, CE/Li ratio of 1.5:1, and aqueous pH of 7.0, extraction 

efficiency ELi of 7% was achieved in one step process. Separation factors achieved were 

βLi/Na = 16, βLi/K = 25, βLi/Ca = 68, and βLi/Mg =  4. Study proposes that the separation of Li, 

Na, K, and Ca is based on the size effect, and the separation of Li from Mg can be achieved 

from the viewpoint of hydration effect. 

According to literature, crown ethers, especially DB12C4 crown ether derivatives, can be 

quite effective in selective lithium solvent extraction. With right modifications, their 

selectivity for lithium over other alkali- or alkaline earth metals can be very good. What 

hinders their use in larger than lab scale applications are their price and need for 

modifications. The advantages and disadvantages of crown ether based extraction systems 

in lithium extraction are listed in Table 1. 

 

 

 

 

 

a) b) 
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Table 1. Crown ether based extraction systems advantages and disadvantages. 

Advantages Disadvantages 

- Moderately high extraction percent when 

modified  

- High price compared to traditional 

extractants 

- High selectivity - Need for synthesis in order to tailor for 

different metals 

 - Very low extraction percent without right 

modifications 

 

β-diketones are a group of ketones which have two ketone functional groups and exist in two 

forms: keto and enol forms (Habashi, 1999, p. 460). This is called keto-enol tauterism. In 

metal solvent extraction, the enol isomer is favourable because it acts as hydrogen bond 

donor. The separation of lithium and sodium using β-diketones was proven effective already 

in the 1960s (Zhang, et al., 2017). Since β-diketone systems need to be used in enol form, 

the pH of aqueous phase needs to be high enough (> pH 5.0). In order to avoid too low pH, 

extractant can be saponified with NaOH in order to inhibit the release of hydrogen ions 

during the extraction lowering the pH (Zhang, et al., 2022b). 

β-diketones are useful almost exclusively in synergistic lithium solvent extraction because 

their poor efficiency alone (Zhang, et al., 2018). Synergistic solvent extraction is discussed 

more in section 3.3 The extraction capabilities of different β-diketones and different 

synergists have been extensively studied. Notably, extraction of lithium from different 

mediums using benzoyltrifluoroacetone (HBTA) β-diketone and tri-n-octyl phosphine oxide 

(TOPO) as a co-extractant has been studied by Zhang, et al. (2017, 2018, 2020a). One of the 

possible complex formations of Li with  β-diketone (HBTA) and solvating extractant 

(TOPO) is presented in Figure 9 and the structure of HBTA is presented in Figure 10. 
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Figure 9. Possible complex formation of HBTA and TOPO with lithium (Zhang, et al., 

2020a). 

 

Pranolo, et al., (2015) developed a β-diketone system to extract lithium from sodium 

containing solution using LIX 54 (commercial β-diketone derivative extractant) as an 

extractant and Cyanex 923 (commercial trialkylphosphine oxide mixture extractant)  as a 

co-extractant in aliphatic ShellSol D70 diluent. Aqueous phase contained 1 g/L Li and 23 

g/L Na. Optimal lithium extraction ELi of 97% and separation factor βLi/Na of 1560 was 

achieved at pH 11.2 with 0.4 M LIX 54 and 0.2 M Cyanex 923 at an O/A = 1:1. Study used 

slope analysis to determine that the extracted species was LiAB, where A is deprotonated 

LIX 54, and B is Cyanex 923. 

Zhang, et al., (2017) extracted lithium from alkaline solution using synergistic β-diketone 

system containing HBTA and TOPO. Extraction percent ELi reached 97% and separation 

factor βLi/Na was 2106 at equilibrium pH of 11.2 using 0.05 M HBTA and 0.1 M TOPO. 

Target media was a simulated brine with lithium concentration of 0.138 g/L. Scrubbing of 

Na could be done with 0.5 M HCl, and stripping was conducted with 2.5 M HCl at O/A of 

10:1. The extractants showed very clear synergistic effect and extraction stoichiometry 

indicated that extracted complex consisted of lithium ion, two HBTA molecules, and one 

TOPO molecule. The system proved to be stable with no emulsification or third phase 

formation, and efficient with good extraction percent and organic phase regeneration.  

Zhang, et al., (2018) compared the synergistic effect and lithium extractability of TOPO, tri-

phenyl-phosphine oxide (TPPO), di-iso-octyl methylphosphonat (DIMP), tri-octyl-

phosphate (TOP), TBP, methyl-iso-butyl ketone (MIBK) and N,N-bis(2-ethylhexyl) 
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actamide (N523) with HBTA using real brine. HBTA/TOPO system was most effective with 

DLi of 6.8 and ELi of 82. In order to find out what diluent would be most suitable for this kind 

of extraction system, HBTA 0.4 M/TOPO 0.2 M with kerosene, chloroform, cyclohexane, 

p-xylene, methyl-tertbutyl ether (MTBE), acetic ether and isoamylol was used to extract 

lithium from the brine. Kerosene showed best results with DLi of 6.8 and ELi of 82. Effect of 

phase ratio was also studied, according to experiments O/A of 1:1 was optimal. Increasing 

the organic volume leads to higher extraction of Na+. Finally, a 7-stage counter current 

extraction experiment was conducted with 0.4 M HBTA and 0.3 M TOPO in a mixer-settler 

and average extraction rate of 96% for lithium was reached. Scrubbing could be done with 

1 M HCL and stripping with 3 M HCl. Regeneration of the organic phase was done with 2 

M NaOH.  HBTA/TOPO in kerosene was found to be the most effective out of the extraction 

systems tested. On the downside,  it was observed that the system co-extracted Mg2+ and 

Ca2+.  

Zhang, et al., (2019) studied lithium extraction from ammoniacal solution using 

thenoyltrifluoroacetone (HTTA) and different neutral ligand in various solvents. Aqueous 

phase composed of NH3-NH4Cl buffer solution with different Li+ concentrations. HTTA in 

combination with TOPO showed the best extractability with DLi of 33.8 and ELi of 97%. Out 

of tested diluents n-dodecane was chosen as the diluent in the next experiments. Separation 

factors for different monovalent and divalent metals compared to lithium were βLi/Na = 66,  

βLi/K = 2087, βLi/Rb =  3495, βLi/Mg = 0.0038, βLi/Ca = 0.0081, and βLi/Ca =  0.0096. The extracted 

complex was determined to consist of a lithium ion, a deprotonated HTTA molecule and two 

TOPO molecules. It was concluded that lithium can be extracted from ammoniacal solution 

by using a synergistic β-diketone system. Synergism factor SC was calculated to be 1205. 

Wang, et al., (2019) implemented a synergistic β-diketone/trialkyl-phosphine oxide system 

to extract lithium from Li2CO3 productions mother liquor. The liquor contained 1.39 g/L Li+, 

68.97 g/L Na+, Cl-, and CO3
2- ions. Extraction system consisted of 1-phenyl-3-heptyl-1,3-

propanedione (PHPD) and a mixture of trialkyl-phosphine oxides (Cyanex 923) in kerosene. 

At optimal conditions of pH of 13.1, 0.4 mol/L PHPD and 0.2 mol/L Cyanex 923, A/O ratio 

of 1:1, and a temperature of 20 ℃, extraction percent ELi was 98% and the separation factor 

βLi/Na was 475. Using McCabe-Thiele diagram, it was determined that two stages would be 

needed for complete lithium extraction using A/O ratio of 1.8:1. This study confirmed that 
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β-diketones can show good extraction capability by themselves in alkaline pH conditions, 

but the addition of solvating extractant improves the selectivity considerably.  

 

Figure 10. The structure of benzoyltrifluoroacetone (HBTA). 

 

Çelebi, et al., (2019) studied synergistic lithium extraction from wastewater using a 

combination of a β-diketone and trialkyl-phosphine oxides. Wastewaters were from boron 

industry, and they contained Li+, a high amount of Na+, K+, Ca2+, Mg2+, and a high amount 

of BO3
3- ions. Extraction system consisted of Mextral EOL β-diketone (LIX 54) and Cyanex 

923 trialkyl-phosphine oxide mixture in kerosene. Multiple batch experiments were done, 

and computational methods were used to calculate best conditions for the process using 

statistical data. According to validation experiments, the models were quite reliable on pH 

range of 11.0 to 11.7. The model showed that pH was the most positively effective factor 

and A/O the most negative effective factor. Synergistic coefficient SC of the system was 1.6. 

At optimal conditions of 0.3 – 0.42 M Mextral EOL and 0.2 – 0.3 M Cyanex 923, ELi were 

92% and 95% with sodium coextraction ENa of 3% and 6%, respectively. Almost no BO3
3- 

ions were extracted. Study proved that synergistic β-diketone system for lithium solvent 

extraction can be implemented for solution containing high amounts of borate ions. 

Zhang, et al., (2020a) extracted lithium from lithium rich effluent of batteries recycling by 

using HBTA/TOPO in kerosene. The effluent contained 1.85 g/L Li, 31.2 g/L Na, 0.025 g/L 

Ni, 0.005 g/L Co, 0.002 g/L Mg, 0.005 g/L Ca and 78.72 g/L SO4
2-. Organic phase 

composition was 0.4 M HBTA and 0.4 M TOPO in kerosene. Extraction, scrubbing, and 

stripping were conducted in separatory funnel. Lithium extraction percent ELi was 80% at 

the high pH of 13.0.  Using McCabe Thiele diagram, extraction condition was determined 

to be a 3-stage counter current extraction at O/A = 1:1. More than 90% of lithium was 
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recovered through 3-stage counter current extraction. The organic phase was scrubbed with 

dilute HCl to remove Na. Stripping was done with 6 M  HCl solution. After the SX steps 

lithium could be precipitated as Li2CO3 with Na2CO3. According to the study, HBTA/TOPO 

system can be a promising and feasible way to extract lithium from sulphate containing 

effluent of LIB recycling.  

Zhang, et al. (2022b) extracted lithium from brine containing 0.698 g/L Li+, 1.016 g/L Ca2+,  

2.587 g/L Mg2+, 7.587 g/L K+, 2.584 g/L B2O3, 57.348 g/L Na+, 12.171 g/L SO4
2-, and 99.081 

g/L Cl- using β-diketone HBTA with different solvating extractants. Aqueous solutions pH 

was 6.8. Because β-diketone systems need have high enough pH, for the β-diketone exist in 

the enol form, the extractant was saponified with NaOH in order to inhibit the release of 

hydrogen ions during the extraction lowering the pH. Saponification degree of 70% was 

deemed to be optimal. Co-extraction capabilities of TBP, trialkylphosphine oxide (TRPO), 

hexafluorophosphoric acid (P204), and 2-ethylhexyl phosphate mono 2-ethylhexyl ester 

(P507) were studied. TRPO showed the best lithium extraction capability. With 3-stage 

counter current extraction, lithium extraction efficiency ELi reached 99%. Extraction percent 

for Mg2+ and Ca2+ was similar. Small amounts of remaining Na and K were eluted from the 

organic phase by using 0.1 M HCL + 0.2 M LiCl. LiCl was used to inhibit the elution of 

lithium from the organic phase. Next lithium was stripped using 3 M HCl at O/A of 40:1. 

Remaining Ca and Mg could be stripped with 1.8 M HCl. Lithium was precipitated as 

Li2CO3 and after washing with water several times, purity of the lithium carbonate reached 

99.9%. Study suggests that synergistic β-diketone system can be a feasible way to extract 

lithium from salt lake brine. Saponification can expand the systems applicable pH range 

considerably.  

Zhang, et al., (2022a) studied the synergistic extraction of lithium from lithium hydroxide 

production by-product using β-diketone 1-benzyl-2-nonanone (HBNA) and different 

organophosphoric extractants. Organophosphoric extractants chosen were trialkylphosphine 

oxide (TRPO), tributyl phosphate (TBP), triisobutyl phosphate (TIBP), tris(isobutylphenyl) 

phosphate (TIBPP), and diphenyl isooctyl phosphate (DPOP). Aqueous phase contained 

3.25 g/L Li+, 7.59 g/L K+, 57.35 g/L Na+, 0.02 g/L Ca2+, 0.03 g/L Mg2+, 111.94 g/L SO4
2-, 

and 0.42 g/L Cl-. The solution had a very high pH of 13.1. According to extraction 

experiments HBNA with phosphine oxides (TRPO, TPPO,TOPO) all had  ELi of over 85% 

and ENa of about 2%. Phosphate oxides (TIBP, DPOP, TBP) performed a little bit worse 
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with ELi of about 80% and ENa of 3%. In addition to higher extraction percent of lithium, 

phosphine oxides had higher separation factors over sodium. At optimal conditions of 0.5 M 

HBNA and 0.5 M TRPO, according to McCabe-Thiele diagram, 99% of the lithium could 

be recovered with 3 stage counter current extraction with O/A of 1:1, mixing time of 5 

minutes, and temperature of 20 ℃. 

As the recent studies suggest, different β-diketone systems can be utilised very flexibly in 

various lithium extraction tasks. The aqueous media can contain carbonate and/or sulphate 

or even ammonium. Lithium could be extracted from brines, used effluent and ammoniacal 

solution with high extraction percent and good selectivity over another monovalent cations. 

Unlike many other extractants, β-diketones favour high pH conditions which opens 

possibilities for extracting from very alkaline solutions. Biggest drawbacks of β-diketone 

systems in lithium extraction are the non-existing selectivity towards divalent cations and 

need for an additional synergistic co-extractant. The pH of the aqueous phase must be high 

enough to β-diketone exist in usable enol form. The usable pH range can be expanded with 

saponification. According to research discussed here, HBTA/TOPO in kerosene is very 

promising system in lithium extraction from various sources. The advantages and 

disadvantages of β-diketones in lithium extraction are listed in Table 2. 

 

Table 2. β-diketone based extraction systems advantages and disadvantages. 

Advantages Disadvantages 

- High selectivity over monovalent cations - Low selectivity over divalent cations 

- High extraction percent - Need for a co-extractant/synergist 

- Works in high pH - Does not work in low pH 

- Works in different aqueous media  

- High capacity and stability  

 

3.2.2  Acidic extractant based extraction systems 

The most commonly used commercial acidic extractants are organophosphoric acid 

derivatives such as bis-(2, 4, 4-trimethylpentyl) phosphinic acid (Cyanex 272), P204, P507, 

and di-(2-ethylhexyl)phosphoric acid (D2EHPA) (Schmidt, et al., 2019); (Habashi, 1999, p. 
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475). This group is formed by the reaction of alcohols with inorganic acids, usually 

phosphoric acid. These can be in turn classified as acidic and neutral esters (Habashi, 1999, 

pp. 474-475). This sub section is focused on acidic phosphoric esters and neutral phosphoric 

esters are discussed in sub section 3.2.4. Acidic ester group contains many different 

subgroups with different structures. For example, Cyanex 272 is a dialkyl phosphinic acid 

and D2EHPA is a dialkyl phosphoric acid. Phosphoric acid esters solubility to the aqueous 

phase decreases and the extracting power increases as the alkyl chain lengthens. Usually 

chain lengths of C8-C12 are used (Habashi, 1999, p. 475). The structures of a couple of 

common acidic esters are presented in Figure 11. 

   

Figure 11. Bis(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272) (a) and di-(2-

ethylhexyl) phosphoric acid (D2EHPA) (b). 

 

The extraction mechanism of acidic extractants is based on the exchange of hydrogen ions 

H+ for the target metal cation Mn+, where n is the amount of exchanged electrons. Extraction 

mechanism of acidic extractants with metal cations is presented in Equation 6 (Schmidt, et 

al., 2019). 

 

𝑀𝑛+ + 𝑛𝐻𝐿̅̅ ̅̅ ⇌ 𝑀𝐿𝑛
̅̅ ̅̅ ̅̅ + 𝑛𝐻+  (6) 

 

a) b) 
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Where 𝑀𝑛+ is the metal cation, 𝐻𝐿̅̅ ̅̅  extractant before loading,  𝑀𝐿𝑛
̅̅ ̅̅ ̅̅   extractant loaded with 

metal cation 𝐻+proton. The bar over the molecules indicates that they are in the organic 

phase.  

Swain, et al., (2006) studied the separation of cobalt and lithium from a sulphate solution. It 

was reported that Cyanex 272s affinity towards cobalt was many times higher than towards 

lithium. The separation factor βCo/Li was 62, and ELi only 8%. Similarly, Mantuano et al. 

(2006) extracted metals from sulphuric solution which contained zinc, aluminium, copper, 

manganese, cobalt, cadmium, nickel, and lithium using Cyanex 272. The extraction 

sequence was Zn2+ > Al3+ > (Cu2+ ≈ Mn2+ ≈ Co2+ ≈ Cd2+) > Ni2+ > Li+.  

According to Swain (2016) lithium extraction from alkali and alkali earth metals by using 

D2EHPA and 2-ethylhexyl-phosphonic acid 2-ethylhexyl ester (MEHPA) as extractants was 

studied previously by Hano et al. (1992). From the equilibrium data, it was concluded that 

these extractants had high selectivity towards lithium over other monovalent cations. 

However, the extractants had much stronger affinity towards divalent cations. 

Sahu, et al., (2023) investigated the lithium extraction capabilities of D2EHPA and Cyanex 

272 in kerosene from aqueous solution containing 0.003 M Li+ and NO3-. With 0.1 M 

concentration of extractant, both achieved ELi of about 30% in one stage. However, by 

adding 0.5 M lactic acid into the aqueous phase, the extraction efficiency ELi of D2EHPA 

reached 70% in pH 6.0 conditions. It was concluded that the extraction of lithium in lactate 

form was superior to other forms. This increase in Li extraction was explained by the larger 

size of the complex compared to the size of a Li-ion aiding the extraction,. The selectivity 

of D2EHPA was studied with solution containing 0.003 M Li+, Na+, Mg2+, and Ca2+. 

Concentration of D2EHPA was 0.1 M and O/A ratio was 2:1. Results showed that the 

extraction sequence was Ca2+ > Mg2+ > Li+ > Na+ > K+ with ECa = 83%, EMg = 77%, ELi = 

42%, ENa = 22%, and EK = 16%, respectively.  

The use of acidic extractants in lithium solvent extraction has been studied little compared 

to other extractants. In general, this is due to their low selectivity and extraction capability 

towards lithium stemming from their poor affinity with lithium. Acidic extractants like 

Cyanex 272 tend to extract monovalent lithium last if the solution is containing divalent or 

trivalent cations. However, out of monovalent cations lithium tends to be extracted first. 

Acidic extractants might still be used in some cases when only monovalent cations are 
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present in the aqueous phase. Advantages and disadvantages of acidic extractants in lithium 

extraction is presented in Table 3. 

 

Table 3. Acidic extractant based extraction systems advantages and disadvantages. 

Advantages Disadvantages 

- Relatively cheap - Poor extraction percent 

- Commonly available - Low selectivity 

 

3.2.3  Ionic liquid based extraction systems 

Ionic liquids (IL) or room temperature ionic liquids (RTIL) are organic salt solvents with a 

melting point of <100 ℃. Most of them are in a liquid state under 67 ℃ and thermally stable 

up to 200 ℃. The liquid range for these ILs is usually some 300 ℃. These liquids consist 

entirely of ions held together by strong forces and possess negligible vapor pressure, high 

thermal and chemical stability, and good solubility. Ionic liquids can be miscible or 

immiscible to water depending on the cations and anions present (Jenkins, 2011). Water 

immiscible ionic liquids show great promise as an organic phase in solvent extraction 

applications. They can be used as diluents for extractants or extractants themselves prepared 

with functional group in the structure of the IL. This way volatile organic compounds (VOC) 

can be avoided (Dupont, et al., 2015). The structure of common ionic liquid 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl) imide ([C4mim][NTf2]) is presented in 

Figure 12. 
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Figure 12. The structure of 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide 

([C4mim][NTf2]). 

 

Shi, et al., (2015) extracted lithium from salt lake brine using ionic liquid as a diluent, TBP 

as an extractant, and NaClO4 as a co-extractant. IL used was 1-butyl-3-methyl-imidazolium 

hexafluorophosphate ([C4mim][PF6]). Extraction efficiency of the system with IL as the 

diluent was compared to that of only TBP, sulfonated kerosene, and chloroform. IL as the 

diluent had the highest lithium extraction percent ELi of 87%. The effect of pH was studied 

in the range of pH 1.0-9.0 and it showed no considerable effect on the extraction percent. 

Downside of the process was coextraction of Mg2+ with about EMg of 10% when Li+ 

extraction percent ELi was 87%. at optimal conditions. Extraction efficiency ELi of over 99% 

was achievable in three stage counter-current extraction at O/A ratio of 2:1. According to 

the study, equipment corrosion and environmental pollution can be avoided by using IL as 

the diluent. 

Shi, et al., (2016) used IL as a diluent and TBP as an extractant to extract lithium from brine 

containing 2.02 g/L Li and 92.34 g/L Mg. Ionic liquid used as diluent in these extraction 

experiments was commonly used 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) 

imide ([C4mim][NTf2]). The effect of the acidity of aqueous phase was studied by adding 

HCl to the solution. At 0.1 mol/L HCl lithium extraction percent ELi was 76% but it 

decreased to 35% when HCl concentration was increased gradually to 1 mol/L. At optimal 

conditions of O/A = 3:1, T = 30 ℃, pH = 5.6, organic phase 90% TBP and 10% IL, extraction 

percent ELi reached 95% and the separation factor βLi/Mg was 403. For comparison, lithium 

was extracted in the same conditions with TBP in sulfonated kerosene and in chloroform. 

Extraction efficiencies ELi were only 8% and 7%, respectively. Stripping could be done with 
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2 M HCl. The proposed extraction system proved to be efficient for lithium extraction from 

solution containing high amounts om magnesium due to better extraction selectivity. The 

extraction mechanism for the system was presented to be cation exchange mechanism 

between Li+ and [C4mim+]. Study proves that IL diluent can act as a co-extractant with TBP. 

Shi, et al., (2020) studied ammonium ionic liquid to extract lithium from aqueous solution. 

Functionalized ionic liquid tetrabutylammonium 2-ethylhexyl hydrogen-2-

ethylhexylphosphonate ([N444][EHEHP]) was first synthesized with tetrabutylammonium 

chloride ([N444][Cl]), NaOH, and 2-ethylhexyl hydrogen-2-ethylhexylphosphonate 

(HEHEP). Due to this ILs viscous nature, it was dissolved to dichloroethane. The effect of 

aqueous acidity to Li+ extraction capability was assessed by adding HCl into the aqueous 

phase. As HCl concentration went from 0.0 to 0.5 mol/L, ELi went from 95% to 65% 

indicating that the system favours more alkaline conditions. When extracting lithium from 

solution containing other alkali metal ions, DLi was 8 compared to DNa of about 1, and the 

distribution coefficients D of K, Rb, and Cs were less than 1. Study suggests that 

functionalized ILs can act as efficient and selective extracting agents. 

Cai, et al., (2021) implemented ionic liquid as an extractant as well as a diluent in order to 

extract lithium from simulated brine. 3-methyl-1-octylimidazolium thenoyltrifluoroacetone 

[Omim][TTA] was used as the extractant and 3-methyl-1-octylimidazolium 

bis(trifluoromethylsulfonyl) imide [Omim][NTf2] was used as the diluent. [Omim][TTA] 

was synthesized from  thenoyltrifluoroacetone (TTA), ammonia, and 3-methyl-1-

octylimidazolium chloride [Omim][Cl]. This new system showed high lithium extraction on 

a wide pH range of 1.0-9.0. Using counter current extraction process at O/A of 1:1, the Li+ 

recovery from simulated brine reached ELi of 88% in 2-3 stages and extraction efficiency ELi 

reached 97% at different phase ratio O/A of 3:1. High βLi/Na of 227 was achieved.  

Experiments indicate that additional extractant is not required for effective lithium 

extraction. Two different ionic liquids can act as an extractant and a diluent. 

Masmoudi, et al., (2021) studied lithium extraction from alkaline aqueous solution using β-

diketone HBTA dissolved in different ionic liquids. Imidazolium-based ILs 

([Cnmim][NTf2]) were used with different alkyl chain lengths (n = 8, 6, 4, or 2). Experiments 

were conducted with 0.1 M HBTA dissolved in different ILs. The IL with alkyl chain of 8 

showed the best distribution ratio DLi of 85, but further testing was done with IL possessing 

alkyl chain length of 6 due to too high viscosity of the former. When extracting from solution 
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containing Li+, Na+, and Ca2+ in different concentrations, the extraction sequence was always 

Ca2+ >> Li+ > Na+. The study suggests that ILs can be successfully used with β-diketone in 

lithium solvent extraction to replace organic diluent and synergistic agent. 

Bai, et al., (2022) developed a synergistic lithium extraction system containing sodium 

bis(trifluoromethylsulfonyl) imide ([Na][NTf2]) ionic liquid and TBP. Lithium was extracted 

from simulated brine containing 0.35 g/L Li+, 1.83 g/L Na+, 0.62 g/L K+, and 96.0 g/L Mg2+. 

The ionic liquid was synthesized from HNTf2 and Na2CO3. Important parameters such as 

TBP volume fraction in organic phase, temperature, extraction time, O/A ratio, and molar 

ratio of Na+ to Li+ were optimized. At optimal conditions of 60 vol% TBP in organic phase, 

25 ℃, 20 min, O/A of 2:1, and Na+/Li+ of 1.25, ELi was 98% and βLi/Mg was 3.3 ∙ 104 after 

single stage extraction. Simulated three-stage counter current extraction with O/A of 1:1, 

showed total recovery efficiency of lithium ELi to be about 98%, lithium concentration in 

raffinate was only 0.0076 g/L. The extraction capacity of the new system was 5.4 g/L which 

was much higher than that reached in other previous extraction systems. Li+ could be 

stripped from the organic phase with 0.2 M HCl with stripping efficiency E’Li of 98%. In 

addition to good performance, it was observed that unlike more traditional TBP/FeCl3 

system, the acidity of aqueous phase doesn’t need to be increased. On the contrary, 

increasing the acidity with HCl decreased the extraction performance drastically. 

Hua, et al., (2022) extracted lithium from high magnesium containing solution using four 

ionic liquids ([C4mim][PF6], 1-hexyl-3-methylimidazolium hexafluorophosphate 

([C6mim][PF6]), 1-ethyl-3-methylimidazolium bis-trifluoro-methylsulfonimide 

([C2mim][NTf2]), and [C4mim][NTf2]) and solvating extractant TBP. The extraction percent 

ELi of pure TBP was only 1%, and similarly pure ionic liquids showed no extraction ability 

of lithium. Next, ILs and TBP were mixed in a V/V ratio of 3:7 and the extraction 

experiments were repeated. [C4mim][NTf2]/TBP system  showed the best βLi/Mg of 68  and 

the second best ELi of 51%. The effect of Li/Mg weight ratio in the aqueous phase was also 

studied. With optimal conditions, a single stage ELi of 65% and βLi/Mg of 68 were achieved. 

Conditions were [C4mim][NTf2]/ TBP ratio of 3:7, Mg/Li ratio of 50:1, and O/A ratio of 1:1. 

The extraction mechanism was proposed to base on the stable complex of 

3TBP∙Li(H2O)∙[NTf2] entering the organic phase. 

Sahu, et al., (2023) studied lithium extraction using two commercial ionic liquids Aliquat 

336 (Trioctylmethylammonium chloride) and Cyphos IL 101 
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(trihexyl(tetradecyl)phosphonium chloride). Lithium was extracted from 0.003 M Li+ 

solution at pH 6.0. Both ionic liquids managed to extract only <10% of the lithium in a single 

extraction. Next, the ionic liquids were functionalized with acidic extractants D2EHPA and 

Cyanex 272. Functionalized IL [Aliquat 336][D2EHPA] was able to extract 51% of the 

lithium and [Cyphos IL 101][D2EHPA] 53%, respectively. 

Ionic liquids are a promising new direction in lithium solvent extraction. They are very 

versatile in that they can act either as extractants, co-extractants or diluents, sometimes all 

of them at once. It is possible to achieve high extraction and selectivity with ILs in different 

conditions while making the extraction process safer as there is no need for toxic and volatile 

organic chemicals. ILs seem to form synergistic systems with both chelating- and solvating 

extractants. Mentionable downsides are the high price of ILs compared to extractants and 

the fact that best performing ionic liquids have been synthesized in laboratory for a specific 

extraction process. Ionic liquid based extraction systems advantages and disadvantages are 

presented in Table 4. 

 

Table 4. Ionic liquid based extraction systems advantages and disadvantages. 

Advantages Disadvantages 

- Multi functionality - Best performing ILs have to be synthesized 

- High capacity - High price 

- High specific selectivities  

- No corrosivity  

- Wide pH range  

 

3.2.4  Solvating extractant based extraction systems 

Two of the most commonly used solvating extractants are tributyl phosphate (TBP) and 

trioctyl phosphine oxide (TOPO). TBP and TOPO are presented in Figure 13. Both of them 

are organophosphoric acid derivatives alike extractants discussed in sub section 3.2.2. But 

unlike those extractants, these are neutral esters (Habashi, 1999, pp. 474-476). Extraction by 

solvating extractants is based on complex formation in the aqueous phase. Extraction is by 

solvation of the central metal atom of the complex. The extraction of these metal complexes 
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occurs when solvating extractant replaces primary and/or secondary waters of hydration, 

making the complex soluble into the organic phase. The degree of extraction depends on 

multiple variables such as nature and concentration of the anionic coordinating ligand X-, 

which affects the type of metal complex formed, degree of hydration of the metal complexes, 

and the relative strengths of extractant-metal bonds versus water-metal bonds (Lo, et al., 

1991, pp. 67-69). The extraction mechanism with solvating extractants is presented in 

Equation 7 (Schmidt, et al., 2019).  

 

𝑀𝑛+ + 𝑛𝑋− + 𝑏𝐵̅  ⇌  𝑀𝑋𝑛𝐵𝑏
̅̅ ̅̅ ̅̅ ̅̅ ̅  (7) 

 

Where 𝑋− is an inorganic anion, 𝑏𝐵̅ solvating extractant, and 𝑀𝑋𝑛𝐵𝑏
̅̅ ̅̅ ̅̅ ̅̅ ̅ extractant metal 

complex with inorganic anion. The bar over the molecules indicates organic phase.  

 

 

Figure 13. The structures of TBP (a) and TOPO (b). 

 

Zhou, et al., (2011) compared the lithium extraction efficiency of TBP with different co-

extractants and diluents. Co-extractants were LiCl, MgCl2, FeCl3, ZnCl2, and CrCl3. Diluents 

used were kerosene, MIBK, and 2-octanol. Experimental results implicated that FeCl3 has 

by far the greatest co-extracting capability out of these salts in all of the different diluents. 

When FeCl3 was used as the co-extracting agent, the extraction capacity sequence with 

different diluents was: TBP/MIBK > TBP/kerosene > TBP/2-octanol. The best performance 

of MIBK was explained by synergism with TBP. 

a) b) 
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Xiang, et al., (2016) studied lithium extraction from brine using TBP/FeCl3 in MIBK. The 

brine contained 0.05 mol/L Li+, 4.739 mol/L Mg2+, 0.082 mol/L Na+, 0.020 mol/L K+, and 

0.001 mol/L Ca2+. The best single stage lithium extraction ELi was about 80% with 40% TBP 

and 60% MIBK. In the 10 counter-current stage mixer settler process, washing was done 

with LiCl and NaCl, stripping with NaCl and HCl, and regeneration was done with NaCl 

and NaOH. Lithium recovery ELi reached 98% and the Mg/Li molar ratio changed from 94.8 

to 0.03. The process showed good Li extraction capability with low solvent consumption. 

Shi, et al., (2019) extracted lithium from low grade salt lake brine using TBP as an extractant, 

FeCl3 as a co-extractant, and kerosene as a diluent. The simulated brine contained 0.3 g/L Li 

and 110.7 g/L Mg. At optimum conditions of TBP concentration of 75%, Fe/Li molar ratio 

of 1.3:1, and acidity of brine 0.01 mol/L, single stage extraction efficiency ELi was 68% and 

separation factor βLi/Mg was 436. With three stage counter-current extraction process, Li+ 

extraction efficiency ELi reached 89% and the separation factor βLi/Mg was 3924. The final 

eleven stage extraction process resulted in ELi of 88 % and the stripping liquor contained 

28.83 g/L Li+ and 0.617 g/L Mg2+. Mg/Li ratio was changed from brines 370 to 0.02 in the 

stripping liquor. The study showed that TBP/FeCl3 in kerosene can be very effective system 

to extract lithium from brine containing very little lithium compared to magnesium. 

Ren, et al., (2021) studied lithium extraction from brine using TBP as an extractant, NaBPh4 

as a co-extractant and CH2ClBr as a diluent. NaBPh4 was chosen as the co-extractant because 

it showed best extraction performance with TBP out of all sodium salt compounds tested 

(NaBrO3, NaClO4, NaIO4, NaB(OH)4, and NaBPh4). Similarly, CH2ClBr was chosen over 

MIBK, N-octane, CH2Cl2, N-octanol, and dimethyl phthalate (DMP). Under the optimal 

conditions, molar ratio of NaBPh4 to Li+ of 2:1, organic phase composition of 50% TBP and 

50% CH2ClBr, and O/A of 1:1, extraction efficiency ELi was 88% and βLi/Mg was 22601. The 

process combined stripping and regeneration steps when organic phase was stripped with 

2.5 M Na2CO3 solution. Lithium was stripped into the aqueous phase as usable Li2CO3 form. 

Process also showed excellent reusability after ten continuous cycles of the whole extraction 

process. According to the study, NaBPh4 can be effectively used as a TBP co-extractant 

instead of more commonly used FeCl3. The whole extraction process could be conducted 

without using acids or bases.  

Wesselborg, et al., (2021) extracted lithium from battery waste leaching solution using 

TBP/FeCl3 in kerosene. For the extraction experiments, synthetic LIB waste leachate was 
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prepared, and it contained 1.3-1.5 g/L Al, 14.2-17.8 g/L Co, 1.9-2.2 g/L Cu, 0.7-0.8 g/L Fe, 

2.4-2.7 g/L Li, 1.9-2.1 g/L Mn, and 1.8-2.0 g/L Ni. Study suggests that using this kind of 

extraction system, lithium extraction efficiency can be affected by the chloride source. It was 

found that especially AlCl3 promotes lithium extraction. In the single stage experiments, 

lithium extraction percent ELi of 88% was achieved and extraction selectivity of lithium over 

nickel and cobalt, was βLi/Ni = 2825 and βLi/Co = 854, respectively. Two counter current 

loading steps were determined with McCabe-Thiele analysis. Initially Li purity in the 

organic phase was  65.6%, after scrubbing with 1 M LiCl + 2 M AlCl3 it was 98.9%, and 

after stripping with 6 M HCl at three counter current stages, lithium purity in the stripping 

liquor was 99.1%. Study proves that lithium can be selectively extracted from LIB leachate 

using TBP/FeCl3 system in kerosene. 

TBP based extraction systems are proven to be effective when selectively extracting lithium 

from chloride media. Downsides for the systems are required acidic aqueous phase (pH<5.0), 

addition of FeCl3, and in order to get iron exist in FeCl4
-, the chloride concentration of the 

aqueous phase must be greater than 6 mol/L (Zhang, et al., 2021a). This applies to 

conventional systems using TBP with ordinary diluents like kerosene. Using TBP in 

combination with ionic liquids was discussed in sub section 3.2.3. The advantages and 

disadvantages of solvating extractant based extraction systems are presented in Table 5. 

 

Table 5. Solvating extractant based extraction systems advantages and disadvantages. 

Advantages Disadvantages 

- High extraction efficiency - Need for FeCl3 co-extractant 

- High lithium selectivity - Works only in acidic solution 

  

 

3.3  Synergistic solvent extraction  

Major part of the lithium extraction systems described in the literature are synergistic 

processes where the combination of two extractants or sometimes extractant and diluent, 

have better extraction capability than the extractant alone. Most common synergistic solvent 

extraction (SSX) system is the combination of a chelating extractant with a solvating 
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extractant. Extraction systems combining β-diketone like HBTA and neutral 

organophosphoric ester like TOPO have been discussed in sub section 3.2.1. β-diketone 

extractants are able to extract lithium on their own but the extraction efficiency is poor. If 

used alone, β-diketones will also cause severe emulsification which can be inhibited with 

the addition of other extractant (Zhang, et al., 2022b). In addition, different diluents seem to 

have synergistic effects with solvating extractants like TBP. Ionic liquid [Na][NTf2] and 

MIBK both showed synergistic effects with TBP (sub section 3.2.3 and sub section 3.2.4). 

Synergism factor SC can be used to describe the synergistic (increasing extraction) or in turn 

antagonistic (decreasing extraction) effect of different extractants used together. SC depends 

on the distribution coefficients of single systems versus the synergistic system. The 

definition of SC is presented in Equation 8. 

 

𝑆𝐶 =  
𝑙𝑜𝑔𝐷12

(𝐷1 + 𝐷2)
 (8) 

 

Where D12 is the distribution coefficient of the synergistic system and D1 and D2 are the 

distribution coefficients of the single systems. If the SC is larger than unity, the system 

demonstrates synergy. If the system shows antagonistic effects, SC is less than unity 

(Schmidt, et al., 2019).  

Synergistic lithium extraction systems have been used successfully for a wide range of 

different aqueous medias like, lithium hydroxide production side stream (Zhang, et al., 

2022a), lithium carbonate production mother liquor (Wang, et al., 2019), and wastewater 

(Çelebi, et al., 2019). The connecting factor between these studies was the use of β-diketone 

with solvating extractant. Zhang, et al., (2022a) used HBNA and different organophosphoric 

extractants (TRPO, TBP, TIBP, TIBPP, and DPOP), Wang, et al., (2019) used PHPD with 

Cyanex 923, and Çelebi, et al.,  (2019)  Mextral EOL (LIX 54) and Cyanex 923.  

Zhang, et al., (2022a) explains the synergistic effect between β-diketones and solvating 

extractants by the strong electron-donating effect of solvating extractants which promotes Li 

extraction. Stronger electron-donating ability leads to stronger synergism which in turn leads 

to better extraction. In addition, solvating extractants with long alkyl chain have greater 
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hydrophobicity than extractants with other structures which helps the complexes solvation 

to organic phase. 

In Coterillo, et al.,  (2022) it is thought that in synergistic solvent extraction of β-diketone 

and solvating extractant, the β-diketone forms a chelating complex with metal cation and the 

neutral extractant displaces remaining water molecules improving the solubility of the 

complex to the organic phase (See Figure 9). 

According to Wang, et al.,  (2019) β-diketones with short alkyl chains should be used in 

synergistic solvent extraction since longer alkyl chain hinders the effectiveness of the β-

diketone. It is also possible that the properties of the aqueous phase have an effect on the 

structure of the lithium adduct formed in the organic phase. 

In conclusion, β-diketones with short alkyl chain and solvating extractants with long alkyl 

chains form the most effective synergistic extraction systems. Because of its benefits for 

lithium extraction efficiency, synergistic solvent extraction is possibly one of the best 

choices for lithium solvent extraction. 

3.4  Research gap and novelty 

According to the literature review on lithium solvent extraction, synergistic extraction 

system consisting of  β-diketone (HBTA) and solvating extractant (TOPO) diluted in 

kerosene have showed great potential in Li solvent extraction from alkaline aqueous phases.  

Lithium has been extracted with this kind of extraction system from carbonate type alkaline 

brine containing large amounts of Na compared to Li (Zhang, et al., 2017) and (Zhang, et 

al., 2018), sulphate type battery recycling effluent liquor with little impurities (Zhang, et al., 

2020a), and sulphate type LIB-recycling leach liquor containing large amounts of Co and Ni 

(Zhang, et al., 2021b). Still some research gaps and questions remain. How would the 

HBTA/TOPO extraction system work on streams with other anion compositions than 

carbonate or sulphate? What is the systems Li selectivity over other metals than alkali- and 

alkaline earth metals? Does the organic need to be stripped with concentrated HCl to remove 

the Li from the organic phase? 

As discussed above, this extraction system hasn’t yet been utilised with chloride media 

wastewaters or wastewaters with mixed media consisting of different anions. Previous 
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studies have also been primarily concentrating only on the extraction of alkali- and alkaline 

earth metals compared to lithium. Stripping has been exclusively done with HCl. This study 

tries to fill these gaps in existing literature. Extraction systems implementation on mixed and 

chloride media wastewaters is reported in this study as well as it’s extraction of Al and 

heavier elements such as Fe, Sb, Sn. Stripping effectiveness is also reported with HCl and 

H2SO4 as the stripping reagents. 
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4  Materials and methods 

The aim for the experiments was to produce lithium solution with battery grade 99.5% purity 

using solvent extraction on the provided wastewaters. This chapter describes analytical 

equipment, special chemicals, and wastewaters used for experimental research as well as 

experiments and analysis. 

4.1  Analytical equipment 

ICP-MS (Agilent 7900) was used as the primary analytical equipment in this research to 

determine the samples cation compositions.  ICP-MS used for analysis is presented in Figure 

14. 

 

Figure 14. ICP-MS (LUT-University, 2023). 

 

IC-MS (Thermo Scientific Dionex Aquion RFIC) was used to analyse wastewater samples 

anion compositions. AAS (Thermo Scientific iCE 3000 Series) was used to confirm some 

of the ICP-MS K and Na analysis results.  
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4.2  Special chemicals 

Special chemicals used for the experiments, as well as their functions, scientific names, 

abbreviations, purities, and providers, are listed in Table 6. All the chemicals were obtained 

from VWR in analytical grade and used without additional purification. 

 

Table 6. Special chemical specifications. 

Function Scientific name Abbreviation Purity Provider 

Extractant 4,4,4-trifluoro-1-phenyl-1,3-

butadione 

HBTA ≥98% Thermo 

Scientific 

Extractant Trioctylphosphine oxide TOPO 99% Thermo 

Scientific 

 

In addition, other chemicals like Exxsol D80, HCl, and H2SO4 were used. They were all 

analytical grades. All water used in experiments was pure ion exchanged water. 

4.3  Wastewaters 

Solvent extraction experiments were conducted on two real industrial wastewaters provided 

by our collaborators (ABEE, Belgium and Extracthive, France). The origins of the 

wastewaters were kept confidential. In this work, the wastewaters are designated as 

Wastewater1 and Wastewater2  

Wastewater’s elemental compositions were analysed with ICP-MS (Agilent 7900) using a 

semi quantitative method to obtain an overview of their compositions. After this, the accurate 

compositions were acquired using appropriate calibration standards. 

Wastewater’s anion compositions were analysed with IC-MS (Thermo Scientific Dionex 

Aquion RFIC). According to IC analysis, Wastewater1 sample contained fluoride which 

concentration couldn’t be calculated because the lack of calibration for fluoride. Thus, 

fluoride was analysed using Sentek fluoride ion sensitive electrode. 

Analysing the samples fluoride concentration with Sentek fluoride ion sensitive electrode 

involved making calibration solutions from standards with known fluoride concentrations. 
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1900 ppm, 190, ppm, 19 ppm, and 1.9 ppm fluoride calibration solutions were prepared from 

1900 stock calibration solution via serial dilution. Next, the solutions, including the samples, 

were diluted 50:50 with TISAB II solution to complex the metals with might intervene with 

the fluoride analysis. Because the sample had a high pH of 12.5 and the OH- ion impacts the 

fluoride analysis, all solutions were buffered with 4 M potassium acetate solution with 10:1 

ratio (90% CH3COOK and 10% sample or calibration solution). Electrodes mV readings 

were written down and calibration curve was constructed. Finally, unknown fluoride 

concentration of the sample was calculated using the calibration straight. 

4.4  Experimental and analysis 

Studying the extraction system consisted of series of equilibrium experiments where pH-, 

loading-, temperature-, and stripping isotherms were determined. In addition, Na scrubbing 

of the loaded organic phase and the synergy between the two used extractants were studied. 

All the experiments were conducted as batch experiments and extraction behaviour was 

studied using both wastewaters. This chapter describes conducting the experiments and their 

conditions. 

Organic extraction phase was prepared by diluting β-diketone 4,4,4-trifluoro-1-phenyl-1,3-

butadione (HBTA) and organophosphate oxide Trioctylphosphine oxide (TOPO) to 

ExxsolTM D80 (kerosene in essence) solvent to create a synergistic extractant system. The 

concentration of both extractants was chosen to be 0.4 M according to synergism 

experiments presented in Zhang, et al., (2020a). The synergism between HBTA and TOPO 

didn’t increase significantly after the 0.4 M HBTA and 0.4 M TOPO concentrations were 

reached.  

Level of pH was monitored in all experiments conducted in glass-jacketed reactors with a 

Consort C3060 multi-parameter analyser with Mettler Toledo InLab® Semi-Micro-L pH 

probe. Prior to all experiments, pH meter was calibrated with pH 4.0, pH 7.0, and pH 10.0 

calibration solutions.  
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4.4.1  Studying the effect of pH on extraction 

Metal extraction was studied in alkaline conditions and equilibrium pH range for pH 

isotherm experiments was determined to be 7.0 – 13.5. Because of the keto-enol tauterism 

of β-diketones, the system would not work in much more acidic conditions (Zhang, et al., 

2020a). 

Extraction systems pH level was first adjusted by bubbling NH3 gas to the reactor via N2 

carrier gas to avoid introduction of more alkali metals to the aqueous phase. Because NH3 

was only sufficient to increase the equilibrium pH up to 10.0, it was stated inefficient. Next, 

KOH was used in pH adjustment due to extraction systems reported selectivity order of 

Li+>Na+>K+ (Zhang, et al., 2018). After first KOH additions, severe foaming was observed 

and after centrifuging the samples it was noted that a third phase had been formed. After 

these observations, NaOH was chosen as the pH adjuster. Experimental setup is presented 

in Figure 15. 

 

 

Figure 15. Experimental setup for pH isotherm experiments. 
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For pH isotherm experiments, 1000 mL reactor was loaded with 200 mL of wastewater and 

200 mL of organic extraction phase creating a system with O/A of 1:1. Stirring was done 

with an overhead mixer at constant 700 rpm speed. Impeller was PTFE coated to inhibit 

system contamination with additional metals from the shaft. Temperature was kept constant 

(22 ℃) by circulating temperature controlled water through the jacketed reactor. The pH of 

the system was adjusted from 7.0 to 13.5 with 0.5 increments by adding 10 M, 1 M, or 0.1 

M NaOH from the top. After each base addition, the agitation was continued for 10 minutes 

to let the system reach equilibrium. 5 mL samples were taken from the dispersion and 

analysed.  

4.4.2  Studying the synergism between the extractants 

The synergism of HBTA/TOPO system was studied by extracting lithium from wastewater2 

using different organic phases containing 0.4 M HBTA with 0.0 – 0.4 M TOPO and 0.4 M 

TOPO with 0.0 – 0.3 M HBTA. Experiments were conducted by adding 2 mL of organic 

phase and 2 mL of unaltered aqueous phase to 10 mL test tube and shaking it for 10 minutes 

at room temperature. After extraction, samples were centrifuged for 10 minutes at 5000 rpm 

and analysed. 

4.4.3  Studying the effect of phase ratio on extraction 

Loading isotherm experiments were conducted in a smaller 250 mL reactor similar to the 

larger reactor presented in Figure 15. Temperature was kept constant at 25 ℃ by circulating 

water through the glass-jacketed reactor. Mixing was done by overhead mixer with PTFE 

impeller at 500 rpm. The experiment started with 55 mL of aqueous phase and 11 mL of 

organic phase resulting in O/A of 1:5. After 10 minutes, 5 mL samples were pipeted straight 

from the dispersion. New organic phase was added in appropriate segments, taking sampling 

into account,  until phase ratio O/A of 5:1 was reached. After every organic phase addition 

pH dropped due to HBTA proton release and it was increased back to 11.5 with 10 M, 1 M, 

or 0.1 M NaOH.  
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4.4.4  Studying the effect of temperature on extraction 

Temperature isotherm experiments were conducted in 10 mL test tubes using an incubated 

shaker. Because of HBTAs property of releasing protons and thus lowering the pH of the 

extraction system, predicting the equilibrium pH using initial aqueous pH proved to be very 

difficult. Wastewater1 with initial pH of 11.9 resulted in equilibrium pH of 6.8. In 

comparison, Wastewater2 with initial pH of 13.4 resulted in equilibrium pH of 13.4. To 

inhibit too low equilibrium pH, the pH of Wastewater1 was adjusted by adding 10 M NaOH 

to reach pH of 13.0. Wastewater2 was used unaltered. 

Organic and aqueous phases were mixed 2.5 mL organic/ 5 mL aqueous in the case of 

Wastewater1 resulting in a phase ratio O/A of 1:2. Lower phase ratio was used since 1:1 

ratio resulted in almost 100% extraction in previous experiments. For Wastewater2, 4 mL 

organic and 4 mL of aqueous phase was used for O/A ratio of 1:1. The correct temperature 

in the incubator was set and the samples were kept in the stationary incubator for 10 minutes 

for them to reach the desired temperature. Next, the samples were vigorously shaken for 10 

minutes for the extraction to take place. Temperatures were adjusted from room temperature 

of 25 ℃ up to 45 ℃ in 5 ℃ increments. After the experiment, organic and aqueous phases 

were separated and analysed. 

4.4.5  Studying the Na scrubbing of the organic phase 

Two batches of loaded organic phase were prepared to be used in scrubbing experiments. 

Wastewater1 was extracted at conditions of O/A = 1:1, pH = 11.5, T = 25 ℃ and 

Wastewater2 at O/A = 2:1, pH = 11.5, T = 25 ℃. After extraction, loaded organic was 

scrubbed with 1 M HCl in order to remove Na. 1 M HCl was decided to be the scrubbing 

reagent according to Zhang, at al., (2020a). Scrubbing was done in 50 mL test tubes where 

5 mL to 25 mL of loaded organic was added with 1 mL of 1 M HCl. Test tubes were shaken 

for 10 minutes and after that centrifuged for 10 minutes at 5000 rpm. Phases where separated 

and analysed. 

Second scrubbing experiment was conducted similarly, but 5 M LiCl solution was used 

instead of 1 M HCl. In order to make loaded organic phase, Wastewater1 solvent extraction 

was conducted at O/A = 1:1, T = 23 ℃, pH = 11.5 and Wastewater2 at O/A = 2:1, T = 23 
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℃, pH = 11.5. Loaded organic was scrubbed with 5 M LiCl in test tubes where organic and 

aqueous phases were added to create O/A phase ratios from 2.5:1 to 25:1. Test tubes were 

shaken for 10 minutes and after that centrifuged for 10 min at 5000 rpm. Next, phases were 

separated, and their elemental contents were analysed. 

4.4.6  Studying the stripping of Li from the organic phase 

Stripping reagent was decided to be 6 M HCl according to Zhang, et al., (2020a). Before the 

stripping, two batches of loaded organic were prepared. Solvent extraction was done with 

optimal conditions determined by pH isotherm, loading isotherm, and temperature isotherm 

experiments. For Wastewater1 these parameters where O/A = 1:1, pH = 11.5, T = 25 ℃ and 

for Wastewater2 O/A = 2:1, pH = 11.5, T = 25 ℃, respectively. After extraction, the loaded 

organic was scrubbed with 1 M HCl at O/A of 20:1 to remove the coextracted Na. 

Stripping isotherm experiments were conducted in 50 mL test tubes where 5 mL to 25 mL 

of loaded organic was added with 1 mL of 6 M HCl resulting in O/A ratios of 5:1 to 25:1. 

Test tubes where shaken for 10 minutes and after that a sample of both phases was gathered 

and centrifuged for 10 minutes in 5000 rpm. Aqueous and organic samples were separated 

and analysed.  

In addition to stripping the organic with 6 M HCl, the effectiveness of 1.5 M H2SO4 and 3 

M HCl were compared as stripping reagents. Batch of loaded organic was made using both 

Wastewater1 and Wastewater2. Wastewater1 solvent extraction was conducted at O/A = 1:1, 

pH = 11.5, T = 23 ℃ and Wastewater2 at O/A = 2:1, pH = 11.5, T = 23 ℃. Loaded organic 

was added to test tubes containing either 1.5 M H2SO4 or 3 M HCl creating series of different 

O/A from 5:1 to 25:1. Test tubes were shaken for 10 minutes and centrifuged for 10 minutes 

at 5000 rpm, after which both phases were analysed. 

4.4.7  Sample preparation 

After each experiment, the sample consisting of organic and inorganic phases was 

centrifuged for 10 minutes at 5000 rpm to fully separate the phases. After centrifuging, the 

phases were carefully separated to different test tubes by pipetting. Aqueous samples could 
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be analysed straight with ICP-MS after suitable dilution. In order to analyse the metal 

concentrations of the organic samples, they needed to be wet combusted first. 

Wet combustion of the organic samples was done with Milestone UltraWAVE Single 

Reaction Chamber Microwave Digestion System which is presented in Figure 16. 

 

  

Figure 16. Wet combustion apparatus. 

 

To prepare the organic samples for wet combustion, they were first dissolved into reverse 

aqua regia (1 part of 37% HCl and 3 parts of 65% HNO3). After acid addition the samples 

were inserted into the pressure chamber. After the wet combustion process, the samples were 

diluted and analysed with ICP-MS. 
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5  Results and discussion 

This chapter presents, discusses, and compares the experimental results to existing literature. 

Experimental data was obtained from the experiments and analysis described in chapter 4. 

5.1  Compositions of wastewaters and the organic extraction phase 

Wastewater1 was a clear, colourless liquid with no observable solids. Wastewater2 was 

yellow in colour, and it contained black residue, which was magnetic, thus it was determined 

to be an iron compound. Appearance of the wastewaters is presented in Figure 17. 

 

 

Figure 17. Wastewater1 (a) and wastewater2 (b). 

 

Wastewater’s acidities were analysed with a pH probe and the pH of Wastewater1 was 12.5 

and pH of Wastewater was 13.4. Both wastewaters were thus very alkaline. Wastewater’s 

cation and anion compositions were analysed as described in section 4.3. The analysis results 

for wastewater compositions are presented in Table 7 and Table 8. 

a) b) 
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Table 7. Wastewater1 and Wastewater2 cation compositions. 

Cation Li+ Na+ Mg2+ Al3+ K+ Ca2+ Fe2+/3+ Sn2+/4+ Sb3+/5+ 

Wastewater1 

[ppm] 

1861 31.4 0.7 10.3 36.3 1.8 0.6 3.2 0.6 

Wastewater2 

[ppm] 

4540 99 611 0.4 0.4 25.2 5.9 0.5 0.01 0.1 

 

According to analysis, Wastewater1 contained nearly 2 g/L of lithium with main impurities 

being K with 36.3 mg/L, Na with 31.4 mg/L, and Al with 10.3 mg/L. Lithium was by far the 

most abundant cation by mass in this wastewater and 95.6% cation mass was Li+.  

Wastewater2, on the other hand, contained about 4.5 g/L of lithium while Na concentration 

was almost 100 g/L. Li-ion share in Wastewater2 was only 4.36% of cation mass while Na-

ion share was 95.6%. 

 

Table 8. Wastewater1 and Wastewater2 anion compositions. 

Anion Cl- SO4
2- F- Br- 

Wastewater1 [ppm] 323.1 50.8 275.6 132.9 

Wastewater2 [ppm] 115 261 ND ND ND 

 

According to analysis results, Wastewater1 had a mixture of Cl-, SO4
2-, F-, and Br- anions 

and Wastewater2 was a chloride media with very high amount of Cl-. 

 

These two wastewaters were very different in both cation and anion compositions and 

provided two very different mediums to test the effectiveness of the extraction system. Main 

point of interest regarding the solvent extraction with Wastewater1 was the abnormal anion 

composition and with Wastewater2, chloride media and the high amount of sodium 

compared to lithium. 

HBTA is a solid with rather large crystals in room temperature and TOPO is a white powder. 

Their dissolution in D80 was rather slow in room temperature, and heating the vessel sped 

up the dissolution considerably. Density of the new extraction phase was 0.85 g/mL at room 

temperature. Newly made organic extraction phase as well as D80 were wet combusted and 
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analysed with ICP-MS to recognise possible impurities they might contain. ICP-MS results 

are presented in Table 9. Na and K concentrations in the extraction phase were confirmed 

with AAS. 

 

Table 9. Organic extraction phase impurities. 

Element Na Mg Al K Ca Fe 

Concentration in D80 [ppm] 4754.5 14.1 264.8 2122.2 167.2 6.1 

Concentration in HBTA/ TOPO 

extraction phase [ppm] 

504.9*  12.9 327.5 183.2*  46.2 2.1 

*analysed with AAS 

 

As seen from Table  9, the organic extraction phase contained a considerable amount of 

impurities prior to extraction. According to analysis results, the batch of ExxsolTM D80 used 

in the experiments was potentially the source of the impurities. ExxsolTM D80 used in the 

experiments came from a 200L barrel which had been opened for a long time.  

5.2  Equilibrium behaviour of the extraction system 

After organic and aqueous samples were analysed, Equation 1 was used to calculate 

distribution coefficients D, which in turn were used to calculate extraction percents E using 

Equation 2. Plots presenting the effect of pH on metal extraction (pH isotherms) are 

constructed by presenting the extraction percent E as a function of pH.  Wastewater1’s pH 

isotherm is presented in Figure 18 and Wastewater2’s in Figure 19. 
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Figure 18. The effect of pH on the extraction of metals from Wastewater1 (under the 

conditions of; 0.4 M HBTA/ 0.4 M TOPO; O/A = 1:1, T = 22 ℃). 

 

Synergistic HBTA/TOPO extraction system is able to extract ~97% of the lithium in 

Wastewater1 on a wide pH range (Figure 18). On the other hand, the system coextracts a 

large proportion of Na brought to system by NaOH additions to adjust the pH. The extent of 

Na extraction might be due to the fact that Li extraction is ~100% which leaves unoccupied 

binding sites in which Na can bind. According to Zhang, et al., (2020a), this kind of 

extraction system should be more selective towards Mg2+ and Ca2+ over Li+, but as can be 

seen from Figure 18, it seems like Mg extraction declines slowly as pH increases. 

Aluminium extraction also declines rapidly while pH increases which could be explained by 

a larger proportion of aluminium being in anion form in very alkaline conditions. Al 

speciation plot made with MEDUSA is presented in Figure 19. 
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Figure 19. MEDUSA speciation plot for Al in Wastewater1. 

 

As can be seen from Figure 19, Al exists only in anion species in high pH (pH>11.5), thus 

extraction with cation exchange extractant like HBTA is not possible. Because there is still 

some extraction of Al at pH 11.5 and over, it might be that TOPO extracts some Al by itself 

without complexation with HBTA. 

Extraction of heavier elements, such as Fe, Sn, and Sb, is minimal. Extraction behaviour of 

these ions can be explained with Pearsons HSAB theory mentioned in section 3.2.1. For 

example, hardness parameter ηA of Li+ is 35.1 compared to Fe3+ with hardness parameter of 

13.1 (Parr & Pearson, 1983). Extraction behaviour of Al, Fe, Sn, and Sb hasn’t been 

discussed in the literature before. The equilibrium pH of 11.5 was chosen for next 

experiments because of drop in Al and Mg extraction, and after this point Na concentration 

increases rapidly due to pH adjustment. Separation factor βLi/Na was 62 at this pH.  
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Figure 20. The effect of pH on the extraction of metals from Wastewater2 (under the 

conditions of; 0.4 M HBTA/ 0.4 M TOPO; O/A = 1:1, T = 22 ℃). 

 

As seen from Figure 20, lithium extraction ELi  from Wastewater2 is only about 50-60%. 

This could be explained by reaching the maximum capacity of the extractant since 

Wastewater2 contained 4.5 g/L of lithium compared to Wastewater1’s 1.9 g/L. Na 

coextraction is only ~10% which shows great selectivity towards Li over Na. Extraction of 

Mg and Ca is nearly 100% which is in line with the results in Zhang, et al., (2020a). 

Similarly, to Figure 19, the extraction of heavier elements is very low. Equilibrium pH of 

11.5 was chosen for the next experiments because Na extraction was lowest at this point. 

Selectivity βLi/Na was 102 at pH of 11.5. 

ICP-MS had trouble analysing K, so AAS was used to determine K concentration in the 

organic samples. Since K concentration in the organic phase dropped while pH increased 

and reached zero at pH 9.5, it was interpreted that the system didn’t extract K. Similarly, 

ICP-MS is not good for analysing low amounts of Ca. If Ca was not detected it is not 

presented in the figures.  

Synergism experiment was conducted as described in section 4.4.2. Extraction performance 

with different compositions of extraction phase is presented in Figure 21. When shaken, test 

tubes containing 0.4 M HBTA with 0.0 – 0.3 TOPO all formed a white precipitate. 

Precipitate formation was more severe the less there was TOPO in the extraction phase. After 

centrifuging these samples, the white precipitate settled between the organic and the aqueous 
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phases. With extraction system consisting of 0.4 M HBTA and 0.4 M TOPO, or 0.4 M TOPO 

with different concentrations of HBTA, there was no precipitation whatsoever.  

 

 

 

Figure 21.  The effect of extractant concentrations on Li extraction from Wastewater2 (under 

the conditions of; O/A = 1:1, initial pH = 13.3, T = 25 ℃) (H = HBTA, T = TOPO).  

 

As can be seen from Figure 21, HBTA and TOPO have a very powerful synergistic effect 

used together. Using 0.4 M TOPO or 0.4 M HBTA alone to extract Li, extraction percent 

was close to 0%. Synergism factor SC can be calculated with Equation 7. Synergism factor 

for 0.4 M HBTA/ 0.4 M TOPO was calculated to be 31.1. According to (Coterillo, et al., 

2022) in synergistic solvent extraction of a β-diketone and a solvating extractant, its thought 

that the β-diketone forms a chelating complex with the metal cation and the neutral extractant 

displaces remaining water molecules improving the solubility of the complex to the organic 

phase. The precipitation mentioned above might be due to the insolubility of the Li complex 

to the organic phase without the adequate amount of TOPO molecules. Possible complex 

formation of HBTA, TOPO, and Li is presented in Figure 9. These results suggest that HBTA 

can’t be used as an extractant by itself and the amount of solvating extractant in the extraction 

system must be high enough to inhibit the formation of precipitate. 
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Loading isotherm experiments were conducted as described in section 4.4.3, and after 

analysis, loading isotherms were constructed by presenting the concentration of lithium in 

the organic phase as a function of lithium’s concentration in the aqueous phase. Loading 

isotherm of Wastewater1 is presented in Figure 22, and that of Wastewater2’s in Figure 23. 

McCabe-Thiele analysis was implemented to determine the amount of ideal extraction stages 

for ~99% extraction. 

 

 

Figure 22. Extraction distribution diagram and McCabe-Thiele analysis for Li extraction 

from Wastewater1 (under the conditions of; 0.4 M HBTA/ 0.4 M TOPO; pH = 11.5, T = 25 

℃). 

 

As can be seen from Figure 22, O/A = 1:1 seems to be optimal phase ratio for Wastewater1 

resulting in ~97% Li extraction in one optimal extraction stage. Increasing the O/A ratio to 

2:1 would enhance the extraction to ~99%  but simultaneously double the amount of organic 

phase needed. However, using a lower phase ratio could decrease the amount of Na extracted 

since more of the binding sites would be occupied by more strongly binding Li-ions. 

Correlation between higher phase ratios and an increase in Na extraction has been reported 

by Zhang, et al., (2018). According to the McCabe-Thiele plot, the lithium capacity of the 

0.4 M HBTA/ 0.4 M TOPO extraction system is ~2.5 g/L. The capacity has been described 

lower at ~1.8 g/L in the literature when extracting lithium from a solution with similar 

amount of lithium (Zhang, et al., 2020a). According to Wang, et al.,  (2019) the composition 
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of the aqueous phase could have an impact on the structure of the complex in the organic 

phase. It could be that the complex formed here isn’t like in Figure 9, which in turn might 

explain the larger Li extraction capacity. 

 

 

Figure 23. Extraction distribution diagram and McCabe-Thiele analysis for Li extraction 

from Wastewater2 (under the conditions of;  0.4 M HBTA/ 0.4 M TOPO; pH = 11.5, T = 25 

℃). 

 

According to McCabe-Thiele plot in Figure 23, extraction at O/A ratio of 1:1 would require 

two optimal stage for ~98% Li extraction. At a phase ratio of 2:1 it is possible to achieve 

~92% extraction at one ideal extraction stage. Increasing the phase ratio to 3:1 would in turn 

increase the extraction to ~97%. It is debatable what is the optimal phase ratio for this 

extraction system. On the other hand, it’s possible to achieve fairly good extraction percent 

with phase ratio of 2:1 in only one ideal stage, but on the other hand, using half of the organic 

in two ideal extraction stages results in better extraction. The lithium capacity of the system 

remains at ~2.5 g/L. 

Temperature isotherms were constructed by presenting calculated extraction percents as a 

function of temperature. Distribution coefficients D where calculated using Equation 1 and 

used in Equation 2 to calculate extraction percents E. Wastewater1 temperature isotherm is 

presented in Figure 24 and Wastewater2 isotherm in Figure 25. 
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Figure 24. The effect of temperature on the extraction of metals from Wastewater1 (under 

the conditions of; 0.4 M HBTA/ 0.4 M TOPO; O/A = 1:2, pH = 12.7). 

 

Decrease in extraction of Li is very slight, from 70% at 26 ℃ to 65% at 46 ℃ using these 

parameters. This observation could be due to exothermic nature of the reaction, and it is at 

agreement with the observations by Zhang, et al., (2017). Similarly, Mg extraction decreases 

while temperature increases. As opposed to Li extraction, it seems like there is an increase 

in Na extraction on 26 ℃ to 42℃ temperature range. Zhang, et al., (2017) and Zhang, et al., 

(2020a) only studied the effect of temperature on Li extraction, thus there is no backing 

scientific evidence for this founding. The effect of temperature on the extraction of other 

species is minimal. According to temperature isotherm, optimal temperature for Li extraction 

is room temperature. 
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Figure 25. The effect of temperature on the extraction of metals from Wastewater2 (under 

the conditions of; 0.4 M HBTA/ 0.4 M TOPO; O/A = 1:1, pH = 13.4). 

 

According to Figure 25, Li extraction from Wastewater2 follows the same trend with 

Wastewater1. The extraction of Li decreases from 49% at 26 ℃ to 43% at 46 ℃. As well as 

working on a wide pH range, HBTA/TOPO extraction system seems to work well on a wide 

temperature range also, which is backed by findings in Zhang, et al., (2017) and Zhang, et 

al., (2020a). 

5.3  Elution behaviour of the loaded organic phase 

Scrubbing plots were constructed by presenting scrubbing percent E’ (scrubbing percent is 

a stripping percent of an impurity) as a function of phase ratio O/A. Scrubbing percents were 

calculated by using Equation 3. Scrubbing plot of organic loaded with Wastewater1 and 

using 1 M HCl as the scrubbing reagent is presented in Figure 26 and the same arrangement 

with organic loaded with Wastewater2 in Figure 27. Scrubbing plots with 5 M LiCl as 

scrubbing reagent are presented in Figure 28 and Figure 29. 
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Figure 26. The effect of phase ratio on Li and Na scrubbing from organic loaded with 

Wastewater1 (under the conditions of; 1 M HCl, T = 25 ℃). 

 

As can be seen from Figure 26, at O/A of 5:1 most of the Li is scrubbed to the aqueous phase 

along circa half of the sodium which indicates that this is too low of a phase ratio to scrub 

Na. On larger phase ratios, 15:1 to 25:1, more Na is scrubbed than Li, but the scrubbing 

effectiveness is very poor at 14% to 6%. According to these results 1 M HCl is suboptimal 

to scrub Na effectively. These results differ drastically from the literature, where 1 M HCl 

at O/A of 20:1 was able to scrub about 95% of the Na from the organic phase (Zhang, et al., 

2020a).  

Since the HBTA/ TOPO extraction system follows extraction sequence H+>Li+>Na+, dilute 

HCl should replace the Na+ ions with H+ quite easily. This exchange of cations can be seen 

as the increase of pH in Figure 26 and Figure 27. When Na+ (or Li+) is exchanged with H+, 

the amount of protons in the aqueous phase decreases increasing the pH. At O/A of 25:1 

(Figure 26) the pH is already 6 which indicates that most of the H+ is now in the organic 

phase. Maybe this extraction system needs more concentrated HCl to scrub Na effectively. 
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Figure 27. The effect of phase ratio on Li and Na scrubbing from organic loaded with 

Wastewater2 (under the conditions of;  1 M HCl, T = 25 ℃). 

 

Just like with the organic loaded with Wastewater1, scrubbing with O/A ratio of 5:1 resulted 

in higher migration of Li to the aqueous phase than Na. Phase ratio of O/A = 20:1 had the 

best Na scrubbing percent of 29% while Li scrubbing percent was 1%. The results from both 

scrubbing experiments differ a lot from the literature where Na scrubbing percent of 95% is 

achieved with 20% Li scrubbing using 1 M HCl at O/A of 20:1 (Zhang, et al., 2020a).  

As discussed in section 3.3, the differences in the aqueous phases between Zhang, et al., 

(2020a) and this study might have an impact on the structure of the Li complex. This 

difference in structure could also explain the difference in the scrubbing behaviour. If the 

complex is different, it might be that Na binds more firmly to this kind of complex. Maybe 

the complexes form tight clusters and steric hindrance inhibits the scrubbing efficiency. 

Another explanation might also be the difference in equilibrium pH which also affect the 

scrubbing efficiency. 
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Figure 28. The effect of phase ratio on Na scrubbing from organic loaded with Wastewater1 

(under the conditions of; 5 M LiCl, T = 23 ℃). 

 

Scrubbing with 5 M LiCl proved to be more effective than scrubbing with 1 M HCl which 

can be seen from Figure 28 and Figure 29. Scrubbing the organic loaded with Wastewater1 

at O/A = 2.5:1 resulted in scrubbing percent of ~30%. When the O/A ratio was increased, 

the scrubbing of Na decreased. Zhang, et al., (2020a) achieved a Na scrubbing percent of 

~90% using less concentrated 2 M LiCl solution at O/A of 20:1. 

 

 

Figure 29. The effect of phase ratio on Na scrubbing from organic loaded with Wastewater2 

(under the conditions of; 5 M LiCl, T = 23 ℃). 
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Organic loaded with Wastewater2 showed much more effective scrubbing. Over 90% of the 

Na in the organic could be scrubbed using 5 M LiCl at O/A of 2.5:1. The differences between 

the two loaded organics scrubbing behaviour are most likely due to the different 

compositions of the wastewaters as discussed above. It seems like that Na ions in the organic 

loaded with Wastewater1 are more securely bound to the HBTA molecule. This might be 

due to the different anion composition of Wastewater1 affecting the complex formation. 

According to Figure 26 and Figure 27, 1 M HCl is ineffective in removing the excess Na 

from the organic phase. The benefit of using LiCl as the scrubbing reagent is that, as well as 

scrubbing the unwanted Na ions from the organic, it increases the amount of target metal Li 

in the organic phase. On the other hand, the use of a reagent containing the product metal 

makes the process less attractive.  

The differences in scrubbing performance between this study and Zhang, et al., (2020a) 

might be due to multiple reasons discussed above.  One more hypothetical reason behind the 

poor scrubbing performance could be that all the Na in the organic phase is not bound to the 

extractant. There could be Na containing compounds as impurities originating from the 

kerosene. 

Stripping isotherms with 6 M HCl were constructed by presenting the concentration of Li in 

the organic phase as a function of concentration in the aqueous phase. Stripping isotherm for 

organic loaded with Li from Wastewater1 is presented in Figure 30 and corresponding 

isotherm for organic loaded with Wastewater2 in Figure 31. 
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Figure 30. Stripping distribution diagram and McCabe-Thiele analysis for Li stripping from 

organic loaded with Wastewater1 (under the conditions of; 6 M HCl, T = 25 ℃). 

 

According to McCabe-Thiele analysis on stripping isotherm, ~99% stripping can be 

achieved with one optimal stripping stage up to a phase ratio of O/A = 15:1. On phase ratio 

of 20:1 stripping percent E’Li drops to ~92% and finally to ~78% on phase ratio of 25:1. 

Stripping should be done with as high of a phase ratio as possible to obtain strip solution 

with high concentration of target metal. For this organic composition, phase ratio of 15:1 is 

optimal. Results are similar in literature where 6 M HCl at O/A of 20:1 was able to strip 

~100% of Li from the organic phase (Zhang, et al., 2020a). 
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Figure 31. Stripping distribution diagram and McCabe-Thiele analysis for Li stripping from 

organic loaded with Wastewater2 (under the conditions of; 6 M HCl, T = 25 ℃). 

 

Similarly, to organic loaded with Wastewater1, with one ideal stage stripping percent of 

~99%  is achieved up to a phase ratio of O/A = 15:1. If phase ratio would be 25:1, two ideal 

stripping stages would be needed for ~99% stripping. Stripping phase ratio of 15:1 is optimal 

also in this case. It is possibly to achieve a LiCl product solution with high concentration of 

Li (~20 g/L) using 6 M HCl. The use of this concentrated HCl in practical applications is 

still counterintuitive since strong HCl causes severe corrosion to equipment.  

Stripping behaviour with 1.5 M H2SO4 versus 3 M HCl is compared by presenting the 

stripping percents, calculated with Equation 3, as a function of phase ratio. Stripping plot for 

organic loaded with Wastewater1 is presented in Figure 32, and stripping plot for organic 

loaded with Wastewater2 is presented in Figure 33. 
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Figure 32. The effect of phase ratio on Li stripping from organic loaded with Wastewater1; 

a comparison between 1.5 M H2SO4 and 3 M HCl at 23 ℃. 

 

As can be seen from Figure 32, 1.5 M H2SO4 is more effective stripping reagent than 3 M 

HCl despite the same potential amount of protons possible to donate. The effectiveness 

difference is biggest at O/A of 15:1 where H2SO4 is able to strip ~83% of Li while HCl only 

strips ~47%. Literature references like Zhang, et al., (2017), Zhang, et al., (2018), and Zhang, 

et al., (2020a) exclusively studied stripping with HCl, thus there is no backing scientific 

evidence for H2SO4 stripping effectiveness on HBTA/TOPO extraction system. 
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Figure 33. The effect of phase ratio on Li stripping from organic loaded with Wastewater2; 

a comparison between 1.5 M H2SO4 and 3 M HCl at 23 ℃. 

 

In the case of organic loaded with Wastewater2, H2SO4 is also more effective than HCl. 

According to analysis results acquired from stripping experiments, both H2SO4 and HCl can 

be used as a stripping reagent. H2SO4 is more effective, but the used stripping reagent might 

be best decided by the desired composition of the product. Both LiCl and Li2SO4 can be used 

in lithium production. Modern LIB manufacturing uses Li2CO3 and LiOH∙H2O as the 

precursor for cathodes. The electrochemical process produces LiOH from either LiCl or 

Li2SO4. Hydrometallurgical process is industrially preferred, and it is used to produce 

LiOH∙H2O from Li2CO3, which in turn can be precipitated from LiCl or Li2SO4 solutions  

(Liu & Azimi, 2022). Since both LiCl and Li2SO4 can be used similarly in lithium 

manufacturing, H2SO4 is more viable stripping reagent since it doesn’t corrode equipment 

on the same extent than HCl.  

5.4  Lithium solvent extraction products and their compositions 

This section presents the final results for the wastewater solvent extraction process. As 

discussed in section 5.2, ICP-MS had trouble in K and Ca analysis and their values are 

marked with asterisk in the results. Results for solvent extraction products using different 

parameters are presented in Table 10, Table 11, Table 12, and Table 13. 
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Table 10. Wastewater1 solvent extraction product concentrations (HCl scrubbing). 

Element Li Na Mg Al K Ca Fe Sn Sb 

Concentration 

[ppm] 

10453 1936 2.6 3.2 65.2* 2.6* ND ND ND 

* not reliable. 

 

Solvent extraction was conducted at O/A = 1:1, pH = 11.6, T = 22 ℃. Scrubbing at O/A = 

15:1, T = 25 ℃, 1 M HCl. Stripping at O/A = 10:1, T = 23 ℃, 6 M HCl. The concentration 

of Li in the product is 10.5 g/L which is 5.3 times more than in the original wastewater. The 

purity of the product is only 83.9% due to the large amount of Na still present in the product.  

 

Table 11. Wastewater2 solvent extraction product concentrations (HCl scrubbing). 

Element Li Na Mg Al K Ca Fe Sn Sb 

Concentration 

[ppm] 

12178 1507 4.8 3.1 46.7* ND* 0.2 ND ND 

* not reliable. 

 

Solvent extraction was conducted at O/A = 1:1, pH = 11.5, T = 22 ℃. Scrubbing at O/A = 

15:1, T = 23 ℃, 1 M HCl. Stripping at O/A = 10:1, T = 23 ℃, 6 M HCl. Products Li 

concentration is 12.2 g/L which is 2.5 times more than in the original wastewater. Products 

purity is 88.9% biggest impurity being Na with concentration of 1.5 g/L. 

 

Table 12. Wastewater1 solvent extraction product concentrations (LiCl scrubbing). 

Element Li Na Mg Al K Ca Fe Sn  Sb 

Concentration 

[ppm] 

20346 276.5 2.3 0.6 ND* ND* 1.0 ND ND 

* not reliable. 
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Solvent extraction was conducted at O/A = 1:1, pH = 11.5, T = 23 ℃. Scrubbing at O/A = 

10:1, T = 23 ℃, 5 M LiCl. Stripping at O/A = 10:1, T = 23 ℃, 6 M HCl. Products Li 

concentration is 20.3 g/L which is 10.5 times more than in the original wastewater. 

Relatively high purity of 98,6% was achieved due to LiCl scrubbing, which was more 

effective than scrubbing with HCl. 

 

Table 13. Wastewater2 solvent extraction product concentrations (LiCl scrubbing). 

Element Li Na Mg Al K Ca Fe Sn Sb 

Concentration 

[ppm] 

18674 1861 4.0 0.2 ND* ND* 1.1 ND ND 

* not reliable. 

 

Solvent extraction was conducted at O/A = 2:1, pH = 11.5, T = 23 ℃. Scrubbing at O/A = 

15:1, T = 23 ℃, 5 M LiCl. Stripping at O/A = 10:1, T = 23 ℃, 6 M HCl. Concentration of 

Li in the product is 18.7 g/L which is 3.9 times more than in the original wastewater. Product 

purity of 90.9% was achieved which is higher than in the samples scrubbed with HCl. Still, 

Na remains in the product solution as a large impurity with concentration of ~1.9 g/L. 

The compositions of the stripping liquors differ from those presented in the literature mainly 

because of the high Na concentrations due to ineffective scrubbing. Stripping liquor 

compositions and purities achieved in previous research are presented in Table 14. 

 

Table 14. Stripping liquor compositions and purities in the literature. 

Research Zhang, et al., (2017) Zhang, et al., (2018) Zhang, et al., (2020) 

Li concentration [g/L] 13.9  14.2  30.9 

Na concentration [g/L] 0.02  0.14  0.14 

Li purity [%] 98.6 95.3 99.5 

 

Process conditions for Zhang, et al., (2017): Extraction phase consisted of 0.3 M HBTA/ 0.3 

M TOPO in kerosene. Solvent extraction was conducted at O/A = 3:2 in two counter-current 

stages. Scrubbing at O/A = 10:1, 0.5 M HCl. Stripping at O/A = 10:1, 2.5 M HCl.  



76 

 

Process conditions for Zhang, et al., (2018): Extraction phase consisted of 0.4 M HBTA/ 0.3 

M TOPO in kerosene. Solvent extraction was conducted at O/A = 1:1 three counter-current 

stages. Scrubbing at O/A = 10:1, 1 M HCl. Stripping at O/A = 10:1, 3 M HCl. 

Process conditions for Zhang, et al., (2020): Extraction phase consisted of 0.4 M HBTA/ 0.4 

M TOPO in kerosene. Solvent extraction was conducted at O/A = 1:1 in three counter-

current stages. Scrubbing at O/A = 20:1, 1 M HCl. Stripping at O/A = 20:1, 6 M HCl. 

Wastewater1 solvent extraction with LiCl scrubbing (Table 12) resulted in the highest 

concentration of Li in the stripping liquor in this study. Li concentration in the stripping 

liquor was 20.3 g/L. This result is best comparable to results in  Zhang, et al., (2018) where 

a stripping liquor with 14.2 g/L Li was achieved with similar stripping conditions. The larger 

amount of Li in the stripping liquor in this study can be explained by the LiCl scrubbing 

which increases the amount of Li in the organic phase. Zhang, et al., (2018) scrubbed the 

organic with 1 M HCl which removed 10% of the Li in the organic. 

The best Li purity in the stripping liquor was also achieved with Wastewater1 and LiCl 

scrubbing (Table 12). The Li purity in the scrubbing liquor was 98.6%. The purity would 

probably be higher without the impurities in the organic phase (see Table 9). 

Li purities achieved in Zhang, et al., (2017, 2018, 2020a) were 98.8%, 95.3%, and 99.5%, 

respectively. These purities are not well comparable to the best results in this study since 

Wastewater1 contained only 31.4 ppm Na compared to 52.1 g/L in Zhang, et al., (2017), 

49.9 g/L in Zhang, et al., (2018), and 31.2 g/L in Zhang, et al., (2020a). It is better to compare 

these results to Wastewater2 stripping liquors (Table 11 and Table 13) with Li purities of 

88.9% and 90.9%. Better Li purities in the literature could be explained with the ineffective 

scrubbing in this study, the impurities in the kerosene, as well as the fact that Wastewater2 

contained ~100 g/L Na which was much more than in the previous studies.  
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6  Conclusions 

Selective solvent extraction of lithium from alkaline wastewaters was studied using a 

synergistic extraction system consisting of a β-diketone, 4,4,4-trifluoro-1-phenyl-1,3-

butadione (HBTA), and a solvating extractant, trioctylphosphine oxide (TOPO) diluted with 

ExxsolTM D80.  

The extraction system was able to extract Li from both wastewaters on a wide pH range of 

7.0 – 13.5 without considerable effect on the performance. With Wastewater1 and O/A of 

1:1, extraction percent of lithium ELi was consistently ~97%. When extracting Li from 

Wastewater2 at O/A of 1:1, ELi remained at ~ 55 %. Extraction of alkaline earth metals (Mg 

and Ca) was ~100%. In addition, the extraction system coextracted some of the Na. On lower 

pH levels, the extraction system was observed to extract major amounts of Al but when pH 

increased over 10.5 the Al extraction decreased rapidly. Extraction of heavier elements, Fe, 

Sb, and Sn was minimal on the whole pH range. Similarly, temperature had only a 

neglectable effect on the extraction performance of all the species. 

According to loading isotherm experiments and McCabe-Thiele analysis, the capacity of the 

extraction system is 2.5 g/L. With Wastewater1, 97% Li extraction is achievable with one 

ideal counter-current stage at O/A of 1:1. With Wastewater2, ELi of 98% can be achieved 

with two ideal counter-current stages.  

The two extractants presented a strong synergistic effect in the synergy experiments. At 0.4 

M HBTA/ 0.4 M TOPO synergistic coefficient SC was 31.1. According to the experiments, 

HBTA is unable to be used as an extractant without the coextractant since it formed large 

amounts of white precipitate inhibiting the extraction process.  

With Wastewater1, optimal Na scrubbing percent using HCl was 14% at O/A of 15:1 and 

with Wastewater2 29% at O/A of 20:1. LiCl performed better with 32% at O/A of 2.5:1 and 

89% at O/A of 2.5:1, respectively.  

It was possible to achieve aqueous product solutions with high Li concentration using strong 

6 M HCl as the stripping reagent. At lower concentrations, however, 1.5 M H2SO4 performed 

better than 3 M HCl. Both acids are viable stripping agents, and the choice comes up to 

which end product LiCl or Li2SO4, is desired. 
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An aqueous product solution with 20.3 g/L Li and 98,6% purity was produced from 

Wastewater1, and a product solution with 18,7 g/L Li  and 90.9% purity from Wastewater2. 

Although the target of Li solution with 99.5% purity was not achieved, the study sheds more 

light on the characteristics of HBTA/ TOPO extraction system and its performance. 

According to this and previous studies, HBTA/TOPO extraction system shows great 

potential in selective solvent extraction of lithium from alkaline wastewaters. 

As recommendation for future work, the extraction system should next be studied with a 

continuous process e.g., on a pilot scale using mixer-settler units to study its scalability. 

Regeneration of the organic phase should also be studied as well as a more effective 

scrubbing method should be thought out. The impure kerosene diluent had a negative effect 

on the results achieved in this study, thus the purity of reagents is very important in future 

studies.   
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Appendix 1. Calculations 

First form of Equation 1 was used to calculate distribution coefficients D,  

𝐷𝐿𝑖 =  
𝐶𝑜

𝐶𝑎
=  

2004.9 𝑝𝑝𝑚

63.0 𝑝𝑝𝑚
=  31.8 (1) 

which in turn were used to calculate extraction percents E using first form of Equation 2. 

𝐸𝐿𝑖 =  
𝐷𝐿𝑖

𝐷𝐿𝑖 +
𝑉𝑎

𝑉𝑜

 ∙ 100% =
31.8

31.8 +  
150 𝑚𝐿
150 𝑚𝐿

 ∙ 100% = 97.0% (2)
 

In some cases, E was calculated with the second form of Equation 2. 

𝐸𝐴𝑙 =  
𝐶0 − 𝐶𝑒

𝐶0
 ∙ 100% =

12.6 𝑝𝑝𝑚 − 10.2 𝑝𝑝𝑚

12.6 𝑝𝑝𝑚
 ∙ 100% = 18.7% (2) 

Stripping percentages E’ and scrubbing percentages were calculated with Equation 3. 

𝐸′
𝑁𝑎 =  

𝐶𝑎

𝐶𝑜
 ∙  

𝑉𝑎

𝑉𝑜
 ∙ 100% =  

3100.7 𝑝𝑝𝑚

3877.7 𝑝𝑝𝑚
 ∙  

1 𝑚𝐿

2.5 𝑚𝐿
 ∙ 100% =  32.0% (3) 

Distribution coefficients β were calculated with Equation 4. 

𝛽𝐿𝑖/𝑁𝑎 =  
𝐷𝐿𝑖

𝐷𝑁𝑎
=

31.8

0.5
= 62.2 (4) 

Synergy coefficients SC were calculated with Equation 8. 

𝑆𝐶 =  
𝑙𝑜𝑔𝐷12

(𝐷1 + 𝐷2)
=

log (1.489)

(0 + 0.006)
= 31.088 (8) 


