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ABSTRACT 
 

This work is a cooperation with Boliden Minerals AB, who recently has been interested in 

recovering more valuable elements from their byproducts. For this case, solvent extraction was 

chosen as a potential method of recovering these valuables, as it is a method considered to be 

ideal for separation of trace elements from large amounts of other substances.  

The goal for this work was to execute manual extraction experiments as a preparation for a 

bigger project at LTU.  The objectives of this thesis included the investigation of the selectivity 

for extraction of tin and antimony, using different concentrations of hydrochloric acid in the 

feed solution, analysis of the equilibrium isotherms for Sn and Sb at 8M of HCl as well as the 

evaluation of the number of steps needed for future extraction experiments, using the McCabe-

Thiele method.  

By executing manual experiments with a speiss precipitate dissolved in hydrochloric acid, the 

results obtained indicated that the selectivity increased with a higher content of HCl in the feed 

solution. Using different ratios between the aqueous and organic phase, the equilibrium curves 

denoted a pushback effect, causing antimony to migrate back into the aqueous phase at the 

saturation level of tin. By constructing a McCable-Thiele diagram according to the equilibrium 

curves, the number of steps could be evaluated to three.  
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ABBREVIATION LIST 
 

SX – Solvent extraction 

TBP – Tributylphospate  

HCl – Hydrochloric acid 

TOA – Trioctylamine  

D2EHPA – di-2ethylhexylphosphoric acid 

TOPO – Trioctyle phosphine 

MIBK – Methyl isobutyl ketone 

D – Distribution coefficient (extraction) 

D1 – Distribution coefficient (stripping) 
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CHAPTER 1 

 

INTRODUCTION TO SOLVENT EXTRACTION 
 

The term “solvent extraction” refers to the distribution of a 

solute between two immiscible liquid phases in contact with 

each other. This technique rests on a strong scientific 

foundation. Its principles are illustrated in figure 1.1, where a 

vessel contains two layers of liquids, one that is generally water, 

and the other generally an organic solvent. For this example, 

the organic solvent (1) is lighter (lower density) than water (2), 

but the opposite situation is also possible. [1]  

Solvent extraction (SX) is considered to be an ideal method of 

separating trace elements from large amounts of other 

substances. It is a favored separation technique because of its 

simplicity, speed and wide applicability. [2]  

A commonly accepted mechanism for SX is solution diffusion 

(with or without chemical reactions), a process often considered 

to be selective. Repetition of the extraction process makes it 

possible to complete the isolation of the solute of interest as 

much as desired. [2]  

Even during extraction without chemical reactions at the partition of dissolved neutral molecules 

between two immiscible phases, there is a chemical change in the solvation environment. In the 

presence of an extractant, more drastic chemical changes of the solute species take place. This is 

the result of when different chemical interactions (reversible or irreversible), such as formation 

of new coordination compound, dissociation or association, and aggregation are possible. This 

enhances and facilitates SX. [2]  

Kinetics of SX can be described as a function of the rates of chemical changes occurring in the 

system and the rates of diffusion of the various species that control the overall rate of the 

process. Analyzing the mechanisms and kinetics of the chemical and diffusion steps of the 

overall process are therefore needed. [2]  

SX in chemical technology plays an important role in the purification of chemical reagents and 

semiconductor materials. A method also widely used in nuclear chemistry and technology for 

the separation of various radioisotopes and for the reprocessing of nuclear fuels. [2]  

When it comes to SX, important theoretical problems concerning the stability of solute as well 

as insoluble complexes can be solved. This property is useful, especially when other methods 

seems to obtain unreliable results. [2]  

Figure  1.1 – Schematic of 

solvent extraction [2]  
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1.1 INDUSTRIAL APPLICATIONS 

 

The first large-scale solvent extraction plant for metals purification was built in 1942 by 

Mallinckrodt Chemical Co. in St. Louis, initiated by the interest of SX for uranium production 

in the U.S. Manhattan Project. The aim was to produce large amounts of uranium by selective 

extraction of uranyl nitrate by ether from aqueous solutions. The company accomplished to 

purify the degree of uranium to >99.9%, which at that point were required in nuclear reactors. 

An explosion led to the replacement of the ether by other solvents (dibutylmethanol and 

methylisobutylketone). Around the same time, new types of more efficient metal extractants 

were introduced, e.g., tri-n-butylphosphate (TBP) in 1945, and trioctylamine (TOA) in 1948, 

two compounds which became a great stimulus to the non-nuclear industry.  SX was introduced 

as a separation and purification technique in many chemical and metallurgical industries in the 

1950s and early 1960s. Million tons of copper (30% of world production) is now produced 

annually by leaching copper ore with sulphuric acid, followed by extraction of this solution 

with an organic hydroxyaryloxime dissolved in kerosene. [1] 

 

When experiments are made in laboratory scale, the extraction vessel may be a test tube, or 

more conveniently a 

separation funnel (figure 

1.1).  The industry, on the 

other hand, prefers 

continuous processes. 

Possibly the simplest 

separation unit using this 

kind of process is the mixer-

settler, shown in figure 1.2. 

The mixer (or contractor) 

works as a vessel with a 

rotating paddle that produces 

small droplets of one of the liquid phases in the other. This physical mixture slowly flows into 

and through the separation vessel. Under the influence of gravity, two separate phases are 

produced, that is the pregnant organic phase and the barren aqueous phase, as shown in figure 

1.2. [1, 3]  

 

 

 

 

 

Figure 1. 2 – Schematic of a mixer-settler unit [3] 
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A schematic of a basic process is given in figure 1.3, to illustrate the common terms used in 

SX. During the extraction stage, the metal of interest is transferred from the aqueous phase, SX 

feed, to the organic phase. The extraction circuit produces a loaded organic containing the 

desired metal and a raffinate, an aqueous phase depleted from the metal. The raffinate is often 

sent for further treatment. [4]  

In the step of scrubbing, impurities are selectively removed from the loaded organic phase with 

either fresh scrub solution or a bleed of the strip liquor. The spent scrub solution is usually 

combined with the SX feed and the scrubbed organic containing the metal of interest advances 

to the stripping stage. Here the metal of value is removed from the scrubbed phase by reversing 

the extraction chemical reaction. It is usually carried out under conditions in order to produce 

a strip liquor containing a high concentration of the metal of interest. [4]  

The Regeneration step is the treatment of the stripped organic phase for the metals that were 

not scrubbed or stripped in the previous stages. This stage produces a regenerated organic phase 

for recycle as an organic feed to the extraction procedure. The spent regenerant is sent for 

further treatment. [4]  

 

 

 

 

 

 

 

 

  

Figure 1.3 – Schematic of a typical SX flowsheet [4] 
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1.2 ARRANGEMENTS OF SOLVENT EXTRACTION STAGES 

 

The flowsheet described in the previous chapter illustrates a situation where each process – 

extraction, scrubbing and stripping – occurs in one single operation or stage. This is rarely the 

case in real life since there is a finite value of the distribution coefficient, which will later be 

discussed. [1]  

There are generally three different ways of connecting the stages: co-current, cross-current and 

counter-current. Figure 1.4 displays each arrangement. In co-current extraction, the two phases 

flow in the same direction between the various contactors. No advantage is gained with this 

arrangement over a single contact, simply because the separated flows are in equilibrium after 

the first contactor, so no change in relative concentration will occur. For cross-current 

extraction, the raffinate is contacted with fresh solvent, which is considered to be the classical 

way of extracting a product in the laboratory. Because it produces a multitude of product phases 

with a reduced concentration of the solute of value, this is rarely the operation on an industrial 

scale. The last configuration, counter-current, is generally chosen for industrial use. The solute 

concentration difference between the two phases is maximized by feeding the two phases at 

opposite ends and maintaining the phase volumes constant. [1]  

 

  

a) 

b) 

c) 

Figure 1.4 – SX arrangements: a) co-current, b) cross-current and c) counter-

current  
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1.3 ENVIRONMENTAL ASPECTS  

 

Environmental impacts of chemical operations will bring an increased concern in the future. 

Restrictions for liquid wastes has increased and must not only be controlled, they must also be 

considered harmless to the environment. This requires removal of the hazardous substances. 

SX has been proven to be an effective process when it comes to dilute waste solutions and even 

more true for recycled mixed metals from different industries. Nevertheless, the increased 

amount of wastes from human activities require much more to be done in this field. [1] 

Generally, SX is considered to be an environmentally friendly operation with no air or water 

pollution, given that the process is properly designed. Therefore, it might replace many of the 

present chemical processes that has a higher impact on the environment. However, the present 

solvent extraction effluents, which may contain biochemically active substances, is posing 

other hazards to the environment. These effluents can be handled by various solid sorbents but 

the advantages of the solvent extraction process may be lost. Therefore, in the future, attention 

towards biodegradable and environmental friendly solvent phases is important. [1] 

 

1.4 SCOPE OF THIS WORK  

 

Boliden has recently been interested in recovering more valuable elements from their by-

products, for example speiss, which contains appreciable amounts of both antimony and tin. 

For this thesis, solvent extraction was investigated as a potential method for extracting these 

elements.  

The following chapters will present the basic principles and fundamentals of solvent extraction, 

the chosen methods for executing the objectives for this thesis, the results obtained from the 

trials as well as a discussion and analysis based on the experiments and results.   
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CHAPTER 2 

 

THEORY 
 

The following chapter presents the fundamental theory needed for understanding the principles 

of SX, including the mechanisms of SX, extractant types and technical applications including 

mass balance, McCabe-Thiele method and extractant efficiency.  

 

2.1 EXTRACTANTS 

 

It was discovered that many organic substances, mainly weak acids, were able to complex 

metals in the aqueous phase to form a complex soluble in organic solvents [1]. A typical 

reaction can be written as follows 

𝑀𝑧+ + 𝑧𝐻𝐴(𝑎𝑞 𝑜𝑟 𝑜𝑟𝑔) ⇌ 𝑀𝐴𝑧(𝑜𝑟𝑔) + 𝑧𝐻+(𝑎𝑞)   (2.1.1) 

where M represents the metal ion, z is the ionic charge and A is the anion.  

This is an example of reactive extraction, which indicates that the organic acid, HA, may be 

taken either from the aqueous or the organic phase. The reagent forming this extractable 

complex is termed the extractant. Extracted metal complexes can displayed a specific color that 

can be identified via spectrometry, which is an important tool for the analytical chemist. [1] 

There are several properties that are required for satisfactory extraction solvent [3]. These 

include the following parameters 

➢ Selective 

➢ Easy to strip 

➢ Easy to separate from water by 

a) Low aqueous solubility 

b) Density that differ from water 

c) High surface tension 

➢ Easy to handle and 

a) Be non-toxic 

b) High flash point 

c) Low vapor pressure  

➢ Cheap 

Of course, it is difficult to combine all these properties in practice and a compromise must often 

be found.  
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Extraction reagents are rarely used in pure form, but are often diluted with a suitable organic 

diluent, for example kerosene type hydrocarbons.  However, the solubility of extraction 

reagents varies in water. A number of different organic compounds may function as extraction 

solvents. The major compounds listed in Table 2.1. Among the listed compounds, amines, 

oximes and esters are considered as particularly important. [3] 

 

 

Oximes are characterized by their group, participating 

in relatively large organic molecule complexes 

containing aliphatic and aromatic constituents. They 

have been used in analytical chemistry for the 

extraction of copper for a long time. The American 

company General Mills Corporation, one of the leading 

companies in SX, introduced hydroxyoximes on the 

market in 1965 [9]. The first one commercially used 

was called LIX-64. The general structure of the 

hydroxyoximed employed for copper hydrometallurgy 

is illustrated in Fig. 2.1. [3] 

Another important and commonly used extraction 

reagent are esters, particularly esterficated 

phosphorous compounds. The most important TBP, 

((C4H9)3PO4), is used in several processes for 

extraction of different metal ions. [3]  

Although amines may be relatively simple, they may 

also consist of long and complex molecular chains. The 

most commonly used amines are tertiary, which are 

found in the production of uranium and commonly 

during extraction in chloride environments. Amines 

with molecular weights between 250 and 600 are 

preferred because of their difference in solubility in water. Low molecular weight amines are 

soluble in water and those with higher weights are insoluble in organic solvents. [3] 

Alcohols R-OH Esters R-COOR 

Aldehydes R-CHO   ((HO)2P=O)-OR 
Ketones R2-C=O   ((HO)P=O)-(OR)2 

Oximes R=N-OH   O=P-(OR)3 

Organic acids R-COOH Amines RNH2 - groups (primary) 

Phenols Ar-OH (Ar = Arometic ring)   R2NH - groups (secondary) 

      R3N - groups (tertiary) 

      R4N+A- - groups (quarternary) 

Table 2.1 – List of major organic compounds 

Figure 2.1 – General structure of 

hydroxyoximes used in copper. [3] 

hydrometallurgy 

Figure 2.2 – General structure of 

TBP. 
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2.2 MCCABE-THIELE METHOD 

 

The McCabe-Thiele method is a graphical method of design, published in the 1920s by Warren 

L. McCabe and Ernest W. Thiele. The method has been found to be of great use in a variety of 

mass transfer operations, from gas adsorption through distillation to solvent extraction. This 

method enables the graphical construction of an extraction isotherm, an operating line as well 

as a stepwise evaluation of the number of stages needed for a separation process. [5]   

The first step for executing the method properly and achieving a representable diagram is to 

determine the equilibrium isotherm. This is done by equilibrating a leach solution with an 

organic phase, containing the selected extractant, in different ratios between the aqueous and 

organic phase (aq/o). The metal content in each phase will determine how the equilibrium curve 

will be drawn in the diagram, where the metal concentration in the organic phase is plotted 

against the metal concentration in the aqueous phase. The metal content in the feed is marked 

with a vertical line in the diagram. [3] 

An assumption of the phase ratio (aq/o) is necessary for constructing the working line, since 

the phase ratio equals the slope of the working line. The line runs from the point on the 

equilibrium curve corresponding to the metal content of the incoming stripped organic phase 

(S.O.). Note that not all metal is removed from the organic phase in the stripping process, but 

a certain rest always remains. The working line is then drawn towards the line representing the 

feed metal concentration of the leach solution. [3]  

 

 

 

 

 

 

 

 

 

 

 

 

The amount of stages required for the SX plant are obtained by drawing a horizontal line, from 

the point where the working line intersects with the feed concentration line to the equilibrium 

Figure 2.3 – Example of a McCabe-Thiele Diagram, illustrating the 
equilibrium isotherm of a substance as well as the evaluation of the 

required number of steps for SX operation 
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curve. This line corresponds to the first extraction step. After the first extraction step, the metal 

content for the loaded organic phase ([L.O.]) may be obtained on the y-axis and the metal 

content for the aqueous phase corresponds to the point on the x-axis. The second step is obtained 

by drawing a vertical line from the point on the equilibrium curve onto the working line and 

then back horizontally till the line intersects with the equilibrium curve again. By varying the 

slope of the working line, the number of steps may be altered to the desired metal concentration 

in the leach solution. Figure 2.2 shows an illustration of a McCabe-Thiele Diagram.  

 

2.3 EXTRACTION MECHANISMS 

 

As in ion exchange processes, the mechanism of SX is an equilibrium process. There are mainly 

three different types of extraction mechanisms, cation-, anion- and solvation extraction. What 

type of mechanism might occur is dependent on which type of extractant is used, the chemical 

environment in the solution and the properties of the metal ion being extracted. [3] 

 

2.3.1 CATION EXTRACTION 

 

In this type of extraction, cations are being extracted and the mechanism is a pH-dependent 

equilibrium according to the following reaction 

𝑀𝑒2+(𝑎𝑞) + 2𝑅𝐻(𝑜𝑟𝑔) ⇌ 𝑀𝑒𝑅2(𝑜𝑟𝑔) + 2𝐻+(𝑎𝑞)  (2.3.1) 

According to the reaction, extraction is favored by high pH-values, while stripping is usually 

carried out with a strong acid. Preferred extractants for cation extraction are chelating 

compounds, such as carboxylic acids with long carbon chains, different types of esterficated 

phosphoric acid, as well as D2EHPA and hydroxyoximes such as the commercially known 

extractants LIX and ACORGA, respectively. [3]  

Hydroximes are usually used for copper extraction in a sulphate or ammoniacal environment. 

D2EHPA is used for the extraction of zinc to separate cobalt from nickel. Figure 2.3 illustrates 

extraction with LIX 84 as a function of pH.  
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2.3.2 ANION EXTRACTION 

 

Extraction and stripping by anion extraction may be explained by the reaction below, using a 

tertiary amine to extract a metal ion in a chloride environment. Before extraction, the amine is 

converted into an amine salt by adding a suitable acid, usually hydrochloric acid. 

2𝑅3𝑁𝐻+𝐶𝑙−(𝑜𝑟𝑔) + 𝑀𝑒𝐶𝑙4
2−(𝑎𝑞) ⇌ (𝑅3𝑁𝐻+)2𝑀𝑒𝐶𝑙4

2−(𝑜𝑟𝑔) + 2𝐶𝑙−(𝑎𝑞) (2.3.2) 

Compared to the cation mechanism the reaction is not pH dependent but strongly dependent on 

the concentration of the anion. Without a high content of anions, the negatively charged metal 

complex cannot form. Therefore, a chloride concentration of 6 M is usually necessary. The 

amine will then be deprotonized by stripping the organic phase with water or an alkali. [3] 

Amines, from primary to quaternary, are common extraction solvents. Examples of commercial 

products are: Primene JMT (primary amine), Amberlite LA-1 (secondary), Alamine 336 

(tertiary) and Aliquat 336 (quartenary). [3]  

Tertiary amines are used to separate cobalt from nickel in a chloride environment. Anion 

extraction may also be done in a sulphate environment, especially for the extraction of uranium, 

vanadium and tungsten [3]. When it comes to quaternary amines, these are common for the 

extraction of gold from cyanide solutions for analytical purposes. Figure 2.4 represents the 

extraction of a few metals using a tertiary amine. [3] 

 

 

 

Figure 2.4 – pH dependence for extraction of different elements 

using LIX 84 [3] 
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2.3.3 SOLVATION EXTRACTION 

 

The mechanism of solvation extraction is similar to that for anion extraction except that 

uncharged metal ion complexes are extracted [3]. Like the anion mechanism, the extraction 

requires a high anion concentration, while stripping can be done with an aqueous solution or 

with an alkali. An example for solvation extraction is illustrated by the reaction below, where 

TBP is used for extracting iron in a chloride environment.  

𝐹𝑒𝐶𝑙3(𝑎𝑞) + 2𝑇𝐵𝑃(𝑜𝑟𝑔) ⇌ 𝐹𝑒𝐶𝑙3(𝑇𝐵𝑃)2(𝑜𝑟𝑔) (2.3.3) 

A few common extractants used in solvation extraction are various compounds of esterified 

phosphoric acid, like TBP, (C4H9)3PO4 and TOPO, (C8H17)3P=O, as well as ketones such as 

MIBK, (CH3)-C-(C=O)-CH3. [3]  

TBP is widely applied for nuclear reprocessing where uranium is extracted in a nitrate 

environment. MIBK is used in a sulphate environment for extraction of metals such as niobium, 

zirconium and hafnium. The use of MIBK is however limited because of its low flammability 

temperature and its volatility. [3]  

 

 

 

 

 

 

Figure 2.5 – Extraction with Alamine 336 in a chloride 

environment [3]. 
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2.4 TECHNICAL PARAMETERS 

 

The distribution coefficient, D, is a measurement of the efficiency of an extractant and may be 

defined as follows 

𝐷 =
[𝑀𝑒](𝑜𝑟𝑔)

[𝑀𝑒](𝑎𝑞)
 (2.4.1) 

A higher value of distribution coefficient represents a more efficient extractant. The coefficient 

may vary with different parameters such as pH, metal ion concentration, anion concentration, 

phase ratio, temperature, etcetera. Another important parameter is the binding between the 

extractant and the metal ion. If this attraction is too strong, it is not possible to strip back the 

metal ions into the aqueous phase. [3]  

The distribution coefficient for stripping, D1, is described similarly 

𝐷1 =
[𝑀𝑒](𝑎𝑞)

[𝑀𝑒](𝑜𝑟𝑔)
 (2.4.2) 

The proper way of describing the solvent efficiency in solvent extraction is the difference of 

the original weight of the metal in the aqueous phase, W, and the weight after the extraction, 

W1. This subtraction represents the amount of metal that has passed into the organic phase and 

can be described by the following equation: 

𝐷 =

𝑊−𝑊1
𝑉(𝑜𝑟𝑔)

𝑊1
𝑉(𝑎𝑞)

 (2.4.3) 

where V(org) and V(aq) represents the volumes of the organic and the aqueous phase 

respectively.  

Equation (2.4.3) may be rewritten as follows 

𝑊1

𝑊
=

𝑉(𝑎𝑞)

𝑉(𝑜𝑟𝑔)∗𝐷+𝑉(𝑎𝑞)
 (2.4.4) 

The extraction expressed in percentages is defined by 

𝑊−𝑊1

𝑊
∗ 100 ⟺ (1 −

𝑊1

𝑊
) ∗ 100 (2.4.5) 

Equation (2.4.5) combined with (2.4.4) results in the following equation, representing the 

extraction as percentage 

𝑊−𝑊1

𝑊
∗ 100 =

𝐷

𝐷+(
𝑉(𝑎𝑞)

𝑉(𝑜𝑟𝑔)
)

∗ 100 (2.4.6) 

The phase volume ratio is 
𝑉(𝑎𝑞)

𝑉(𝑜𝑟𝑔)
. A large value of this ratio may be economically inefficient 

and undesirable because of the loss of organic phase. High amounts of organic phase may also 

be undesirable since this could lead to chemicals tying up a great amount of capital.  
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Solvent extraction is an equilibrium process, like ion exchange and for obtaining a sufficient 

extraction, the process must be carried out in several steps, i.e. multiple process.  

Equation (2.4.3) may be formulated 

𝐷 ∗ 𝑊1

𝑉(𝑎𝑞)
=

𝑊 − 𝑊1

𝑉(𝑜𝑟𝑔)
 

⇒  𝐷 ∗ 𝑊1 ∗ 𝑉(𝑜𝑟𝑔) = 𝑉(𝑎𝑞) ∗ 𝑊 − 𝑉(𝑎𝑞) ∗ 𝑊1 

⇒ (𝑉(𝑎𝑞) + 𝐷 ∗ 𝑉(𝑜𝑟𝑔)) ∗ 𝑊1 = 𝑉(𝑎𝑞) ∗ 𝑊 

⇒ 𝑊1 =
𝑊∗𝑉(𝑎𝑞)

𝑉(𝑎𝑞)+𝐷∗𝑉(𝑜𝑟𝑔)
= 𝑊 ∗

1

1+𝐷∗(
𝑉(𝑜𝑟𝑔)

𝑉(𝑎𝑞)
)
 (2.4.7) 

After a second extraction step and combining with equation (2.4.7)  

𝑊2 = 𝑊1 ∗
1

1 + 𝐷 ∗ (
𝑉(𝑜𝑟𝑔)
𝑉(𝑎𝑞)

)
 

⇒ 𝑊2 = 𝑊 ∗ (
1

1+𝐷∗(
𝑉(𝑜𝑟𝑔)

𝑉(𝑎𝑞)
)
)

2

 (2.4.8) 

At n reaction steps the following formula is obtained 

𝑊𝑛 = 𝑊 ∗ (
1

1+𝐷∗(
𝑉(𝑜𝑟𝑔)

𝑉(𝑎𝑞)
)
)

𝑛

  (2.4.9) 

where Wn is the weight of the metal ions in the aqueous phase after n extraction steps. Equation 

(2.4.9) may be rewritten in the following way 

 

𝑊𝑛

𝑉(𝑎𝑞)
=

𝑊

𝑉(𝑎𝑞)
∗ (

1

1 + 𝐷 ∗ (
𝑉(𝑜𝑟𝑔)
𝑉(𝑎𝑞)

)
)

𝑛

 

⇒  𝐶𝑛 = 𝐶0 ∗ (
1

1+𝐷∗(
𝑉(𝑜𝑟𝑔)

𝑉(𝑎𝑞)
)
)

𝑛

 (2.4.10) 

where Cn is the concentration of metal ions in the aqueous phase after n extraction steps. C0 is 

the initial concentration of metal ions in the aqueous phase.  

Since it is undesirable, from a process technology point of view, to carry out several stepwise 

processes, SX is generally employed continuously in counter current processes [3]. This means 

that the stripped organic phase meets the outgoing raffinate and the incoming aqueous phase 
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consequently meets the pregnant organic phase before it is fed to the stripping stage. Mass 

balances according to formula (2.4.11) may be written for each extraction step. 

For this particular case, the concentrations of the substance are X and Y in the aqueous 

respectively organic phase. The mass balance after n extraction steps is illustrated in Figure 2.5.  

 

 

 

  

 

 

𝑉(𝑎𝑞) ∗ 𝑋𝑛−1 + 𝑉(𝑜𝑟𝑔) ∗ 𝑌𝑛+1 = 𝑉(𝑎𝑞) ∗ 𝑋𝑛 + 𝑉(𝑜𝑟𝑔) ∗ 𝑌𝑛 (2.4.11) 

 

The design of a SX process is dependent on several parameters, such as the type of extractant 

used, phase ratio between the aqueous and the organic phases, pH values, temperature etcetera.  

  

Figure 2.6 – Mass balance for n extraction steps 
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CHAPTER 3 

 

METHOD 
 

Chapter 3 includes the different methods and materials used for executing the objectives of this 

thesis.   

 

3.1 MATERIALS 

 

The feed solution for the following extraction experiments, as the source of antimony, was 

taken from a sulphidic precipitate from a speiss leaching process at Boliden AB. From a single 

batch process, the precipitate was dissolved in 6 M HCl resulting in a solution containing 4.4 

g/L Sb and 3.0 g/L Sn. The organic phase used in the extraction experiments consisted of the 

required amount of extractant, TBP, mixed with 10 vol% isodecanol and kerosene. The 

extraction was carried out by shaking separation funnels for approximately 5 minutes and the 

phases were separated via decantation. The metal content of antimony and tin was analyzed by 

ICP-MS1. 

 

3.2 SELECTIVITY MEASUREMENTS 

 

Selectivity is the main parameter in SX. It is defined as the ability of a solvent to extract the 

desired component from the feed [6]. It is common to use an extractant which will react with 

the solute of interest to form complex, soluble in the organic phase, but does not react with 

others [2]. Selectivity is dependent on the extraction process environment, such as temperature, 

pH and residence time [6].  

 

 

 

 

 

                                                 
1 ICP-MS, Inductively Coupled Plasma Mass Spectrometry, is a highly sensitive analytical 

technique used for detecting concentrations of major- as well as trace elements. 

[https://www.labtesting.com/services/materials-testing/chemical-analysis/icp-analysis/] 
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3.2.1 COMPLETION OF PREVIOUS RESULTS AT 6 M OF HYDROCHLORIC ACID 

 

The first objective of the selectivity experiments was to acquire missing points, executed in past 

trials by Dr. Seyed Mohammad Khoshkoo San, with a feed solution containing 6 M of 

hydrochloric acid. As shown in figure 3.2.1, the missing points were 15, 20 and 25 vol% of 

TBP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Using a graduated cylinder, the organic phase for the missing points was prepared according to 

the proportions given in table 3.2.1.  

 

 

 

 

V(org) [mL] TBP (vol%) V(TBP) [mL] V(isodec.) [mL] V(kerosene) [mL] 

10 15 1,5 1 7,5 

10 20 2 1 7 

10 25 2,5 1 6,5 

Table 3.2.1 – Volume proportions of the organic phase  

Figure 3.2.1 – Mohammed’s extraction experiment 

with 6M HCl feed solution [8] 
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After preparing the organic phases, each phase 

was mixed with the same volume of aqueous 

solution in a separation funnel in order to obtain 

an aqueous vs. organic ratio of 1:1. The extraction 

was carried out in the separation funnel for 

approximately five minutes. After about three 

minutes, the funnel was placed upside down and 

the valve was opened to release any gases that 

might have been created during the process. When 

the funnel was put back into the ring clamp, one 

could slowly observe the emulsion decreasing and 

the two phases separating (see figure. 3.2.2).  

The organic phase was the cloudy solution at the 

top, since the density of the aqueous solution was 

higher. The phases were separated into sample 

flasks by decantation. The aqueous phases at the 

different TBP concentrations as well as the feed 

solution was sent to ICP-MS.  

The results obtained from the analysis were given as weight ppm of metal in the solution. The 

amount of metal extracted into the organic phase were calculated by setting up a mass balance, 

using the metal content from the feed solution (equation 3.2.1).  

 [𝑀𝑒](𝑜𝑟𝑔) = [𝑀𝑒](𝑓𝑒𝑒𝑑) − [𝑀𝑒](𝑎𝑞)  (3.2.1) 

 

The highest selectivity for extraction of Sn at a certain concentration of TBP was determined 

by constructing a diagram with extraction percent as a function of TBP concentration. The metal 

content, extracted to the organic phase and expressed in percent, were calculated using equation 

(3.2.2).  

 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛% =
[𝑀𝑒](𝑜𝑟𝑔)

[𝑀𝑒](𝑓𝑒𝑒𝑑)
   (3.2.2) 

 

After plotting a graph, the TBP concentration at the highest selectivity could be determined. 

This analysis was necessary for further experiments of the equilibrium isotherms for both 

antimony and tin.   

 

 

 

3.2.2 EXTRACTION WITH 8 M OF HYDROCHLORIC ACID 

Figure 3.2.2 – From emulsion to separate 

phases after five minutes of shaking. 
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A 0,5L feed solution containing 8M of HCl was prepared by adding proper amounts of Milli-

Q water and 12M HCl to the concentrated feed solution, 3 g/L and 4,4 g/L of Sn and Sb 

respectively, according to table 3.2.2.  

Subsequently, the organic phase was mixed according to table 3.2.3, using the desired amount 

of extractant, isodecanol and kerosene.  

 

 

 

 

 

 

Using 10 mL of each phase, the extraction was carried out using the same execution described 

in the previous section for 6 M of HCl. Again, the aqueous as well as the feed solution were 

analyzed by ICP-MS. A graph was plotted with the extraction percent as a function of TBP 

concentration from the results obtained, using equations (3.2.1) and (3.2.2).  

 

 

 

 

 

 

Solution Vol. [mL] 

Conc. feed 129,3 

HCl 37% 26,7 

Milli-Q H2O 10,4 

 Table 3.2.2 – Preparation of the 8M HCl feed solution 

Table 3.2.3 – Preparation of the organic phase 

TBP (%) Vtot(org) [mL] VTBP [mL] Visodecanol [mL] Vkerosene [mL] 

1 10 0,1 1 8,9 

2 10 0,2 1 8,8 

4 10 0,4 1 8,6 

6 10 0,6 1 8,4 

8 10 0,8 1 8,2 

10 10 1 1 8 

15 10 1,5 1 7,5 

20 10 2 1 7 

25 10 2,5 1 6,5 

30 10 3 1 6 

35 10 3,5 1 5,5 
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3.2.3 EXTRACTION WITH 10 M OF HYDROCHLORIC ACID 

 

As in the experiment with 8 M of HCl, the feed needed to be converted into a solution 

containing 10 M of HCl. Calculating the amount of 37% HCl, milli-Q water and concentrated 

feed needed for preparing 0,5L of 10M HCl feed solution, the results given in table 3.2.3 were 

obtained. The content of the organic phase used in this experiment was identical to the 

experiment in the previous section (table 3.2.5).  The extraction was carried out using the same 

method described in the previous section, i.e. in a shaking flask for approximately 5 minutes.  

 

 

 

 

 

 

 

 

 

 

 

  

Table 3.2.4 – Preparation of 10M HCl feed solution 

Solution vol. [mL] 

conc. feed 129,3 

HCl 37% 349,2 

Milli-Q H2O 21,5 

TBP (%) Vtot(org) [mL] VTBP [mL] Visodecanol [mL] Vkerosene [mL] 

1 10 0,1 1 8,9 

2 10 0,2 1 8,8 

4 10 0,4 1 8,6 

6 10 0,6 1 8,4 

8 10 0,8 1 8,2 

10 10 1 1 8 

15 10 1,5 1 7,5 

20 10 2 1 7 

25 10 2,5 1 6,5 

30 10 3 1 6 

35 10 3,5 1 5,5 

Table 3.2.5 – Organic phase measurements for 10M of HCl feed solution. 
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3.3 EQUILIBRIUM ISOTHERMS 

 

The equilibrium isotherms can briefly be described as the distribution of a dissolved component 

between two separate phases [7]. For constructing the curves, the different phase ratios for the 

extraction experiment must be decided. For this thesis, the experiments were made with an 

aq/org ratios of 5:1, 2:1, 1:1, 1:2, 1:5 and 1:10, ratios which are commonly used in SX for 

investigating equilibrium isotherms [1]. The aqueous and organic phase were then prepared 

according to these ratios (table 3.3.1 and 3.3.2). The results obtained from the selectivity 

measurements indicated a noticeable selectivity peak at around 10 vol% of TBP. Therefore, this 

concentration of extractant was chosen for the extraction experiments of the equilibrium 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

A mass balance was set up according to equation (2.4.11). From the results obtained for the 

metal content in the aqueous phase as well as the feed solution by ICP-MS, the amount of metal 

in the organic phase was determined. The equilibrium isotherm diagram was obtained by 

plotting the metal content in the organic phase, expressed in ppm, as a function of the metal 

content in the aqueous phase. 

 

 

 

Ratios aq [mL] org [mL] 

5;1 16,67 3,33 

2;1 13,33 6,67 

1;1 10,00 10,00 

1;2 6,67 13,33 

1;5 3,33 16,67 

1;10 1,82 18,18 

TBP (10%)[ml] Isodecanol [ml] Kerosene [ml] 

0,3 0,3 2,7 

0,7 0,7 5,3 

1,0 1,0 8,0 

1,3 1,3 10,7 

1,7 1,7 13,3 

1,8 1,8 14,5 

Table 3.3.1 – Volumes of the respective phases as a function of the phase ratio. 

Table 3.3.2 – Volumes of the constituents of the organic phase with 10 vol% 

of TBP. 
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3.4 MCCABE-THIELE DIAGRAM 

 

For evaluating the amount of stages required for the extraction process, a McCabe-Thiele 

diagram was constructed according to the equilibrium curves of antimony and tin.  

According to the theory, an assumption for the aq/org phase ratio was made, since this value 

represented the slope of the operating line. The estimation was executed by the “trial and error” 

method to obtain a reasonable fit. From the value of the Sn feed on the x-axis, a vertical line 

was drawn, eventually intersecting with the operation line. From this intersection point, a 

horizontal line was drawn until intersecting with the equilibrium curve of tin. This represents 

the first extraction step. Continuing vertically onto the operation line and stepping down all the 

way to the origin, the number of steps for the extraction process were obtained. This value may 

be altered by changing the slope of the working line. See figure 2.2 for illustration.  

 

3.5 EXTRACTANT EFFICIENCY  

 

The distribution coefficient was plotted for investigating the extractant efficiency as a function 

of HCl concentration. The distribution coefficient was calculated using equation (2.4.1), at 10 

vol% TBP for 6, 8 as well as 10 M of HCl. The results were plotted in a diagram, displaying at 

which concentration of hydrochloric acid the extractant reached its efficiency peak.  
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CHAPTER 4 
 

RESULTS 
 

The results related to the selectivity measurements, equilibrium isotherms, McCabe-Thiele 

diagram as well as the extractant efficiency at the different concentrations of HCl are presented 

in this chapter.  

 

4.1 SELECTIVITY MEASUREMENTS 

 

The missing points of the extraction with 6M HCl feed solution the results were obtained by 

using equation (3.2.1) and (3.2.2). The amount of extracted metal expressed in ppm and 

corresponding extraction percent were determined. Table 4.1 displays the results obtained from 

the ICP analysis as well as the calculated results for the metal concentration in the organic 

phase. Figure 4.1 show the amount of extracted metal as a function of extractant concentration. 

For a more detailed metal content description of the ICP-MS measurements, see appendix A-F.  

 

vol% 
TBP Label 

Sbaq 
[ppm] 

Snaq 
[ppm] 

Sborg 

[ppm] 
Snorg 
[ppm] 

Extraction% 
Sb 

Extraction% 
Sn 

0 Feed 6M HCl 26/04 3762,00 2473,16 0,00 0,00 0,00 0,00 

1 Aq 1%TBP 6M  4384,00 2863,50 70,17 177,33 1,58 5,83 

2 Aq 2%TBP 6M 4363,50 2738,00 90,67 302,83 2,04 9,96 

4 Aq 4%TBP 6M 4320,50 2427,50 133,67 613,33 3,00 20,17 

6 Aq 6%TBP 6M  4039,00 1765,00 415,17 1275,83 9,32 41,96 

8 Aq 8%TBP 6M  3805,50 1286,50 648,67 1754,33 14,56 57,69 

10 Aq 10%TBP 6M  3442,50 888,00 1011,67 2152,83 22,71 70,80 

15 Aq15%TBP 6M HCl  1871,60 129,54 1890,40 2343,63 50,25 94,76 

20 Aq 20%TBP 6M HCl  947,91 38,49 2814,09 2434,68 74,80 98,44 

25 Aq 25%TBP 6M HCl  542,91 18,42 3219,09 2454,75 85,57 99,26 

30 Aq 30%TBP 6M  528,09 20,69 3926,08 3020,14 88,14 99,32 

 

 

 

 

Table 4.1 –Concentration in the different phases, feed solution and the amount of 

extracted metal expressed in percent.  
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The selectivity for extraction of Sn and Sb is represented by the difference between the two 

lines of antimony and tin. A high selectivity can be noticed at 10 vol% of TBP.  

The results from the experiments with 8M of HCl feed solution are given in table 4.2.  

 

vol% 
TBP Label 

Sbaq 
[ppm] 

Snaq 
[ppm] 

Sborg 

[ppm] 
Snorg 
[ppm] 

Extraction% 
Sb 

Extraction% 
Sn 

0 Feed 8M HCl 26/04 3779,53 2500,55 0,00 0,00 0,00 0,00 

1 Aq 1%TBP 8M HCl  3499,35 2029,88 280,17 470,67 7,41 18,82 

2 Aq 2%TBP 8M HCl  3689,79 1922,26 89,73 578,29 2,37 23,13 

4 Aq 4%TBP 8M HCl  3387,80 1175,39 391,73 1325,16 10,36 52,99 

6 Aq 6%TBP 8M HCl  3235,19 630,81 544,33 1869,75 14,40 74,77 

8 Aq 8%TBP 8M HCl  2771,85 354,52 1007,67 2146,03 26,66 85,82 

10 Aq 10%TBP 8M HCl  2660,60 257,31 1118,93 2243,24 29,60 89,71 

15 Aq 15%TBP 8M HCl  1982,24 92,92 1797,28 2407,63 47,55 96,28 

20 Aq 20%TBP 8M HCl  1163,88 36,15 2615,64 2464,41 69,21 98,55 

25 Aq 25%TBP 8M HCl  796,33 23,58 2983,19 2476,97 78,93 99,06 

30 Aq 30%TBP 8M HCl  594,44 16,69 3185,09 2483,86 84,27 99,33 

35 Aq 35%TBP 8M HCl  465,13 13,23 3314,39 2487,33 87,69 99,47 

Figure 4.1 – Selectivity diagram for extraction of antimony and tin at 6M of 

HCl feed solution 

Table 4.2 – Concentration of metal in each phase and the amount of extracted metal, 

expressed in %. 
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Figure 4.2 shows a markant increase in selectivity in the range 5-15 vol% TBP in comparison 

to 6M HCl. Similarly to the previous experiment, the highest selectivity for the extraction of 

antimony and tin was obtained for 10 vol%.  

The results of the with 10M HCl are given in table 4.3 and presented in figure 4.3. The curves 

for antimony and tin for 10M of HCl indicates that the selectivity was further increased with 

once again the highest separation at 10 vol% of TBP.  

An interesting event occurred after shaking the separating funnel with 8 and 10M of HCl at 

TBP concentrations above 25 and 20 vol% respectively. As the extractant concentration were 

increased, a third phase was starting to appear. This additional phase might have been a 

precipitate, caused by the high concentration of HCl.  
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Figure 4.2 – Selectivity diagram for extraction of antimony and tin at 8M of 

HCl in the feed solution 
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vol% 
TBP Label 

Sbaq 
[ppm] 

Snaq 
[ppm] 

Sborg  
[ppm] 

Snorg 
[ppm] 

Extraction% 
Sb 

Extraction% 
Sn 

0 Feed 10ml 10M HCl  3837,17 3085,21 0,00 0,00 0,00 0,00 

1 Aq 1%TBP 10M HCl  3496,13 1522,69 341,04 1562,52 8,89 50,65 

2 Aq 2%TBP 10M HCl  3479,65 1913,52 357,51 1171,69 9,32 37,98 

4 Aq 4%TBP 10M HCl  3280,97 973,98 556,19 2111,23 14,49 68,43 

6 Aq 6%TBP 10M HCl  3160,53 626,65 676,63 2458,56 17,63 79,69 

8 Aq 8%TBP 10M HCl  2895,13 407,02 942,03 2678,19 24,55 86,81 

10 Aq 10%TBP 10M HCl  2730,46 319,62 1106,71 2765,59 28,84 89,64 

15 Aq 15%TBP 10M HCl  2090,48 146,45 1746,69 2938,76 45,52 95,25 

20 Aq 20%TBP 10M HCl  1747,59 99,39 2089,58 2985,82 54,46 96,78 

25 Aq 25%TBP 10M HCl  1415,30 65,63 2421,87 3019,58 63,12 97,87 

30 Aq 30%TBP 10M HCl  1190,21 49,56 2646,96 3035,65 68,98 98,39 

35 Aq 35%TBP 10M HCl  999,20 41,40 2837,97 3043,81 73,96 98,66 

Table 4.3 – Concentration of metal in respectively phase and the amount of extracted 

metal, expressed in %, using 10M of HCl in the feed solution. 
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Figure 4.3 – Selectivity diagram for extraction of antimony and tin at 10M of 

HCl in the feed solution. 
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4.2 EQUILIBRIUM ISOTHERMS 

 

By executing solvent extraction experiments using the different aqueous to organic phase ratios 

mentioned in Chapter 3, the equilibrium curves for antimony and tin was determined. The metal 

concentration in the organic phase was calculated by constructing a mass balance according to 

equation (4.2.1), where i and o simply refers to what goes “in” and “out” from the system.  

 

[𝑀𝑒]𝑎𝑞.𝑖 ∗ 𝑉𝑎𝑞.𝑖 = [𝑀𝑒]𝑎𝑞.𝑜 ∗ 𝑉𝑎𝑞.𝑜 + [𝑀𝑒]𝑜𝑟𝑔.𝑜 ∗ 𝑉𝑜𝑟𝑔.𝑜 (4.2.1) 

Since the system is at steady state, any accumulation may be neglected and therefor, Vaq.i equals 

Vaq.o .  

Rearranging and solving for the metal content in the organic phase; 

 

[𝑀𝑒]𝑜𝑟𝑔.𝑜 =
𝑉𝑎𝑞

𝑉𝑜𝑟𝑔
∗ ([𝑀𝑒]𝑎𝑞.𝑖 − [𝑀𝑒]𝑎𝑞.𝑜)  (4.2.2) 

 

The volume fraction corresponds to the phase ratio. The obtained values are given in table 4.4, 

and plotted with the metal concentration in the organic phase as a function of metal content in 

the aqueous phase in figure 4.4.  

  

Ratio Vaq/Vorg [Sb]aq [ppm] [Sn]aq [ppm] [Sb]org [ppm] [Sn]org [ppm] 

Feed Isoterm 
8M HCl  - 3850,38 3119,65 0,00 0,00 

Aq5:1 10%TBP 
8M HCl  5,00 3541,44 1824,90 1544,74 6473,72 

Aq2:1 10%TBP 
8M HCl  2,00 3439,78 888,76 821,20 4461,78 

Aq1:1 10%TBP 
8M HCl  1,00 2534,64 172,16 1315,75 2947,49 

Aq2 1:2 
10%TBP 8M 
HCl  0,50 1727,37 63,47 1061,51 1528,09 

Aq1:5 10%TBP 
8M HCl 0,20 1031,96 34,68 563,68 616,99 

Aq1:10 
10%TBP 8M 
HCl  0,10 446,25 16,69 340,41 310,30 

Table 4.4 – Sn and Sb concentrations at different aq/org phase ratios for 10 vol% 

TBP at 8M HCl. 
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Since the last two values of the antimony isotherm are similar on the x-axis, and the average 

of these two values is comparable to the fourth and highest point, the trend observed might be 

the result of measurement errors.   
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Figure 4.4 – Equilibrium isotherms of Sn and Sb for 10 vol% TBP 

at 8M of HCl Feed solution. 
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4.3 MCCABE-THIELE DIAGRAM 

 

From the equilibrium isotherms, a McCabe-Thiele diagram was constructed. Figure 4.5 

illustrates the evaluation of the number of steps obtained from using an aq/org phase ratio of 

2.0, which represents the slope of the operation line. By increasing the slope, e.g. from 1 to 2, 

a better fit was obtained and the number of steps increased from 2 to 3, which results in a higher 

extraction of Sn. The red vertical line represents the concentration of Sn in the feed solution at 

8M of HCl. By projecting horizontally the intersection point of the feed line and the operation 

line onto the Sn curve, then vertically down to the operating line and iterating the process until 

most of the entire Sn curve has been covered, the number of steps obtained was approximately 

three.  

 

 

 

 

 

 

 

 

 

  

Figure 4.5 – McCabe-Thiele diagram for 8M of HCl feed solution 
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4.4 EXTRACTANT EFFICIENCY 

 

From equation (2.4.1), the distribution coefficient was calculated using the metal content in the 

organic phase and the feed solution from the experiments with 6, 8 and 10M of HCl at 10vol% 

of TBP. The results are given in table 4.5 and the distribution coefficient as a function of HCl 

concentration is shown in figure 4.6.  

Label HCl conc. [M] Sb [ppm] (aq) Sn [ppm] (aq) Sb(org)[ppm] Sn(org)[ppm] D (Sb) D (Sn) 

Aq 10% TBP 6M  6,00 3442,50 888,00 1011,67 2152,83 0,29 2,42 

Aq 10% TBP 8M HCl 25/04 8,00 2660,60 257,31 1118,93 2243,24 0,42 8,72 

Aq 10%TBP 10M HCl 20170509 10,00 2730,46 319,62 1106,71 2765,59 0,41 8,65 

 

  

Table 4.5 –Distribution coefficient for 6, 8 and 10M HCl at 10 vol% TBP.  
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Figure 4.6 – Extractant efficiency at different concentrations of HCl in the feed 

solution.  
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CHAPTER 5 
 

DISCUSSION AND ANALYSIS 
 

The experimental methods chosen for this work was to use a shaking flask to execute the 

objectives of the thesis. This method may have led to some losses or deviations from the 

different trials but can be negligible.  

From the results of the selectivity measurements, one can notice an increase in selectivity as 

the concentration of HCl in the feed solution increases. The highest separation of antimony and 

tin is attained at an extractant concentration of 10vol% for all three cases.  

One could relate the increase in selectivity to the theory of the extraction mechanisms of anion 

and solvation extraction. The equilibrium is dependent on the concentration of anions in the 

solution and if the concentration is too low, the metal will not be able to form complexes with 

the extractant in the organic phase. Therefore, a somewhat high concentration of HCl is required 

in the feed solution to achieve better selectivity with a higher formation of complexes of 

antimony and tin.  

From a generally economic point of view, and the extractant is presumed to be an expensive 

component, the results indicate that one could use a higher concentration of hydrochloric acid 

and less amount of extractant. But this is not the case in practice. Since the extractant is 

recyclable and HCl is a hazardous component, one would need to think differently.  

Analyzing the equilibrium curves at 8M of HCl for antimony and tin, a slight change of the 

slope can be noticed for antimony. This may be result of a “pushback effect”, meaning that tin 

is causing antimony to migrate back into the aqueous phase when Sn reaches a certain saturation 

level. The results also indicate that the pushback effect is a mechanism that contributes to a 

better separation of antimony and tin.  

By using the McCabe-Thiele method according on the equilibrium isotherms, the evaluated 

number of separation steps was estimated to be three. For future experiments with a continuous 

extraction process, e.g. centrifugal extractors, is therefore recommended to use a three-stage 

extraction operation. The number of steps could be tailored by adjusting the slope of the 

operation line, vertically and horizontally.  

The results from the distribution coefficient diagram also indicates that the point at which the 

extractant is the most efficient is around 8M of HCl, which is slightly than for 10M of HCl.  
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CHAPTER 6 
 

 FUTURE WORK 
 

Before proceeding further with continuous extraction experiments for antimony and tin, 

additional should be conducted. The following recommendations should be investigated for 

obtaining better separation of Sn and Sb;  

 

I.  Increase the amount of hydrochloric acid in the feed solution to determine the 

optimal concentration at the maximum selectivity.  

II.  Construct the equilibrium curves at higher concentrations of HCl, to 

investigate if the pushback effect can be obtained at a lower concentration of 

antimony in the organic phase.  

III. Evaluate the number of extraction steps according to the equilibrium 

isotherms for the optimal concentration of HCl in the feed solution.  

IV. Analyze the extractant efficiency at higher concentrations of hydrochloric 

acid.  

V. For future experiments with a continuous extraction process, for example 

centrifugal extractors, I recommend, based on my results, to use a three-stage 

extraction operation. 
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8. APPENDICES 

 

8.1 APPENDIX A  

 

  
Al 308.215 {109} 
(Axial) 

As 193.759 
{474} (Axial) 

Ba 455.403 {74} 
(Axial) 

Be 234.861 
{144} (Axial) 

Cd 228.802 
{447} (Axial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1% TBP 8M HCl 
25/03 0,643 ppm 117,286 ppm 0,043 ppm -0,006 ppm 2,510 ppm 
Aq 2% TBP 8M HCl 
25/04 0,561 ppm 117,754 ppm 0,041 ppm -0,004 ppm 2,562 ppm 
Aq 4% TBP 8M HCl 
25/04 0,613 ppm 115,128 ppm 0,043 ppm -0,006 ppm 2,523 ppm 
Aq 6% TBP 8M HCl 
25/04 0,309 ppm 109,397 ppm 0,052 ppm -0,004 ppm 2,438 ppm 
Aq 8% TBP 8M HCl 
25/04 0,297 ppm 110,527 ppm 0,036 ppm -0,003 ppm 2,471 ppm 
Aq 10% TBP 8M HCl 
25/04 0,276 ppm 108,460 ppm 0,038 ppm -0,001 ppm 2,396 ppm 
Aq 15% TBP 8M HCl 
26/04 0,673 ppm 96,209 ppm 0,043 ppm -0,003 ppm 2,124 ppm 
Aq 20% TBP 8M HCl 
26/04 0,417 ppm 90,368 ppm 0,039 ppm -0,008 ppm 2,030 ppm 
Aq 25% TBP 8M HCl 
26/04 0,277 ppm 78,741 ppm 0,036 ppm -0,004 ppm 1,815 ppm 
Aq 30% TBP 8M HCl 
26/04 0,425 ppm 73,222 ppm 0,059 ppm -0,003 ppm 1,712 ppm 
Aq 2 30% TBP 8M HCl 
26/04 0,534 ppm 71,651 ppm 1,800 ppm -0,006 ppm 1,704 ppm 
Aq 35% TBP 8M HCl 
26/04 0,558 ppm 67,003 ppm 0,087 ppm -0,003 ppm 1,613 ppm 
Aq 20% TBP 6M HCl 
25/04 0,881 ppm 211,866 ppm 0,087 ppm -0,004 ppm 5,238 ppm 
Aq 25% TBP 6M HCl 
25/04 0,644 ppm 213,065 ppm 0,068 ppm -0,002 ppm 5,286 ppm 
Aq 25% TBP 6M HCl 
25/04 0,624 ppm 189,844 ppm 0,042 ppm -0,005 ppm 4,766 ppm 
Moder losn 6M HCl 
26/04 0,721 ppm 1147,234 ppm 0,047 ppm -0,008 ppm 28,738 ppm 
Moder losn 8M HCl 
26/04 0,634 ppm 1127,801 ppm 0,029 ppm -0,007 ppm 27,913 ppm 
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8.2 APPENDIX B  

 

  
Co 238.892 
{141} (Axial) 

Cr 267.716 
{126} (Axial) 

Cu 327.396 
{103} (Axial) 

Fe 238.204 
{142} (Axial) 

Li 670.784 {50} 
(Axial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1% TBP 8M HCl 
25/03 0,059 ppm 2,067 ppm 11,068 ppm 1,089 ppm 0,002 ppm 
Aq 2% TBP 8M HCl 
25/04 0,091 ppm 2,202 ppm 11,796 ppm 0,622 ppm 0,003 ppm 
Aq 4% TBP 8M HCl 
25/04 0,083 ppm 2,105 ppm 11,183 ppm 0,085 ppm 0,003 ppm 
Aq 6% TBP 8M HCl 
25/04 0,056 ppm 2,156 ppm 11,352 ppm 0,670 ppm 0,002 ppm 
Aq 8% TBP 8M HCl 
25/04 0,083 ppm 1,981 ppm 10,498 ppm -0,017 ppm 0,002 ppm 
Aq 10% TBP 8M HCl 
25/04 0,076 ppm 2,042 ppm 10,868 ppm -0,038 ppm 0,003 ppm 
Aq 15% TBP 8M HCl 
26/04 0,081 ppm 2,229 ppm 11,192 ppm -0,045 ppm 0,002 ppm 
Aq 20% TBP 8M HCl 
26/04 0,070 ppm 2,174 ppm 10,552 ppm -0,042 ppm 0,002 ppm 
Aq 25% TBP 8M HCl 
26/04 0,077 ppm 2,111 ppm 10,119 ppm -0,044 ppm 0,002 ppm 
Aq 30% TBP 8M HCl 
26/04 0,032 ppm 2,053 ppm 9,612 ppm -0,033 ppm 0,003 ppm 
Aq 2 30% TBP 8M HCl 
26/04 0,067 ppm 2,179 ppm 9,738 ppm -0,007 ppm 0,002 ppm 
Aq 35% TBP 8M HCl 
26/04 0,034 ppm 2,095 ppm 9,256 ppm -0,029 ppm 0,003 ppm 
Aq 20% TBP 6M HCl 
25/04 0,076 ppm 2,054 ppm 11,565 ppm 0,009 ppm 0,003 ppm 
Aq 25% TBP 6M HCl 
25/04 0,081 ppm 2,027 ppm 11,311 ppm 0,010 ppm 0,002 ppm 
Aq 25% TBP 6M HCl 
25/04 0,042 ppm 2,013 ppm 11,016 ppm -0,049 ppm 0,002 ppm 
Moder losn 6M HCl 
26/04 0,049 ppm 2,028 ppm 11,085 ppm 10,984 ppm 0,002 ppm 
Moder losn 8M HCl 
26/04 0,064 ppm 2,002 ppm 11,010 ppm 11,020 ppm 0,001 ppm 
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8.3 APPENDIX C 

 

 

  

  
Mn 257.610 
{131} (Axial) 

Mo 204.598 
{465} (Axial) 

Ni 221.647 {452} 
(Axial) 

P 178.766 {489} 
(Axial) 

Pb 182.205 {485} 
(Axial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1% TBP 8M HCl 
25/03 0,053 ppm 1,362 ppm 153,224 ppm 14,176 ppm 7,167 ppm 
Aq 2% TBP 8M HCl 
25/04 0,052 ppm 1,301 ppm 162,352 ppm 15,823 ppm 7,470 ppm 
Aq 4% TBP 8M HCl 
25/04 0,045 ppm 0,584 ppm 154,261 ppm 17,507 ppm 7,822 ppm 
Aq 6% TBP 8M HCl 
25/04 0,049 ppm 0,366 ppm 159,203 ppm 23,236 ppm 7,823 ppm 
Aq 8% TBP 8M HCl 
25/04 0,045 ppm 0,295 ppm 147,646 ppm 22,895 ppm 7,384 ppm 
Aq 10% TBP 8M HCl 
25/04 0,046 ppm 0,224 ppm 153,967 ppm 24,448 ppm 7,522 ppm 
Aq 15% TBP 8M HCl 
26/04 0,056 ppm 0,145 ppm 165,309 ppm 30,314 ppm 8,014 ppm 
Aq 20% TBP 8M HCl 
26/04 0,047 ppm 0,013 ppm 157,202 ppm 46,717 ppm 8,142 ppm 
Aq 25% TBP 8M HCl 
26/04 0,048 ppm 0,000 ppm 157,349 ppm 60,147 ppm 8,329 ppm 
Aq 30% TBP 8M HCl 
26/04 0,043 ppm 0,018 ppm 158,009 ppm 65,526 ppm 8,817 ppm 
Aq 2 30% TBP 8M HCl 
26/04 0,050 ppm 0,006 ppm 164,071 ppm 72,316 ppm 8,813 ppm 
Aq 35% TBP 8M HCl 
26/04 0,053 ppm -0,072 ppm 159,654 ppm 94,609 ppm 8,986 ppm 
Aq 20% TBP 6M HCl 
25/04 0,053 ppm 0,214 ppm 158,226 ppm 55,969 ppm 9,017 ppm 
Aq 25% TBP 6M HCl 
25/04 0,044 ppm 0,182 ppm 155,292 ppm 67,157 ppm 9,008 ppm 
Aq 25% TBP 6M HCl 
25/04 0,044 ppm 0,086 ppm 151,450 ppm 72,214 ppm 8,974 ppm 
Moder losn 6M HCl 
26/04 0,048 ppm 2,761 ppm 155,261 ppm 26,801 ppm 9,287 ppm 
Moder losn 8M HCl 
26/04 0,042 ppm 2,846 ppm 155,336 ppm 22,022 ppm 9,544 ppm 
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8.4 APPENDIX D 

 

 

  

  
S 180.731 {487} 
(Axial) 

Sb 217.581 
{455} (Axial) 

Si 212.412 {459} 
(Axial) 

Ti 334.941 {101} 
(Axial) 

V 292.402 {115} 
(Axial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1% TBP 8M HCl 
25/03 871,563 ppm 3499,354 ppm 5,440 ppm 0,052 ppm -0,023 ppm 
Aq 2% TBP 8M HCl 
25/04 932,494 ppm 3689,792 ppm 5,452 ppm 0,049 ppm -0,033 ppm 
Aq 4% TBP 8M HCl 
25/04 909,685 ppm 3387,800 ppm 5,226 ppm 0,052 ppm -0,046 ppm 
Aq 6% TBP 8M HCl 
25/04 940,200 ppm 3235,194 ppm 5,167 ppm 0,036 ppm -0,027 ppm 
Aq 8% TBP 8M HCl 
25/04 879,654 ppm 2771,851 ppm 4,727 ppm 0,044 ppm -0,041 ppm 
Aq 10% TBP 8M HCl 
25/04 923,668 ppm 2660,598 ppm 4,846 ppm 0,031 ppm -0,030 ppm 
Aq 15% TBP 8M HCl 
26/04 991,003 ppm 1982,245 ppm 5,342 ppm 0,036 ppm -0,024 ppm 
Aq 20% TBP 8M HCl 
26/04 961,858 ppm 1163,882 ppm 4,944 ppm 0,034 ppm -0,034 ppm 
Aq 25% TBP 8M HCl 
26/04 972,572 ppm 796,334 ppm 4,865 ppm 0,034 ppm 0,014 ppm 
Aq 30% TBP 8M HCl 
26/04 985,882 ppm 594,439 ppm 5,045 ppm 0,033 ppm -0,049 ppm 
Aq 2 30% TBP 8M HCl 
26/04 1040,569 ppm 629,004 ppm 5,274 ppm 0,030 ppm -0,021 ppm 
Aq 35% TBP 8M HCl 
26/04 1012,841 ppm 465,135 ppm 4,948 ppm 0,026 ppm 0,003 ppm 
Aq 20% TBP 6M HCl 
25/04 1055,964 ppm 1871,599 ppm 5,315 ppm 0,039 ppm -0,059 ppm 
Aq 25% TBP 6M HCl 
25/04 1044,267 ppm 947,911 ppm 5,155 ppm 0,044 ppm -0,006 ppm 
Aq 25% TBP 6M HCl 
25/04 1009,039 ppm 542,913 ppm 4,905 ppm 0,042 ppm -0,025 ppm 
Moder losn 6M HCl 
26/04 1031,065 ppm 3761,998 ppm 5,112 ppm 0,042 ppm -0,052 ppm 
Moder losn 8M HCl 
26/04 1046,377 ppm 3779,525 ppm 5,087 ppm 0,041 ppm -0,004 ppm 
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8.5 APPENDIX E 

 

  

  
Zn 206.200 
{463} (Axial) 

Na 818.326 {41} 
(Axial) 

K 766.490 {44} 
(Radial) 

Ca 184.006 
{483} (Radial) 

Mg 279.553 
{121} (Radial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1% TBP 8M HCl 
25/03 18,118 ppm 1044,631 ppm 8,634 ppm 4,714 ppm 0,179 ppm 
Aq 2% TBP 8M HCl 
25/04 19,062 ppm 1112,375 ppm 13,225 ppm 5,387 ppm 0,180 ppm 
Aq 4% TBP 8M HCl 
25/04 18,146 ppm 1061,148 ppm 15,481 ppm 4,858 ppm 0,161 ppm 
Aq 6% TBP 8M HCl 
25/04 18,597 ppm 1097,657 ppm 12,647 ppm 4,762 ppm 0,167 ppm 
Aq 8% TBP 8M HCl 
25/04 16,914 ppm 1017,347 ppm 6,188 ppm 4,642 ppm 0,159 ppm 
Aq 10% TBP 8M HCl 
25/04 17,195 ppm 1058,252 ppm 8,857 ppm 4,694 ppm 0,176 ppm 
Aq 15% TBP 8M HCl 
26/04 15,869 ppm 1142,152 ppm 4,237 ppm 5,177 ppm 0,159 ppm 
Aq 20% TBP 8M HCl 
26/04 13,078 ppm 1085,733 ppm 9,286 ppm 4,715 ppm 0,175 ppm 
Aq 25% TBP 8M HCl 
26/04 11,064 ppm 1094,094 ppm 11,212 ppm 4,816 ppm 0,143 ppm 
Aq 30% TBP 8M HCl 
26/04 15,332 ppm 1107,170 ppm 13,996 ppm 5,057 ppm 0,263 ppm 
Aq 2 30% TBP 8M HCl 
26/04 10,132 ppm 1148,908 ppm 14,051 ppm 5,269 ppm 0,143 ppm 
Aq 35% TBP 8M HCl 
26/04 9,273 ppm 1121,070 ppm 12,467 ppm 4,923 ppm 0,178 ppm 
Aq 20% TBP 6M HCl 
25/04 17,929 ppm 1111,684 ppm 11,582 ppm 8,728 ppm 0,171 ppm 
Aq 25% TBP 6M HCl 
25/04 14,667 ppm 1094,042 ppm 9,130 ppm 5,435 ppm 0,108 ppm 
Aq 25% TBP 6M HCl 
25/04 11,188 ppm 1070,108 ppm 4,308 ppm 6,165 ppm 0,161 ppm 
Moder losn 6M HCl 
26/04 19,285 ppm 1117,083 ppm 12,272 ppm 5,588 ppm 0,138 ppm 
Moder losn 8M HCl 
26/04 19,298 ppm 1119,642 ppm 12,062 ppm 4,945 ppm 0,136 ppm 
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8.6 APPENDIX F 

 

  

  Sn 189.989 {478} (Radial) 

Label Value Unit 

Aq 1% TBP 8M HCl 25/03 2029,879 ppm 

Aq 2% TBP 8M HCl 25/04 1922,258 ppm 

Aq 4% TBP 8M HCl 25/04 1175,395 ppm 

Aq 6% TBP 8M HCl 25/04 630,805 ppm 

Aq 8% TBP 8M HCl 25/04 354,519 ppm 

Aq 10% TBP 8M HCl 25/04 257,314 ppm 

Aq 15% TBP 8M HCl 26/04 92,923 ppm 

Aq 20% TBP 8M HCl 26/04 36,147 ppm 

Aq 25% TBP 8M HCl 26/04 23,584 ppm 

Aq 30% TBP 8M HCl 26/04 16,693 ppm 

Aq 2 30% TBP 8M HCl 26/04 17,558 ppm 

Aq 35% TBP 8M HCl 26/04 13,226 ppm 

Aq 20% TBP 6M HCl 25/04 129,535 ppm 

Aq 25% TBP 6M HCl 25/04 38,485 ppm 

Aq 25% TBP 6M HCl 25/04 18,419 ppm 

Moder losn 6M HCl 26/04 2473,164 ppm 

Moder losn 8M HCl 26/04 2500,552 ppm 
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8.7 APPENDIX G  

 

  

  
Al 308.215 
{109} (Axial) 

As 193.759 
{474} (Axial) 

Ba 455.403 {74} 
(Axial) 

Be 313.042 
{108} (Axial) 

Cd 228.802 {447} 
(Axial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1%TBP 10M HCl 
20170509 0,899 ppm 180,274 ppm 0,039 ppm 0,001 ppm 2,842 ppm 
Aq 2%TBP 10M HCl 
20170509 0,802 ppm 181,301 ppm 0,037 ppm -0,001 ppm 2,849 ppm 
Aq 4%TBP 10M HCl 
20170509 0,689 ppm 150,289 ppm 0,040 ppm 0,000 ppm 2,307 ppm 
Aq 6%TBP 10M HCl 
20170509 0,842 ppm 138,239 ppm 0,073 ppm 0,000 ppm 2,084 ppm 
Aq 8%TBP 10M HCl 
20170509 0,684 ppm 121,373 ppm 0,041 ppm 0,000 ppm 1,808 ppm 
Aq 10%TBP 10M HCl 
20170509 0,776 ppm 112,307 ppm 0,038 ppm -0,002 ppm 1,662 ppm 
Aq 15%TBP 10M HCl 
20170509 0,963 ppm 91,581 ppm 0,055 ppm 0,002 ppm 1,336 ppm 
Aq 20%TBP 10M HCl 
20170509 0,818 ppm 81,307 ppm 0,044 ppm 0,002 ppm 1,185 ppm 
Aq 25%TBP 10M HCl 
20170509 0,858 ppm 72,328 ppm 0,048 ppm -0,002 ppm 1,035 ppm 
Aq 30%TBP 10M HCl 
20170509 0,791 ppm 65,690 ppm 0,044 ppm 0,000 ppm 0,930 ppm 
Aq 35%TBP 10M HCl 
20170509 0,952 ppm 59,525 ppm 0,042 ppm 0,002 ppm 0,825 ppm 
Aq1:10 10%TBP 8M HCl 
20170508 1,975 ppm 33,698 ppm 0,042 ppm -0,001 ppm 0,442 ppm 
Aq1:5 10%TBP 8M HCl 
20170508 0,871 ppm 44,290 ppm 0,051 ppm 0,001 ppm 0,596 ppm 
Aq1 1:2 10%TBP 8M HCl 
20170508 0,694 ppm 80,088 ppm 0,042 ppm -0,001 ppm 1,109 ppm 
Aq2 1:2 10%TBP 8M HCl 
20170508 1,314 ppm 69,838 ppm 0,048 ppm 0,000 ppm 0,964 ppm 
Aq1:1 10%TBP 8M HCl 
20170508 0,748 ppm 106,103 ppm 0,051 ppm 0,000 ppm 1,507 ppm 
Aq2:1 10%TBP 8M HCl 
20170508 0,946 ppm 204,336 ppm 0,052 ppm 0,002 ppm 2,938 ppm 
Aq5:1 10%TBP 8M HCl 
20170508 0,716 ppm 307,070 ppm 0,217 ppm 0,000 ppm 4,441 ppm 
Feed Isoterm 8M HCl 
20170508 0,779 ppm 1146,673 ppm 0,052 ppm 0,000 ppm 17,182 ppm 
Feed 10ml 10M HCl 
20170509 0,762 ppm 1143,786 ppm 0,047 ppm -0,001 ppm 17,196 ppm 
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8.8 APPENDIX H 

 

  

  
Co 238.892 
{141} (Axial) 

Cr 267.716 
{126} (Axial) 

Cu 327.396 
{103} (Axial) 

Fe 238.204 
{142} (Axial) 

Li 670.784 {50} 
(Axial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1%TBP 10M HCl 
20170509 0,065 ppm 2,444 ppm 6,826 ppm -0,026 ppm 0,003 ppm 
Aq 2%TBP 10M HCl 
20170509 0,050 ppm 2,421 ppm 6,736 ppm 0,030 ppm 0,002 ppm 
Aq 4%TBP 10M HCl 
20170509 0,060 ppm 2,412 ppm 6,718 ppm -0,068 ppm 0,003 ppm 
Aq 6%TBP 10M HCl 
20170509 0,100 ppm 2,457 ppm 6,729 ppm -0,079 ppm 0,003 ppm 
Aq 8%TBP 10M HCl 
20170509 0,054 ppm 2,376 ppm 6,620 ppm -0,063 ppm 0,003 ppm 
Aq 10%TBP 10M HCl 
20170509 0,063 ppm 2,422 ppm 6,737 ppm -0,097 ppm 0,003 ppm 
Aq 15%TBP 10M HCl 
20170509 0,094 ppm 2,416 ppm 6,625 ppm -0,072 ppm 0,003 ppm 
Aq 20%TBP 10M HCl 
20170509 0,048 ppm 2,464 ppm 6,787 ppm -0,071 ppm 0,003 ppm 
Aq 25%TBP 10M HCl 
20170509 0,091 ppm 2,544 ppm 6,742 ppm -0,067 ppm 0,003 ppm 
Aq 30%TBP 10M HCl 
20170509 0,038 ppm 2,557 ppm 6,601 ppm -0,105 ppm 0,003 ppm 
Aq 35%TBP 10M HCl 
20170509 0,037 ppm 2,595 ppm 6,440 ppm -0,091 ppm 0,003 ppm 
Aq1:10 10%TBP 8M HCl 
20170508 0,051 ppm 2,389 ppm 6,250 ppm -0,003 ppm 0,002 ppm 
Aq1:5 10%TBP 8M HCl 
20170508 0,051 ppm 2,407 ppm 6,295 ppm -0,077 ppm 0,002 ppm 
Aq1 1:2 10%TBP 8M HCl 
20170508 0,074 ppm 2,551 ppm 7,022 ppm -0,057 ppm 0,003 ppm 
Aq2 1:2 10%TBP 8M HCl 
20170508 0,056 ppm 2,507 ppm 6,855 ppm -0,078 ppm 0,003 ppm 
Aq1:1 10%TBP 8M HCl 
20170508 0,083 ppm 2,470 ppm 7,296 ppm -0,062 ppm 0,003 ppm 
Aq2:1 10%TBP 8M HCl 
20170508 0,076 ppm 2,558 ppm 7,800 ppm -0,041 ppm 0,002 ppm 
Aq5:1 10%TBP 8M HCl 
20170508 0,069 ppm 2,504 ppm 7,253 ppm 0,044 ppm 0,003 ppm 
Feed Isoterm 8M HCl 
20170508 0,034 ppm 2,616 ppm 7,339 ppm 7,623 ppm 0,003 ppm 
Feed 10ml 10M HCl 
20170509 0,058 ppm 2,547 ppm 7,262 ppm 7,547 ppm 0,003 ppm 
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8.9 APPENDIX I  

 

  

  
Mn 257.610 
{131} (Axial) 

Mo 203.844 
{465} (Axial) 

Ni 221.647 
{452} (Axial) 

P 178.766 {489} 
(Axial) 

Pb 182.205 {485} 
(Axial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1%TBP 10M HCl 
20170509 0,053 ppm 0,662 ppm 169,509 ppm 31,500 ppm 9,959 ppm 
Aq 2%TBP 10M HCl 
20170509 0,056 ppm 1,138 ppm 165,357 ppm 24,637 ppm 9,720 ppm 
Aq 4%TBP 10M HCl 
20170509 0,049 ppm 0,371 ppm 163,846 ppm 39,018 ppm 9,743 ppm 
Aq 6%TBP 10M HCl 
20170509 0,052 ppm 0,262 ppm 166,024 ppm 52,337 ppm 9,334 ppm 
Aq 8%TBP 10M HCl 
20170509 0,054 ppm 0,117 ppm 162,914 ppm 59,949 ppm 9,284 ppm 
Aq 10%TBP 10M HCl 
20170509 0,057 ppm 0,156 ppm 165,981 ppm 64,944 ppm 9,468 ppm 
Aq 15%TBP 10M HCl 
20170509 0,053 ppm 0,013 ppm 164,473 ppm 81,423 ppm 9,237 ppm 
Aq 20%TBP 10M HCl 
20170509 0,057 ppm 0,043 ppm 168,712 ppm 91,883 ppm 9,236 ppm 
Aq 25%TBP 10M HCl 
20170509 0,055 ppm -0,002 ppm 170,423 ppm 103,933 ppm 9,769 ppm 
Aq 30%TBP 10M HCl 
20170509 0,054 ppm -0,009 ppm 175,685 ppm 112,204 ppm 9,319 ppm 
Aq 35%TBP 10M HCl 
20170509 0,053 ppm -0,016 ppm 176,826 ppm 133,324 ppm 9,272 ppm 
Aq1:10 10%TBP 8M HCl 
20170508 0,058 ppm -0,019 ppm 161,524 ppm 67,243 ppm 9,074 ppm 
Aq1:5 10%TBP 8M HCl 
20170508 0,053 ppm -0,030 ppm 162,247 ppm 63,902 ppm 9,271 ppm 
Aq1 1:2 10%TBP 8M HCl 
20170508 0,056 ppm 0,008 ppm 172,743 ppm 73,556 ppm 9,334 ppm 
Aq2 1:2 10%TBP 8M HCl 
20170508 0,057 ppm 0,029 ppm 168,416 ppm 72,300 ppm 9,685 ppm 
Aq1:1 10%TBP 8M HCl 
20170508 0,059 ppm 0,090 ppm 169,667 ppm 74,795 ppm 9,206 ppm 
Aq2:1 10%TBP 8M HCl 
20170508 0,058 ppm 0,308 ppm 175,267 ppm 57,848 ppm 9,406 ppm 
Aq5:1 10%TBP 8M HCl 
20170508 0,058 ppm 0,712 ppm 170,124 ppm 49,736 ppm 9,821 ppm 
Feed Isoterm 8M HCl 
20170508 0,054 ppm 2,989 ppm 174,962 ppm 30,265 ppm 10,051 ppm 
Feed 10ml 10M HCl 
20170509 0,056 ppm 2,919 ppm 174,394 ppm 28,094 ppm 10,160 ppm 
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8.10 APPENDIX J 

 

  

  
S 180.731 
{487} (Axial) 

Sb 217.581 
{455} (Axial) 

Si 212.412 
{459} (Axial) 

Ti 338.376 {100} 
(Axial) 

V 292.402 {115} 
(Axial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1%TBP 10M HCl 
20170509 784,753 ppm 3496,126 ppm 1,508 ppm 0,041 ppm -0,033 ppm 
Aq 2%TBP 10M HCl 
20170509 763,255 ppm 3479,653 ppm 1,214 ppm 0,027 ppm 0,012 ppm 
Aq 4%TBP 10M HCl 
20170509 765,300 ppm 3280,973 ppm 1,052 ppm 0,020 ppm -0,002 ppm 
Aq 6%TBP 10M HCl 
20170509 780,332 ppm 3160,535 ppm 1,229 ppm 0,026 ppm -0,009 ppm 
Aq 8%TBP 10M HCl 
20170509 757,644 ppm 2895,134 ppm 1,232 ppm 0,026 ppm 0,006 ppm 
Aq 10%TBP 10M HCl 
20170509 767,967 ppm 2730,457 ppm 1,436 ppm 0,025 ppm -0,021 ppm 
Aq 15%TBP 10M HCl 
20170509 757,975 ppm 2090,479 ppm 1,306 ppm 0,032 ppm 0,019 ppm 
Aq 20%TBP 10M HCl 
20170509 774,339 ppm 1747,588 ppm 1,512 ppm 0,032 ppm -0,006 ppm 
Aq 25%TBP 10M HCl 
20170509 778,436 ppm 1415,297 ppm 1,377 ppm 0,018 ppm 0,017 ppm 
Aq 30%TBP 10M HCl 
20170509 798,151 ppm 1190,210 ppm 1,518 ppm 0,039 ppm -0,038 ppm 
Aq 35%TBP 10M HCl 
20170509 790,630 ppm 999,202 ppm 1,416 ppm 0,038 ppm -0,018 ppm 
Aq1:10 10%TBP 8M HCl 
20170508 740,698 ppm 446,247 ppm 0,832 ppm 0,044 ppm -0,015 ppm 
Aq1:5 10%TBP 8M HCl 
20170508 754,491 ppm 1031,964 ppm 0,964 ppm 0,029 ppm -0,005 ppm 
Aq1 1:2 10%TBP 8M HCl 
20170508 823,111 ppm 1819,031 ppm 1,537 ppm 0,039 ppm -0,012 ppm 
Aq2 1:2 10%TBP 8M HCl 
20170508 807,864 ppm 1727,367 ppm 1,551 ppm 0,030 ppm -0,011 ppm 
Aq1:1 10%TBP 8M HCl 
20170508 813,567 ppm 2534,636 ppm 1,621 ppm 0,053 ppm 0,003 ppm 
Aq2:1 10%TBP 8M HCl 
20170508 850,004 ppm 3439,781 ppm 1,812 ppm 0,033 ppm -0,004 ppm 
Aq5:1 10%TBP 8M HCl 
20170508 836,668 ppm 3541,436 ppm 1,613 ppm 0,059 ppm -0,035 ppm 
Feed Isoterm 8M HCl 
20170508 858,280 ppm 3850,384 ppm 1,602 ppm 0,061 ppm -0,024 ppm 
Feed 10ml 10M HCl 
20170509 854,147 ppm 3837,167 ppm 1,554 ppm 0,053 ppm -0,035 ppm 
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8.11 APPENDIX K  

 

  

  
Zn 206.200 
{463} (Axial) 

Na 818.326 
{41} (Axial) 

K 766.490 {44} 
(Axial) 

Ca 184.006 
{483} (Radial) 

Mg 280.270 {120} 
(Radial) 

Label Value Unit Value Unit Value Unit Value Unit Value Unit 

Aq 1%TBP 10M HCl 
20170509 13,072 ppm 1052,243 ppm 4,774 ppm 6,009 ppm 0,145 ppm 
Aq 2%TBP 10M HCl 
20170509 12,797 ppm 1023,919 ppm 4,660 ppm 5,919 ppm 0,054 ppm 
Aq 4%TBP 10M HCl 
20170509 12,260 ppm 1008,445 ppm 4,567 ppm 5,647 ppm 0,002 ppm 
Aq 6%TBP 10M HCl 
20170509 12,550 ppm 1012,802 ppm 4,634 ppm 5,664 ppm 0,047 ppm 
Aq 8%TBP 10M HCl 
20170509 11,651 ppm 990,477 ppm 4,523 ppm 5,744 ppm 0,074 ppm 
Aq 10%TBP 10M HCl 
20170509 11,612 ppm 1014,374 ppm 4,714 ppm 5,908 ppm 0,070 ppm 
Aq 15%TBP 10M HCl 
20170509 10,273 ppm 976,647 ppm 4,622 ppm 5,607 ppm 0,073 ppm 
Aq 20%TBP 10M HCl 
20170509 9,498 ppm 991,134 ppm 4,646 ppm 5,525 ppm 0,058 ppm 
Aq 25%TBP 10M HCl 
20170509 8,615 ppm 1014,790 ppm 5,016 ppm 5,571 ppm 0,128 ppm 
Aq 30%TBP 10M HCl 
20170509 7,990 ppm 1020,494 ppm 4,798 ppm 5,454 ppm 0,057 ppm 
Aq 35%TBP 10M HCl 
20170509 7,400 ppm 1027,095 ppm 4,842 ppm 5,616 ppm 0,102 ppm 
Aq1:10 10%TBP 8M HCl 
20170508 4,285 ppm 1053,553 ppm 4,695 ppm 6,547 ppm 0,282 ppm 
Aq1:5 10%TBP 8M HCl 
20170508 7,321 ppm 1051,643 ppm 4,508 ppm 5,518 ppm 0,016 ppm 
Aq1 1:2 10%TBP 8M HCl 
20170508 14,782 ppm 1124,647 ppm 4,858 ppm 5,607 ppm 0,042 ppm 
Aq2 1:2 10%TBP 8M HCl 
20170508 10,103 ppm 1092,620 ppm 4,765 ppm 6,068 ppm 0,188 ppm 
Aq1:1 10%TBP 8M HCl 
20170508 11,609 ppm 1107,945 ppm 4,737 ppm 5,494 ppm 0,165 ppm 
Aq2:1 10%TBP 8M HCl 
20170508 13,413 ppm 1148,124 ppm 5,038 ppm 5,702 ppm 0,091 ppm 
Aq5:1 10%TBP 8M HCl 
20170508 13,892 ppm 1112,925 ppm 4,804 ppm 5,773 ppm 0,093 ppm 
Feed Isoterm 8M HCl 
20170508 13,809 ppm 1162,434 ppm 4,987 ppm 5,631 ppm 0,119 ppm 
Feed 10ml 10M HCl 
20170509 13,798 ppm 1033,286 ppm 4,951 ppm 5,732 ppm 0,062 ppm 
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8.12 APPENDIX L  

 

  Sn 189.989 {478} (Radial) 

Label Value Unit 

Aq 1%TBP 10M HCl 20170509 1522,690 ppm 

Aq 2%TBP 10M HCl 20170509 1913,516 ppm 

Aq 4%TBP 10M HCl 20170509 973,978 ppm 

Aq 6%TBP 10M HCl 20170509 626,653 ppm 

Aq 8%TBP 10M HCl 20170509 407,022 ppm 

Aq 10%TBP 10M HCl 20170509 319,623 ppm 

Aq 15%TBP 10M HCl 20170509 146,445 ppm 

Aq 20%TBP 10M HCl 20170509 99,393 ppm 

Aq 25%TBP 10M HCl 20170509 65,626 ppm 

Aq 30%TBP 10M HCl 20170509 49,559 ppm 

Aq 35%TBP 10M HCl 20170509 41,400 ppm 

Aq1:10 10%TBP 8M HCl 20170508 16,688 ppm 

Aq1:5 10%TBP 8M HCl 20170508 34,685 ppm 

Aq1 1:2 10%TBP 8M HCl 20170508 86,317 ppm 

Aq2 1:2 10%TBP 8M HCl 20170508 63,474 ppm 

Aq1:1 10%TBP 8M HCl 20170508 172,162 ppm 

Aq2:1 10%TBP 8M HCl 20170508 888,756 ppm 

Aq5:1 10%TBP 8M HCl 20170508 1824,904 ppm 

Feed Isoterm 8M HCl 20170508 3119,648 ppm 

Feed 10ml 10M HCl 20170509 3085,210 ppm 
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