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1. Introduction  

The recovery of metal ions from leaching solutions is important due to the reduction of 

environmental risk of release of toxic heavy metals to water or soil and besides, the 

application of by-product as a secondary source of valuable metals which is in accordance 

with the concept of sustainable development [1]. 

In addition to this, the increasing demand for high pure cobalt, even more than the growing 

energy demand, rapid decrease in primary recourse and stringent environmental regulations 

encourage to recover cobalt from waste [2]. 

Cobalt is a valuable metal which is used in high performance alloys, magnets, rechargeable 

batteries, catalysts, pigments and coloring electroplating. Most of the cobalt is produced as a 

by-product from nickel or copper ores and only 3% is produced from cobalt ores. As the 

demand for cobalt is increasing, it is necessary to develop secondary resources [3]. 

Cobalt is used in a lot of sectors [4]: 

• Superalloys for production of components of gas turbines and aircraft engines 

• Corrosion and wear resistant alloys 

• High speed steels 

• Magnets 

• Cemented carbides 

• Diamond tools 

• Petroleum industry 

• Battery sector: in 2003 this sector consumed about 11% of the Co available on the 

market 

Cobalt price was stable until 1970s when the price increased quickly due to uncertainties in 

the metal supply. In the previous levels, cobalt price was about 20 $ US/kg, and after this 

decade the prices started to increase dramatically [4, 5] as it is shown in Figure 1. 
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Figure 1. Cobalt prices [4, 5] 

As Figure 1 shows, the current price of cobalt has increased a lot from 2012, which adds one 

more reason to recover cobalt from secondary sources.  

2. Theoretical part  

Leaching is the primary process in hydrometallurgy whereby the metal values are 

transferred into an aqueous solution by a lixiviant. Typically, leaching is applied to ores, 

spent catalysts, pyrometallurgically derived intermediates, metal scraps, and by-products 

from metal refining. Processes can be classified into two categories [6]: 

• Those in which the formal oxidation state of the metal remains unchanged 

• Those where dissolution in accompanied by a redox process 

Deep-sea manganese nodules, copper-converter slag, spent catalyst, etc., mainly contain 

copper, cobalt, nickel, iron and manganese besides other impurities. These materials can be 

treated using sulphuric acid leaching to recover different metals. After the removal of 

impurities like iron and manganese from the leach liquor, solvent extraction can be used to 

separate and recover copper, nickel and cobalt from the feed solution. But the separation of 

cobalt and nickel is difficult because both metal ions are cations [7]. 

Some examples of composition of different leaching are shown in Table 1. 
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Table 1. Chemical composition of acid leaching from different sources 
  Concentration (g/L) 

Reference Origin Co Mn Ni Al Li Cu Fe Ca Mg Zn Na 

[1] 

Crude nickel 

sulphate 

(CNS) 

0.62 - 28 - - 0.69 - - - 0.57 - 

[8] 

Leach liquor 

of spent 

batteries 

21.8 - - 4.14 2.77 9.14 - - - - - 

[9] 
Synthetic 

feed solution 
0.24 1.6 4.1 - - - - 0.53 8.75 - - 

[10] 
Synthetic 

feed solution 
0.15 0.63 4.43 0.14 - - - 1.64 85 - - 

[11] 

Sulphate/Chl

oride leach 

liquor of 

manganese 

modules 

3.8 - 35.2 - - 24.8 11.8 - - 0.23 - 

[12] 

Lich liquor of 

spent lithium 

ion batteries 

(LIBs) 

24.9 0.016 0.04 1.8 3 0.783 0.159 0.013 - - 0.04 

 

In Table 1 the chemical composition of various effluents is shown, and the concentration of 

cobalt from leach liquor of spent batteries is higher than in the rest of cases. In the case of 

nickel and copper, the sulphate/chloride leach liquor of manganese modules has higher 

concentration than solutions after leaching of spent batteries or synthetic solutions. In crude 

nickel sulphate (CNS) the concentration of nickel is high too. So, in general it can be 

observed that spent batteries have the highest concentration of cobalt.  

Table 2 summarizes the different objectives of all the processes which are carried out in this 

work to separate and recover cobalt(II). 

Table 2. Objectives of all the processes considered in the experimental part of the thesis 

Process Objective 

Diffusion dialysis Acid recovery from feed solution 
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Precipitation Separation of aluminum and chromium 

Centrifugation and Filtration Separation of phases 

Extraction and stripping Separation and recovery of cobalt(II) 

 

As Table 2 shows, there are four main processes which are necessary to recover and 

separate cobalt(II). In diffusion dialysis the objective is to recover acid from the feed solution 

and after this, the feed will be ready to the precipitation where the separation of aluminum 

and chromium is carried out. Afterwards, the phases are separated by means of 

centrifugation and filtration and the aqueous phase is treated with an extractant to separate 

cobalt(II).  

2.1. Acid recovery from feed solution 

As it was mentioned before, the first step to recover cobalt from leaching solution was to 

reduce acid concentration. In this work, diffusion dialysis is the technique used to recover 

acid but it is not the only feasible solution. There are different regeneration methods of 

waste solutions containing metal ions that assume not only metal but also acid recovery 

[13]: 

• Membrane techniques 

o Diffusion dialysis (DD) 

o Membrane distillation (MD) 

o Electrodialysis (ED) 

o Membrane electrolysis (ME) 

• Pyrometallurgical techniques 

o Fluidized bed 

o Spray roasting 

• Precipitation/ Neutralization 

• Evaporation 
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Membrane techniques 

Membrane techniques are well considered to recover acid due to well-defined contact area, 

reduced size, scale-up and absence of chemicals which make this method be effective and 

sustainable. 

Membrane distillation (MD) allows acid to be recovered by passing the solution through the 

membrane, where the metal salts are retained. Diffusion dialysis (DD) and membrane 

distillation (MD) have different driving forces: in DD it is the difference of chemical activity 

on both sides of the membrane and in MD the driving force is the partial pressure difference 

induced by the temperature and composition of the layers next to the hydrophobic 

microporous membrane. Comparing both techniques, MD consumes more energy than DD, 

but the recovery of acid brings economic benefits like the decrease in consumption of alkali 

used for neutralization of wastewater and separation of toxic metals. Unfortunately, 

selective recovery of metal ions from retentate by means of MD is not possible and fouling 

of the membrane as well as concentration and temperature polarization must be considered 

in a long-time operation.   

Another membrane technique is electrodialysis (ED) which uses as a driving force a 

difference of electric potential and it is an effective way to recover acid. ED can be carried 

out using different types of membranes: bipolar, cation exchange, Neosepta or anion 

exchange. Energy consumption and investment costs affect the most operation cost of ED 

and undesired sludge of metal hydroxide is produced.  

Finally, also membrane electrolysis (ME), whose driving force is the difference in chemical 

potential between the anode and cathode, is an important membrane technique used for 

regeneration of acidic solutions. In the case of this technique, membrane corrosion and 

stability of the anode can be a problem.  

Pyrometallurgical techniques 

The extraction of metals from minerals can be realized by two ways: pyrometallurgy/ dry 

way or hydrometallurgy/wet way. The extraction of metals by pyrometallurgy is carried out 

by means of dry operations that are carried out at high temperatures between products in 

solid, liquid or gaseous state. A major disadvantage of pyrometallurgical processes is that 
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they require a significant amount of energy to treat waste gases before they enter the 

environment [14]. 

Some examples of pyrometallurgy are the fluidized bed or spray roasting, where the acid 

from waste solutions is evaporated and the iron oxide granules are formed in a fluidized bed 

at 800oC or in a spray roasting reactor at 450oC. After this operation, gas cooling acid is 

condensed up to 200 g/dm3 and then, it is returned to the pickling bath. This technique has a 

lot of disadvantages like: high energy consumption, emission of polluting gases and 

expensive cleaning system. On the other hand, the efficiency of this method is very high 

(>99%).   

Precipitation/Neutralization  

This technique is the most popular in the treatment of waste water containing various metal 

ions. It involves an increase in pH of the solution which causes the metal ions to precipitate 

forming a sludge of metal hydroxides. Although this method is simple and no complex 

installation is needed, it consumes a lot of chemicals and the storage cost of sludge is 

considerable.  

Evaporation 

Evaporation is based on the different boiling temperature of the substances in a mixture in 

liquid state, so by heating of a liquid mixture the most volatile substance will evaporate 

sooner. Good separation will be obtained if boiling points of the substances in the mixture 

widely differ from each other. The separated substances in gas state are then passed to a 

condenser where they are condensed back to liquid state. Separation of azeotropes by this 

technique is problematic and highly energy-consuming.  

In general, precipitation/neutralization and evaporation are techniques which are used like 

pre-treatment to reduce metal salts concentrations in feeds before further regeneration.  

These methods allow effective removal of different metals like Cr, Ni, Cd, Zn and Pb, 

although the metal ions are accompanied with high amounts of iron salts and consequently, 

the recovery is more complex.  
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2.1.1. Diffusion dialysis 

Between the previously mentioned techniques for acid recovery, diffusion dialysis presents a 

lot of advantages and it is referred to a Best Available Technique (BAT) due to [15, 16]: 

• Low installation, operating and maintenance costs  

• Small apparatus and space requirements  

• Low energy consumption  

• Reduction in fresh chemical consumption and wastewater dumping (environmentally 

friendly)  

• Short amortization time  

• Higher efficiency in the purification of wastewater, which has positive influence in 

the productivity and quality of products  

• High proton permeability  

• Strong rejection of salts  

 

However, DD has low processing capability and the final concentration in the recovered 

solution is limited by the equilibrium [17]. 

Characteristics of different methods to recover acid taking into account BAT requierements 

is shown in Table 3. 

Table 3. Characteristics of different methods to recover acid against BAT requirements [13] 

 BAT Requirement 

Method 
Implementation 

in industry 

Energy 

saving 

Low 

emission 

of NOx, 

CO 

Reduced 

requirement 

of fresh 

chemicals 

and water 

Reduction 

of waste 

streams 

Recycling 

of 

chemicals 

Membrane 

electrolysis 

- 

 
+ + + + + 

Electrodialysis + + + + + + 

Diffusion + + + + + + 
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dialysis 

Spray roasting + - - + + + 

Evaporation + - - + +/- + 

Precipitation + + + - +/- - 

 

Considering Table 3, diffusion dialysis is an attractive acid recovery method mainly due to 

low energy consumption, therefore it is considered as an environmentally friendly 

technique.   

• Concept of Diffusion Dialysis (DD)  

Diffusion dialysis (DD) is an ion-exchange membrane (IEM) separation process driven by 

concentration gradient and due to it, is considered as a spontaneous separation process. As 

such, DD gives rise to an increase in entropy and decrease in Gibbs energy, so it is 

thermodynamically favorable. 

The concept of dialysis was proposed by Graham in 1861 in the separation of small  

molecules from large ones using a semi-permeable membrane. If IEMs are employed for 

dialysis, the process is defined as diffusion dialysis. The first diffusion dialyzer was invented 

in the 1950s and DD was introduced in the industry 30 years later in Japan. The 

improvement on IEMs and diffusion dialyzers allow a better processing capability and 

separation efficiency [17].  

 

• Membranes in DD 

Ion exchange membranes (IEMs) are typically composed of hydrophobic substrates, 

immobilized ion-functionalized groups (positively or negatively) and movable counter ions 

[18]. IEMs have been investigated a lot because they separate molecules based on clean, 

efficient and cost-effective process. The immobile charged moieties are covalently bonded 

to the polymer and are responsible for exchanging moveable ions and promoting 

hydrophilicity in the membrane matrix [17]. 

The research enthusiasm on IEMs is ever-growing, for example in nano-science, where the 

regulation and control of polymer structures make for the formation of ionic channels, which 
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is a new development in this field. Over the past decade, most of IEM applications are 

expected to solve issues related to energy and environment [18]. 

The membranes for DD can be classified into anionic exchange membranes (AEMs) or 

cationic exchange membranes (CEMs) based on the nature of ionic groups in the polymer 

matrix. The ion separation is directly related to the fixed charged moiety inside the 

membrane. The most commonly moieties in CEMs contain sulphonic acid, phosphoric acid 

and carboxylic acid groups. In the case of AEMs, quaternary ammonium cations, imidazole 

cations and guanidinium cations are generally anchored onto the polymer backbones [18].  

Due to the higher demand for acid recovery, more attention has been placed on AEMs 

because they can be used to recover acid wastes released from mining, metal processing, 

painting or agriculture industries.  AEMs are prepared by covalent fixing the positively 

charged moieties on polymer structure, which allow to the negative ions to pass through 

while restricting the passage of mobile positive ions.  

There are different hydrocarbon substrates to make AEMs like polysulfone, poly 

(tetrafluoroethylene), polyvinyl alcohol (PVA), chitosan, polybenzimidazole and bromo-

methylated poly (phenylene oxide) (BPPO). AEMs must have certain features to be used in 

various industrial separation processes like electrodialysis (ED), pervaporation (PV) and 

diffusion dialysis (DD) [17, 19]: 

• High chemical and mechanical stability in acidic solution 

• High H+ permeability  

• Strong rejection for other metals 

• Relatively high-water uptake (WU) 

• Low electrical resistance 

• Reasonable swelling degree (poor water permeability) 

As a result, several AEMs have been designed for DD process. Some examples are bromo-

methylated poly(phenylene oxide) (BPPO) based membranes prepared by hydroxylation, 

quaternization and sol-reaction to achieve the separation factor S and dialysis coefficient UH 

in the 17-32 range and 5-11 (10-3 m/h) respectively. Other authors reported AEMs using 

poly(VBC-co-γ-MPS) based on PVA and they showed S values in the 12-35 range [21].  
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Concretely in this work, the anionic membrane is supplied by Fumatech (BWT GROUP), 

specifically the model is Fumasep® FAD which have excellent properties regarding proton 

and anion transport as well as high efficiency for metal ions rejection. This membrane is 

destined to recover free acids from spent treatment bath solutions like in surface finishing 

and textile processes [19].  

Table 4 shows physico-chemical properties of ion exchange membranes that are employed 

in diffusion dialysis. 

Table 4. Some commercially available ion exchange membranes for diffusion dialysis 

Membrane Manufacturer Type Materials 
Thickness 

(mm) 

Ion 

Exchange 

Capacity 

(meq/g) 

Selectivity 

(%) 

Specific 

area 

resistance 

(Ωcm2) 

Stability 

pH 

FAD [19] Fumatech AEM Polyester 
0.075-

0.090 
1.5-1.7 >85 0.4-0.8 1-9 

Selemion 

DSV [17] 
Asahi Glass AEM 

Aminated 

polysulfone 
0.12-2.5 4.5-5.5 - - - 

Neosepta 

AFN [17] 
Tokuyama AEM 

Polystyrene 

crosslinking 

and 

amination 

0.15-0.18 2-3.5 - 0.2-1 - 

SB-6407 

[17] 

Gelman 

Sciences 
AEM 

Aminated 

polysulfone 
0.152 2.15 - 0.3-1.2 - 

DF 120-I 

[17] 

Shandong 

Tianwei 

Membrane 

AEM 
BPPO 

amination 
0.23-0.32 1.9-2.2 - 1.5-2.1 - 

 

Comparing the membrane used in this work with another anionic membranes from different 

manufacturers, the ion exchange capacity (IEC) is the lowest value but it is important to 

consider that the thickness of the membrane from Fumatech is the lowest too. About the 

rest of features shown in Table 4, the specific area resistance is similar but the selectivity is 

higher than 85% and the range of pH is very broad.  
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• Principles  

The ion transport is driven by the concentration gradient with observation of Donnan criteria 

of co-ion rejection and preservation of electrical neutrality [17]. Donnan criteria is called to 

the relationship of concentrations of the ions in the solutions on opposite sides of the 

membrane, that is between the ions that can pass through the membrane and those that 

are not able to. This concept was described by F. G. Donnan in 1924 who used a 

semipermeable membrane separating two solutions of electrolytes [20].  

In the presence of anionic exchange membranes (AEMs) the metals in the leaching solution 

are much less likely to pass and the anionic ions like SO4
2- or Cl- are permitted to cross the 

membrane. The H+ ions have higher competition in diffusion than metal ions due to lower 

valence state, smaller size and higher mobility. So, they can diffuse with acidic ions to meet 

the requirements of electrical neutrality. Figure 2 shows the mechanism of DD using an 

anionic membrane. 

 

Figure 2. Diffusion dialysis using AEM 

For acid recovery, AEM should allow the passage of anions (i.e. Cl−, SO4
2−) while avoiding the 

passage of cations. But the electrical neutrality is required so, small size cations like proton 

(H3O+) can establish hydrogen bonding with water molecules and easily pass through the 

membrane [21].  
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• Models for DD process 

There are two models to describe diffusion dialysis process: solution-diffusion model and 

three-phase membrane model. 

a) Solution-diffusion model 

All the common driving forces, such as gradients in pressure, temperature, concentration, 

temperature and electromotive force are interrelated and the overall driving force 

producing movement of a permeant is the gradient in its chemical potential. But in diffusion 

dialysis only there is a concentration gradient because this model assumes that the pressure 

within the membrane is uniform. So, the flux (J) of a component “i” is described by the next 

equation where it is proportional to a gradient in chemical potential: 

𝐽 = −𝐿𝑖

𝑑𝜇𝑖

𝑑𝑥
 

(1) 

Where 
𝑑𝜇𝑖

𝑑𝑥
 is the gradient in chemical potential of component “i” and 𝐿𝑖 is a coefficient of 

proportionality (not necessarily constant) linking this chemical potential driving force with 

flux [22]. 

According to this model in diffusion dialysis, components are dissolved in the membrane 

phase and then they diffuse through the membrane due to concentration gradient [5]. A 

separation is achieved between different permeants because of differences in the amount of 

material that dissolves in the membrane and the rate at which the material diffuses through 

the membrane, that is because of their difference in solubility and diffusion rate [22].   

In other words, the permeants are dissolved into the membrane phase at the feed side of 

the membrane and then diffuse because of a concentration gradient to the permeate side. 

Afterwards, the permeants desorb from the membrane phase at the permeate side [23].  

In the solution-diffusion model there are assumptions like the fluids on either side of the 

membrane are in equilibrium with the membrane material at the interface, so the chemical 

gradient from one side of the membrane to the other is continuous. Besides, the rates of 

adsorption and desorption at the membrane interface are much higher than the rate of 

diffusion through the membrane [22].   

The consequences of this model are illustrated in Figure 3: 
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Figure 3. Solution-diffusion model [22] 

As it is shown in Figure 3, the concentration gradient is the driving force in diffusion dialysis 

assuming that the pressure remains constant.  

b) Three-phase membrane model 

According to this model, the membrane structure is divided into three zones: hydrophobic 

region, active region and interstitial regions like it is shown in Figure 4. 

 

Figure 4. Mechanism for ions transportation during DD process [21] 

 

The hydrophobic part of the membrane does not contribute to transport ions and Cl− ions 

along with H+ ions are transported via cationic head groups ((-RN+(CH3)3), while some co-ions 

H+ and Fe2+ are transported via interstitial region (Figure 4) [21]. 
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The ions can be transported by two mechanisms: the anions in the active zone may move by 

a hopping mechanism, transferring from one exchange site to another, while in the 

interstitial zone, cations prefer a “dragging” mechanism (restricted diffusion) because there 

is not repulsive force and besides, the hydrated ions experience friction in this zone as they 

move through the membrane. These hydrated ions will require a certain volume of water 

within the membrane to allow migration through the membrane [17-24]. 

As combination of both models, DD is realized under the influence of concentration gradient, 

where acidic anions have preference to pass through the active region by the hopping 

mechanism. This leading to the requirement of electrical neutrality in the water side that is 

solved by the leak of cations through the interstitial zone. 

There are different ionic forms and complexes of metal ions in the waste acidic solutions and 

the interaction between themselves or between them and the membranes is varied. Both 

can influence the transport rates of components and affect the DD performance [17].  

2.2. Examples of DD application  

Table 5 shows some examples of diffusion dialysis application to recover chemicals: 

Table 5. Examples of DD application 

Reference Mineral acid Origin Process 
Recovery 

(%) 

[25] Sulphuric acid 
A stone coal acid 

leaching solution 
DD 71.12% 

[26] 
Sodium 

Hydroxide 

Alkaline Sodium 

Metavanadate 

Solution 

Integration of DD with 

membrane electrolysis via 

cation-exchange 

membranes 

100% 

[27] 

Hydrochloric 

acid 

 

Spent 

pickle liquor (black 

wire road) 

Wet-process metallurgy 

with diffusion dialysis 
12-20% 

[28] Propionic acid Synthetic solution 

DD: anion-exchange 

membrane Neosepta-AFN 

(ASTOM Corporation) 

- 

[29] Hydrochloric Aqueous solution DD: anion-exchange 66-72% 
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acid 

 

containing NiCl2 membrane 

Neosepta-AFN 

 

As Table 5 shows, diffusion dialysis is applied in a lot of cases to recover different substances 

such as sulphuric acid, sodium hydroxide, hydrochloric acid and propionic acid. Depending 

on the origin of the feed, diffusion dialysis can require the application of another process like 

in the recovery of sodium hydroxide from alkaline metavanadate solutions where diffusion 

dialysis is integrated with membrane electrolysis using cation-exchange membranes. This 

data in Table 5 confirms that diffusion dialysis is an excellent technique to recover acid 

because the recovery in most of cases is very high.  

2.3. Recovery of cobalt 

In the case of leaching solutions, the most important task is to recover or separate various 

metal ions. Recovery of acid from such solutions is important to reduce acidity and facilitate 

removal of metal ions. 

Among different regeneration methods with metal recovery the following are the most 

frequently applied [13]: 

• Ion exchange: is a reversible exchange of ions between an ionic solid phase and an 

external liquid phase, without a substantial change in the structure of the solid. The 

solid phase usually consists of a polymeric matrix (usually a resin) or an insoluble but 

permeable crystalline lattice, on which are placed charged (functional groups) and 

fixed groups and mobile counter-ions of opposite charge that can be exchanged by 

other ions of the external liquid phase. This process is common in the industry 

although it produces a lot of diluted solutions [30]. 

• Crystallization: is based on the differences in the solubility of water, acid and iron 

salts and it has been investigated combined with another method, nanofiltration.  

• Solvent extraction (SX): is a separation process which is based on the different 

distribution of a component to be separated between two immiscible liquid phases 

usually aqueous and an organic solvent. 
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In this work, solvent extraction has been selected as it is one of the most versatile methods 

used for the removal, separation and concentration of metallic species from mixed metal 

aqueous media, and it has also been applied to recover cobalt from various resources [2]. 

2.3.1. Solvent extraction (SX) 

In this work, solvent extraction is used to recover cobalt from the clarified solution which is 

obtained after precipitation of chromium(III) and aluminum(III) hydroxides. SX is one of the 

most effective techniques in the field of metal ion recovery from primary and secondary 

sources and it is based on the relative solubilities of one or more compounds dissolved in 

two immiscible liquids, which are usually an aqueous phase and an organic solvent [31]. 

Nowadays, extraction is facilitated by the presence of extractants in the organic phase which 

react with the separated metal ions (frequently called reactive extraction), thus, increasing 

efficiency and selectivity of extraction. The mechanism of extraction is shown in Figure 5. 

 

Figure 5. Mechanism of extraction 

As it is shown in Figure 5, the feed solution containing Co(II) and another element like Ni(II) 

is mixed with the organic phase which extracts Co(II). After this, phase separation allows to 

observe that the majority of Co(II) is extracted in the organic phase which is not the case of 

another element like Ni(II) due to the selectivity of the extractant towards Co(II).  

• Concept  

Solvent extraction (SX) is also called liquid-liquid extraction and it is a well-known separation 

technique widely used for separation of such metal ions like alkali metals, transition (cobalt), 

rare, noble, actinides and the lanthanides from aqueous solutions [31]. The metals are 

separated from various solutions, e.g.: acidic – nitrate, sulphate, chloride or mixed 

sulphate/chloride solutions, neutral or basic – ammonia solutions.  

This separation technique has a lot of advantages: 
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• Well-known mechanisms of reaction and mass transport 

• Wide range of technical and technological solutions 

• The possibility of metal separation from low concentrated solutions or from deposits 

of unconventional composition 

• High purity of products 

• Metal recovery from waste streams and possibility of by-product recovery 

• Tendency to build small plants 

On the other hand, extraction has disadvantages too: 

• Difficulties in the comprehensive recovery of various metals 

• Degradation of organic phase during extraction 

• Impurity transport to the interface  

• Fire hazard using hydrocarbon solvents 

• Toxicity of solvents and extractants  

• The problem of scaling up from the laboratory to the industrial scale 

In general, SX appears to meet the requirements for performance and economics [12]. In the 

context of this work, solvent extraction is still considered an economical route to produce 

high-quality cobalt cathode [31]. There are a lot of cases like the process of “Minera y 

Metalúrgica del Boleo” that recovers cobalt from a complex oxide and sulfide ore by solvent 

extraction and electrowinning after the recovery of copper and zinc [32]. 

• Extractants [33] 

Extractants should have the next characteristics to be used commercially: 

• Be relatively inexpensive 

• Extract the metal at the required pH 

• Be selective for the required metal and to reject undesired metals 

• Have acceptable rates of extraction  

• Be soluble in the organic phase and have a very restricted solubility in the aqueous 

phase 

• Have high metal loading capacity 

• Be easily stripped of the loaded metal 
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• Be non-flammable, non-volatile and non-toxic 

All these features are not compatible so that it is important to achieve a balance between 

them. Modifiers are sometimes added to improve the properties of the organic phase to 

increase the solubility of the extractant or to change interfacial properties.  

Based on the type of extractant they can be classified as: 

• Acidic extractants 

o Carboxylic acids 

o Phosphoric acids 

o Phosphonic acids 

o Phosphinic acids 

Metal cations can react with organic acids and acidic chelating agents to form neutral 

complexes that are preferentially dissolved by the organic phase. The mechanism by which a 

divalent metal ion like cobalt is extracted from an aqueous phase can be written as: 

𝑀𝑎𝑞.
𝑛+ + 𝑛 (𝐻𝐿)𝑜𝑟𝑔.  ↔ 𝑀𝐿𝑛 𝑜𝑟𝑔. + 𝑛 𝐻𝑎𝑞.

+  (2) 

Where the subscript aq. and org. denote the aqueous and organic phases, respectively. The 

reaction describes a cation exchange reaction wherein hydrogen ions are exchanged for the 

metal cation, so the degree of extraction of metal ions depends on the pH of the aqueous 

phase and it will also vary with the nature of the metal.  

The equilibrium constant (K) of the reaction can be written as: 

𝐾 =
[𝑀𝐿𝑛]𝑜𝑟𝑔 [𝐻+]𝑎𝑞

𝑛

[𝑀𝑛+]𝑎𝑞 [𝐻𝐿]𝑜𝑟𝑔
𝑛 =

𝐷 [𝐻+]𝑎𝑞
𝑛

[𝐻+]𝑜𝑟𝑔
𝑛  (3) 

Where D is the distribution coefficient: 

𝐷 =
[𝑀𝐿𝑛]𝑜𝑟𝑔 

[𝑀𝑛+]𝑎𝑞 
 (4) 

• Acidic chelating extractants 

o Derived from 8-hydroxyquinoline (oxime) 

o ß-Diketones 
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o Hydroxy-oximes 

Chelating extractants contain donor groups capable of forming bidentate complexes with 

metal ions. Most of the chelates have slow kinetics in acidic solutions but they have good 

kinetics in alkaline systems.  

• Basic extractants 

o Secondary amines 

o Tertiary amines 

o Quaternary amines 

Basic extractants (anion exchangers) are organic reagents which can easily form a salt while 

in contact with an aqueous acid solution.  

Some processes have been developed which employ primary (RNH2), secondary (R2NR), 

tertiary (R3N) amines and quaternary ammonium salts (R4
+N). The anion-exchange process 

follows this reaction: 

𝑀𝑌−𝑛 + 𝑛 (𝑅3𝑁+𝐻 𝐴−)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  ⇌  (𝑅3𝑁+𝐻)𝑛 𝑀𝑌−𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑛𝐴− (5) 

Where 𝑀𝑌−𝑛 represents an ionic metal specie and (𝑅3𝑁+𝐻 𝐴−) is an amine salt because 

the amine is first converted to the appropriate amine salt to provide the exchange following 

the next reaction: 

𝑅3𝑁 + 𝐻𝐴 ⇌  𝑅3𝑁+𝐻 𝐴−̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ (6) 

Different factors can influence the metal extraction by amines like the nature of the carbon 

chain and the number of carbon atoms in the chain. Normally aliphatic amines are the best 

extractants.  

• Solvating extractants 

o Phosphoric esters 

o Phosphine oxides 

o Phosphine sulphide 

o Ketones 

o Ethers 
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Solvating extractants or neutral extractants are organic reagents that have only donor 

groups that do not contain dissociating protons. Metal species are extracted from water 

phase as neutral complexes because anionic or cationic groups are not available in the 

reagent molecule. Extraction can be carried out by two different ways:  

 By solvation of either the central metal atom of the complex: 

𝑀𝑋𝑛 +  𝑦𝑆̅̅ ̅  ⇌  𝑀𝑋𝑛𝑆𝑦
̅̅ ̅̅ ̅̅ ̅̅ ̅ (7) 

 By solvation of the proton in the case of formation of a complex acid species: 

𝐻𝑀𝑋𝑛+1 +  𝑥𝑆̅̅ ̅  ⇌  (𝐻𝑆𝑋)+ (𝑀𝑋𝑛+1)−̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ (8) 

Where S is the solvating agent. The solubility of inorganic species in the organic phase is 

increased by means of this solvation.  

There are two main groups of extractants in this area: organic reagents containing oxygen 

bonded to carbon and those containing oxygen or sulphur bonded to phosphorus. The main 

difference between them is the role played by water. The strongly polar organophosphorus 

components compete favorably with water, and can replace water molecules in the primary 

coordination sphere or metal ions. In the carbon-bonded oxygen donor systems, water 

usually forms an essential part of complex, forming a hydrogen-bonded bridge between 

solvating agent and the solute.  

2.3.1.1. Extraction with Cyanex 272 

Cyanex 272, (bis(2,4,4-trimethylpentyl)phosphinic acid, has a chemical structure shown in 

Figure 6. It is one of the most frequently investigated extractants from sulphate solutions 

and its selectivity of cobalt extraction has been confirmed by many researchers, not only 

with conventional liquid-liquid extraction but also with liquid membranes, e.g. non-

dispersive solvent extraction (NDSX) in hollow fiber contactors. 
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Figure 6. Structure of Cyanex 272 

Cyanex 272 is non-toxic and it is highly selective for cobalt and it is useful for treating 

solutions with higher proportion of nickel to cobalt like in this work (see Table 8). Also, a 

variety of other cations can be extracted depending upon the solution pH. As it is an acidic 

extractant (a phosphinic acid), it follows a cation exchange mechanism [7].  

Park et al. [34] reported extraction of cobalt by Cyanex 272 from sulphuric acid solution and 

the extraction efficiencies of cobalt and nickel were 80 and 1.9% respectively. Besides, 

Cyanex 272 is well known to exhibit high Co/Ni selectivity from sulphate or chloride media. 

After decades of research, it is possible to confirm that the extraction/separation of cobalt is 

a complex function of temperature, activity, concentration, extractant type, medium of 

solution, phase modifier and even organic diluent. The separation ability for cobalt and 

nickel challenge follows the order: phosphinic>phosphonic>phosphoric acid because of the 

increasing stabilization of tetrahedral coordination compound of cobalt with the extractant 

in the organic phase, because the tetrahedral compound is more stable than the octahedral 

one [35]. 

Table 6 shows the solvent extraction selectivity of different extractants. 

Table 6. Selectivity of different extractants for cobalt(II) [35] 

Type of extractant Extractant 

Phosphinic Cyanex 272 Fe> Zn> Cu> Co> Mg> Ca> Ni 

Phosphonic PC 88A Fe> Zn> Cu> Ca> Co> Mg> Ni 

Phosphoric D2EPHA Fe> Zn> Ca> Cu> Mg> Co> Ni 

 

The data in Table 6 confirms that Cyanex 272 is the best extractant to separate cobalt in a 

solution with high concentration of nickel.  
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The application of acidic extractant required neutralization of the aqueous phase to control 

the pH of the extraction system, but it decreased dramatically the extraction efficiency of 

Co(II). Based on their research, Cyanex 272 is the best Co(II) extractant from variety of 

extractants studied like for example: Cyanex 301, Cyanex 302 and DEHPA [1]. 

As pH control is a disadvantage of the use of acidic extractants, there are some examples of 

successful replacement of the acidic form by its sodium salt to extract Ni(II) and Co(II) from 

aqueous solutions [1]. However, the loss of extractant during saponification and the 

additional cost are indicated as disadvantages of the use of saponified Cyanex 272. So, in this 

work Cyanex 272 without saponification will be used [36]. 

To extract the maximum percentage of cobalt, it is necessary to work in a specific pH range. 

As the feed solution is a mixture of sulphate and chloride solution, both pH ranges must be 

considered [37].  Figure 7 shows the percentage extraction of different cations from 

sulphate solutions using Cyanex 272 at different values of pH. 

 

Figure 7. Extraction of metal ions by Cyanex 272 from sulphate solutions 

As it shown in Figure 7, the maximum amount of cobalt(II) is extracted in the range 5.5-6 of 

pH.  

In the same way, Figure 8 shows the percentage of extraction of cations at different values 

of pH but in this case from a chloride solution. 
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Figure 8. Extraction of metal ions by Cyanex 272 from chloride solutions 

In Figure 8, the extraction of cobalt(II) is presented and the 100% extraction starts at pH 3.8. 

But it is important to observe that at this pH nickel(II), which is present in the solution, starts 

to be extracted too and it is not desired. Besides, the difference in pHs for Co(II) and Ni(II) is 

even greater for chloride than for sulphate solutions.  

So, considering both ranges of pH and trying to avoid the extraction of other cations such as 

nickel(II), the optimal value of pH does not reach more than 5.5. 

Table 7 shows examples of Co(II) extraction by means of Cyanex 272 from different leaching 

solutions. 

Table 7. Examples of Co(II) extraction with Cyanex 272 from various leaching solutions 

Composition of 

leaching solution 

Conditions of 

extraction 

Conditions of 

stripping 
Efficiency Ref. 

Crude nickel 

sulphate (CNS) 

composed mainly 

of Ni(II) 

(25–30%), about 

0.5% Co(II) and 

traces of Zn(II), 

Cu(II), 

Mg(II) and iron 

ions 

3 stages of 

extraction using: 

 sodium salt of 

Cyanex 272 

 w/o = 1 

 pH = 2-4 

 

 

1 stage of stripping with: 

 2 M H2SO4 

 w/o=1 

ECo(II)=90% 

SCo(II)=80-90% 
[1] 

Co=24.88 g/dm3 2 stages counter- 1 stage of stripping with:  ECo(II)=99.9% [12] 
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Ni=0.038 g/dm3 

Mn=0.016 g/dm3 

Ca=0.013 g/dm3 

Al=1.8 g/dm3 

Li=3 g/dm3 

Cu=0.78 g/dm3 

Na=0.038 g/dm3 

current operation 

using: 

 50% saponified 

 50% saponified 

0.4 M Cyanex 272 

 pH∼6 

 volume ratio w/o 

= 1/2 

 2 M H2SO4 

 o/w= 11.7/1 

 

 96 g/L Co after the 

stripping with low 

impurity content of 

50 mg/L can be 

used to recover 

CoSO4 as a pigment 

material 

Overall efficiency 92% 

5-20% Co(II) 

5-10% Ni(II) 

5-7% Li(I) 

15% organic 

chemicals 

7% plastics 

(before leaching) 

1 stage of extraction 

with: 

 0.7 M Cyanex 272 

 pH=5 

 surfactant: 

10%w/v SPAN 80 

1 stage of 

stripping with: 

 H2SO4 

 stirring speed=250 rpm 

 stirring time=15min 

 room temperature 

 

ECo(II)=83.03% 

(at pH=5) 
[38] 

Co=0.69 g/dm3 

Ni=13.9 g/dm3 

Mn=1.5 g/dm3 

Ca=0.65 g/dm3 

Mg=2.37 g/dm3 

Al=1.54 g/dm3 

Multi-stage 

extraction: 

 0.15 M 

Cyanex272+ 

0.35 M LIX63 

 w/o = 1 

 pH=2 

1 stage of stripping with: 

 8 M HCl 

 w/o=1 

ECo(II)=32.3% 

SCo(II)=50% 
[39] 

E – extraction efficiency, percentage extraction, S – stripping efficiency, percentage stripping 

The two first examples have similar concentration in the feed but the conditions of 

extraction are totally different because the first one employs one stage and the second one, 

two stages of extraction. Besides, in the second example the authors employed saponified 

Cyanex 272 and the pH is different (5 in the first example and 6 in the second one). The 

extraction efficiency is higher using 0.7 MCyanex 272 than using saponified 0.4 M Cyanex 

272 (99.9% vs. 83.03%). In general, the most used volume ratio between the aqueous phase 

and the organic phase is 1 or 1/2. About stripping, the chemical used in most of the 

examples is sulphuric acid and its efficiency is high, between 80-90%%, and the sulphate 

electrolyte can be further used for electrowinning of metallic cobalt. 
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3. Aim of work 

The aim of this work is to determine the best operating conditions of diffusion dialysis of 

sulphuric acid as a part of a process for recovery and separation of cobalt(II) from an acid 

leaching solution that was generated in treatment of construction steel. 

The approach assumed in the present work includes application of various techniques 

(diffusion dialysis, precipitation, filtration, extraction-stripping) and the study of the effects 

of various experimental parameters on the efficiency and selectivity of Co(II) recovery from 

sulphate/chloride solution. The following parameters are investigated: 

• Effect of flux rate on diffusion dialysis of acids  

• Effect of neutralization during diffusion dialysis 

• Conditions of precipitation (Cr(III), Al(III)) 

• Conditions of extraction and stripping 
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4. Experimental part  

Figure 9 summarizes the steps that have been carried out in this work for the separation and 

final recovery of cobalt including the chemicals that must be used. 

 

Figure 9. Schematic representation of all the processes to recover and separate Co(II) 

4.1. Materials and reactants 

The average concentration of metals ions in the feed solution of this work which is a mixture 

between sulphate and chloride solution is listed in Table 8. 

Table 8. Average concentration of metals in the feed (SO4
-2, Cl-) 

 
Concentration 

(g/dm3) 

Ni(II) 18.8 

Co(II) 15.9 

Cu(II) 0.024 

Cr(III) 10.3 

Fe ions 0.048 

Na ions 0.18 

Al(III) 100 

H+ 0.001 
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Cyanex 272 (bis(2,4,4-trimethylpentyl)phosphinic acid) shown in Figure 6 was supplied by 

Cytec Industries Inc., USA and was used as an acidic extractant in the organic phase. The 

extractant was dissolved in Exxsol D80 (aliphatic hydrocarbon, kindly supplied by Brenntag 

Polska). Inorganic chemicals used for preparation of solutions necessary for the experiments 

are listed in Table 9 (all reagents were used as received). 

Table 9. Chemicals used in the experiments 

Chemical Concentration/Purity Producer Process 

Sodium hydroxide, 

NaOH 

0.1 M, 5 M, 20 M and 

30% 
POCh 

Diffusion dialysis 

(Titration, 

extraction, 

neutralization, 

precipitation) 

Nitric acid, HNO3 1.5 % CHEMPUR (65%) 

Diffusion dialysis 

(Samples 

preparation for 

AAS) 

Cyanex 272 0.6 M 
Cytec Industries 

Inc., USA 

Extraction (organic 

phase) 

H2SO4 1 M CHEMPUR (95%) Stripping 

 

It is necessary to prepare different solutions of sodium hydroxide: 

• 0.1 M NaOH for titration 

• 5 M NaOH to control the pH in extraction 

• 20 M NaOH in neutralization  

• 30% NaOH to precipitate Cr(III) and Al(III)  
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4.2. Apparatus  

The following equipment was applied for the experiments: 

Table 10. Equipment for the experiments 

Equipment Producer Stage 

Module with anionic 

membrane 
- Diffusion dialysis 

Peristaltic pump Ismatec Diffusion dialysis 

Conductivity-meter 
Elmetron (Multifunction 

meter CX-505) 
Diffusion dialysis 

Electromagnetic stirrer Wigo (type ES24) 

Diffusion dialysis, 

Precipitation, Extraction, 

Stripping 

Pump for precipitation Titronic universal Precipitation 

Tritation system 
Metrohm (swiss made 703 Ti 

Stand) 
Acid concentration 

Atomic Absorption 

Spectroscopy (AAS) 
Analytik Jena (contrAA 300) Metals concentration 

 

The phases (feed and diluate) worked in counter-current in DD module.  

4.3. Procedures 

4.3.1. Procedure for diffusion dialysis  

Before starting the experiment, the system must be cleaned with deionized water. After this, 

it is necessary to know the desired flow rate at the beginning of each experiment, so the 

regulation of the peristaltic pump must be changed since to achieve the flux. Agitation 

system must be employed using two conical flasks: one for deionized water and another one 

for the feed solution.  

A previous report confirmed that it is needed 2 hours to reach equilibrium after initially 

filling the apparatus with a feed solution and deionized water.  
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When the flux is fixed and the system is cleaned, it is important to take a sample of 0.1 ml (3 

times) from feed solution to measure acid concentration by titration and after this, the 

experiment can start. Figure 10 shows the system used in the diffusion dialysis. 

 

Figure 10. Diffusion dialysis and conductivity-meter 

In Figure 10 it is shown all the apparatus that are used in diffusion dialysis: the module 

containing the anionic membrane (1), the peristaltic pump (2) and the conductivity meter (3) 

to measure the conductivity of the diluate. Each five minutes, a sample of 0.5 ml must be 

taken from the diluate to measure the acid concentration by titration and it is necessary to 

take the value of conductivity from aqueous solution by this same time. To calculate the 

metal concentration is required to take a sample of 0.5 ml from the diluate too. 

After 2 hours, when a dynamic equilibrium is observed (stationary state is achieved when 

the conductivity does not change with the time), all the liquid in the module is removed and 

filled with deionized water. 

4.3.1.1. Procedure for determination of H+ concentration 

The system of titration (Figure 11) is used in this work to determine the H+ concentration in 

the feed and aqueous solution. 
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Figure 11. Titration system used to calculate H+ concentration 

In Figure 11, the system used to titrate and calculate the H+ concentration is shown. By this 

case, the solution used to titrate is 0.1 M NaOH and it is required to dilute each sample with 

deionized water.  

As it mentioned above, the initial and final concentration of H+ ions in the feed solution was 

measured by titration of 0.1 ml of the real solution before and after DD diluted with 

deionized water. The H+ concentration in the diluate during the experiment in 0.5 ml of the 

sample were used because the H+ concentration is not as high as in the feed.  

Concentration of H+ was calculated according to the following equation: 

𝑐𝐻+ =
𝑐𝑁𝑎𝑂𝐻 ∙ 𝑉𝑁𝑎𝑂𝐻

𝑉𝑠
 

(9) 

Where: 

H
c : H+ concentration, 

NaOHc : concentration of NaOH solution, 

NaOHV : volume of NaOH solution, 

Vs : volume of a sample. 
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4.3.1.2. Procedure for metals determination 

Concentration of metal ions was measured by atomic absorption spectroscopy (AAS) which 

belongs to flame spectroscopy that is an analytical method used for the qualitative and 

quantitative determination of an element in a sample. The sample was introduced as a 

homogenous liquid into a flame where thermal and chemical reactions create “free” atoms 

which can be absorbed, emit or fluoresce at characteristics wavelengths [40]. Flame 

spectroscopy can be divided into: 

• Flame Emission Spectroscopy 

• Atomic Absorption Spectroscopy 

• Atomic Fluorescence Spectroscopy 

For this work, the atomic absorption spectrometer ContrAA (see Figure 12) equipped with 

air-acetylene burner was used for determination of metals (Ni, Co, Cu, Cr, Fe, Na). The wave 

length (nm) selected for the determination of metal concentration were as follows: Ni(232), 

Co(240), Cu(324), Cr(359), Fe(248) and Na(588).  

 

Figure 12. Atomic absorption spectroscopy (AAS) 

In the previous Figure 12, the equipment for atomic absorption spectroscopy is shown and 

the tubes used to take the samples too. The cleaning and reference solution is the same in 

this case: nitric acid (1.5%). As it was mentioned before, it is required to take samples of 
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aqueous solution but for the metals determination they must be diluted with nitric acid 

(1.5%) instead of deionized water. Sometimes it is necessary to make dilutions of the 

samples because the concentration of metal ions is high.  

Al(III) concentration in some selected samples was determined by ICP (inductively coupled 

plasma spectrometer) at Silesian University of Technology in Gliwice. 

4.3.2. Procedure for precipitation of Cr(III) and Al(III) 

After the recovery of acid in the diffusion dialysis, the feed solution is treated with 30% 

NaOH solution to precipitate aluminum(III) and chromium(III). The feed volume used is 100 

ml or 50 ml and it is necessary to use an agitation system too. The system used to precipitate 

both substances is shown in Figure 13. 

 

Figure 13. Precipitation system 

As it is shown in Figure 13, 30% NaOH solution is taken directly from the volumetric flask and 

at the beginning is necessary to fill the system with this solution. Titration system which is 

shown on the left is used only to measure the pH because is required to control the pH to 

avoid the precipitation of nickel. For this reason, it is important not reach a pH more than 5 

(minor values are better). The rate must allow pH values which do not increases 

dramatically, but the rate can be changed in the middle of the experiment. So, each a few 
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minutes pH values and volume of 30% NaOH solution added to the feed solution must be 

taken.  

4.3.3. Procedure for centrifugation and filtration 

After the precipitation, the feed solution is centrifuged in the equipment shown in Figure 14. 

 

Figure 14. Centrifugation system 

The samples were centrifuged for 15 minutes to separate the phases, and the result is 

shown in Figure 15. 

 

Figure 15. Feed solution after centrifugation 

The clarified solution is used to make the extraction and the other one is filtered to obtain 

dry precipitation like Figure 16 shows. 
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Figure 16. Filtration 

As it is shown in Figure 16, the feed solution is filtered by vacuum and more clarified solution 

is achieved although it depends on the initial feed volume used. After one day, the 

precipitated part is dried and it changes (Figure 17). 

 

Figure 17. Feed solution after centrifugation and filtration (wet and dry) 

4.3.4. Procedure for extraction                

Considering previous reports about the efficiency of extraction, the ratio between the 

aqueous solution and the organic phase (Cyanex 272) was selected and quantitative 

extraction of cobalt was achieved in two stages. Extraction was carried out in a typical way: 

aqueous feed was mechanically shaken with the organic phase (w/o=2/1) for 15 min at 

ambient temperature in a beaker (Figure 18). 
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Figure 18. Extraction system 

After the addition of Cyanex 272, the pH must be adjusted approximately from 3 to 5.2 using 

5 M NaOH by means of adding drops of this solution. Values of pH and NaOH volume added 

must be taken. When the pH is 5.2 more or less, the first extraction is finished and the mixed 

solution is placed in a glass separatory funnel to differentiate the phases (Figure 19). 

 

Figure 19. Solution after Extraction I 

After the first extraction, the clarified solution is collected and the second extraction must be 

carried out using the same relation of Cyanex 272 (w/o=2/1). It is important to take a sample 

of 0.5 ml from the raffinate (aqueous solution) after the first extraction to measure the 

metal ions concentration in AAS to compare with the values of metal ions concentration in 
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the feed. After this, the second extraction is carried out following the same procedure as for 

the first extraction and it is necessary to take a sample too.  

4.3.5. Procedure for stripping 

After the extraction, it is necessary to carry out the stripping with 1 M H2SO4 (o/w=1/5).  

Figure 20 shows the change color in the stripping. 

Figure 20. Advance in Co(II) stripping from the loaded organic phase 

After the stripping, the mixture is placed in a glass separatory funnel to separate the phases 

and recover the organic phase. The regenerated organic phase could be re-used in further 

extraction processes, which contributes to take care of the environment.  

4.4. Calculations 

4.4.1. Calculations for diffusion dialysis 

The values for dialysis coefficients (U) can be calculated using the following expression [21]: 

𝑈 =
𝑀

𝐴 · 𝑡 · ∆𝐶
 (10) 

Where: 

𝑀: Number of moles of substance 

𝐴: Effective area of membrane (m2) 

𝑡: Time (h) 

∆𝐶: Logarithm average concentration (mol/m3) between the two 

compartments 



37 
 

The average concentration is calculated by the next equation: 

∆𝐶 =
𝐶𝑓

0 − (𝐶𝑓
𝑡 − 𝐶𝑎

𝑡)

ln [
𝐶𝑓

0

|𝐶𝑓
𝑡 − 𝐶𝑎

𝑡 |
]

 
(11) 

𝐶𝑓
0 and 𝐶𝑓

𝑡: Feed concentrations at time 0 and time t 

𝐶𝑎
𝑡: Dialysate concentration at time t 

The total acid recovery ratio (EDD) in diffusion dialysis can be calculated using the next 

equation [16]: 

𝐸𝐷𝐷 =
𝑉𝑎 𝐶𝑎

𝐻

𝑉𝑓𝐶𝑓
𝐻 ∙ 100% (12) 

Where: 

𝑉𝑎  Volume of diluate 

𝑉𝑓  Volume of feed solution 

𝐶𝑎
𝐻 Acid concentration in the aqueous solution 

𝐶𝑓
𝐻 Acid concentration in the feed solution 

The metal ions rejection ratio R is calculated as follows: 

𝑅 =
(𝑉𝑓𝐶𝑓

𝑡=0 − 𝑉𝑎𝐶𝑎
𝑡)

𝑉𝑓𝐶𝑓
𝑡=0 ∙ 100% (13) 

Where: 

𝐶𝑎
𝑡  Concentration of metal ions concentrations in the final aqueous 

solution 

𝐶𝑓
𝑡=0 Concentration of metal ions concentrations in the initial feed solution  

𝑉𝑎  Volume of diluate 

𝑉𝑓  Volume of feed solution 

 

4.4.2. Calculations for solvent extraction 

The distribution coefficient (D) is calculated as [2]: 
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𝐷 =
[𝑀𝐿𝑛]𝑜𝑟𝑔 

[𝑀𝑛+]𝑎𝑞 
 (14) 

Where [𝑀𝐿𝑛]𝑜𝑟𝑔 is the metal ion concentration in the organic phase and [𝑀𝑛+]𝑎𝑞  is the 

metal ion concentration in the aqueous phase after extraction. The term [𝑀𝐿𝑛]𝑜𝑟𝑔 in the 

equation (14) is calculated by a mass balance.  

The separation factor for liquid-liquid extraction (𝛽𝑆𝑋) is calculated using the next equation: 

𝛽𝑆𝑋 =
𝐷𝐶𝑜(𝐼𝐼)

𝐷𝑀
 (15) 

Where 𝐷𝐶𝑜(𝐼𝐼) and 𝐷𝑀 are the distribution coefficients of Co(II) and ions of other metal, 

respectively.  

The percentage of extraction is calculated as: 

𝐸𝑆𝑋 =
𝑚𝐶𝑜(𝐼𝐼) 𝑜𝑟𝑔.𝑎𝑓𝑡𝑒𝑟 𝐸𝑥𝑡.

𝑚𝐶𝑜(𝐼𝐼) 𝑓𝑒𝑒𝑑 𝑏𝑒𝑓𝑜𝑟𝑒 𝐸𝑥𝑡.
100 (16) 

 

Where 𝑚𝐶𝑜(𝐼𝐼) 𝑜𝑟𝑔.𝑎𝑓𝑡𝑒𝑟 𝐸𝑥𝑡. is the mass of cobalt(II) after extraction and 

𝑚𝐶𝑜(𝐼𝐼) 𝑓𝑒𝑒𝑑 𝑏𝑒𝑓𝑜𝑟𝑒 𝐸𝑥𝑡. is the mass of cobalt(II) before extraction.  

It is possible to calculate the total percentage of extraction with the next equation: 

∑ 𝐸𝑆𝑋 =
(𝑚𝐶𝑜(𝐼𝐼)𝑜𝑟𝑔.𝐼 + 𝑚𝐶𝑜(𝐼𝐼) 𝑜𝑟𝑔.𝐼𝐼)

𝑚𝐶𝑜(𝐼𝐼)𝑓𝑒𝑒𝑑 𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡.
100 (17) 

 

Where 𝑚𝐶𝑜(𝐼𝐼)𝑜𝑟𝑔.𝐼 and 𝑚𝐶𝑜(𝐼𝐼) 𝑜𝑟𝑔.𝐼𝐼 are the mass of cobalt(II) in the organic phase after the 

first and the second extraction respectively, and 𝑚𝐶𝑜(𝐼𝐼)𝑓𝑒𝑒𝑑 𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡. is the mass of 

cobalt(II) in the feed before the first extraction. 

The concentration of cobalt in the organic phase after extraction I is calculated as: 

[𝐶𝑜 (𝐼𝐼)𝑜𝑟𝑔 𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡.𝐼]

=
(𝑉𝑎𝑞.  𝑒𝑥𝑡.𝐼[𝐶𝑜(𝐼𝐼)𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡.𝐼] −  𝑉𝑎𝑞.  𝑒𝑥𝑡.𝐼[𝐶𝑜(𝐼𝐼)𝑎𝑞.𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡.𝐼])

𝑉𝑜𝑟𝑔.𝑒𝑥𝑡.𝐼
      

(18) 

 

The concentration of cobalt in the organic phase after extraction II is calculated as: 



39 
 

[𝐶𝑜 (𝐼𝐼)𝑜𝑟𝑔 𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡.𝐼𝐼]

=
(𝑉𝑎𝑞.  𝑒𝑥𝑡.𝐼𝐼[𝐶𝑜(𝐼𝐼)𝑎𝑞.𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡.𝐼] − 𝑉𝑎𝑞.  𝑒𝑥𝑡.𝐼𝐼[𝐶𝑜(𝐼𝐼)𝑎𝑞.𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡.𝐼𝐼])

𝑉𝑜𝑟𝑔.𝑒𝑥𝑡.𝐼𝐼
 

(19) 

Where: 

[𝐶𝑜 (𝐼𝐼)𝑜𝑟𝑔 𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡.𝐼]: Cobalt(II) concentration in the organic phase after extraction I 

[𝐶𝑜 (𝐼𝐼)𝑜𝑟𝑔 𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡.𝐼𝐼]: Cobalt(II) concentration in the organic phase after extraction II 

𝑉𝑎𝑞.  𝑒𝑥𝑡.𝐼 and 𝑉𝑎𝑞.  𝑒𝑥𝑡.𝐼𝐼: Volume of aqueous phase employed in extraction I and extraction II 

𝑉𝑜𝑟𝑔.𝑒𝑥𝑡.𝐼 and 𝑉𝑜𝑟𝑔.𝑒𝑥𝑡.𝐼𝐼: Volume of organic phase employed in extraction I and extraction II 

[𝐶𝑜(𝐼𝐼)𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡.𝐼]: Cobalt(II) concentration before extraction I 

[𝐶𝑜(𝐼𝐼)𝑎𝑞.𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡.𝐼]: Cobalt(II) concentration in the aqueous phase after extraction I 

[𝐶𝑜(𝐼𝐼)𝑎𝑞.𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡.𝐼𝐼]: Cobalt(II) concentration in the aqueous phase after extraction II 
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5. Results and discussion 

Different investigated parameters for experiments carried out in this work to are shown in 

Table 11. 

Table 11. Conditions of the experiments  

Experiment Flux (L/min) 

1: the same flux for feed and diluate 0.015 

2: the same flux for feed and diluate 0.02 

3: the same flux for feed and diluate 0.031 

4: the same flux for feed and diluate 0.04 

5: the same flux for feed and diluate 0.057 

6: Neutralization: the same flux for feed and diluate 0.06 

7: Two different fluxes (diluate faster) Feed (0.03 L/min) Diluate (0.06 L/min) 

8: Two different fluxes (feed faster) Feed (0.06 L/min) Diluate (0.03 L/min) 

 

5.1. Conductivity in the aqueous solution during diffusion dialysis 

Changes in conductivity of the diluate with the time are shown in Figure 21.  

 

Figure 21. Conductivity in the diluate vs. time 
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In experiment 6, NaOH solution was added to the diluate during DD to neutralize transferred 

H+ ions. It is observed that neutralization has the lowest conductivity during the process. 

Also, low conductivity is noted when diluate was pumped faster than the feed. Considering 

the fluxes, a general rule is that at higher flux rate of both phases, the conductivity in the 

aqueous solution is lower except from 0.031 L/min and 0.041 L/min (the conductivity is very 

similar in these two cases). The highest conductivity corresponds to the lowest flux rate 

followed by the case of two different fluxes with feed faster than the diluate.  

5.2. Concentration of H+ in the diluate during diffusion dialysis 

Figure 22 shows the change in H+ concentration in the diluate with the time of DD. The 

objective is to achieve the maximum H+ concentration in the diluate. 

 

Figure 22. H+ concentration in the diluate at different fluxes of the phases during DD 

The best result corresponds to work with higher flux rate in the feed than in the diluate. The 

yellow line represents H+ changes during DD at the lowest flow rate of both aqueous phases 

(0.02 L/min), and it obtains the lowest acid concentration in the diluate. The pink line which 

represents the experiment with diluate flowing faster than the feed shows better trend but 

in the end, the last point is lower than the rest of the results. In general, at higher fluxes the 

H+ concentration at the end of the experiment (120 min) is higher, so it is better to work 

with higher flux rates.  
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In the experiment carrying out neutralization, H+ concentration is measured in the feed 

solution, not in the diluate because NaOH is being added. Figure 23 shows the results of 

neutralization. 

 

Figure 23. H+ concentration in the feed solution during DD with neutralization of the diluate 

As it is shown in Figure 23, H+ concentration in the feed solution is decreasing with the time 

from 4.24 to 1.87 M.  

5.3. Concentration of H+ in the feed solution 

Figure 24 represents H+ concentration in different experiments at the beginning and at the 

end. The initial acid concentration in the feed solution is represented by black color and the 

final acid concentration by gray color. The objective is to achieve the minimum 

concentration of acid in the feed solution by means of diffusion dialysis.  
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Figure 24. Concentration of H+ in the feed solution at different fluxes 

As it is shown in Figure 24, neutralization of H+ gives the best results of reduction acidity of 

the feed because H+ concentration in the feed solution is the lowest (1.90 M). The reason for 

this is keeping higher concentration gradient (the driving force of DD) by continuous 

neutralization of H+ in the diluate.  

The smallest change in feed acidity (which is not the desired objective) is noted for lowest 

flux of both aqueous phases (0.02 L/min). This result is similar to the experiment with two 

different fluxes (lower flux for the feed and higher flux for the diluate) of the feed and the 

diluate, so two different fluxes are not an efficient solution to recover acid. It is better to 

work with high flow rate in the feed than in the diluate and it obtains similar results to work 

at 0.057 L/min.  

5.4. Metal ions concentration in diluate during diffusion dialysis 

Figure 25 shows the change in concentration of metal ions during diffusion dialysis in the 

diluate (experiment 2 – flux rate of 0.02 L/min). 
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Figure 25. Metal ions concentration in diluate during diffusion dialysis 

The trend of Figure 25 is similar for the rest of experiments where the concentration of 

metal ions in diluate increases with time and the highest concentration corresponds to 

nickel(II) and after to cobalt(II) and chromium(III). Finally, the concentrations of copper(II), 

iron ions and sodium are much lower. 

Comparison of the final concentrations of cobalt and nickel is presented in Figure 26. 

 

Figure 26. Final concentration of nickel(II) and cobalt(II) in diluate after DD 
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fluxes of both phases, the best result (the lowest Co(II) and Ni(II) concentration) corresponds 

to diffusion at 0.02 L/min. 

Chromium(III) and sodium ions are the next metal ions in higher concentration in the diluate 

as it is shown in Figure 27. 

 

Figure 27. Final concentration of chromium(III) and sodium ions in diluate after DD 

For chromium(III) and sodium ions the highest concentration corresponds to neutralization 

although in the case of chromium(III) the concentration is much higher than with sodium 

(2.34 and 0.248 g/L respectively). The desired result for chromium(III) is obtained when the 

flux rate in the feed is faster than in the diluate, and for sodium it corresponds to work at 

0.02 L/min.  

In the end, the final concentration of copper(II) and iron ions is compared in Figure 28 
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Figure 28. Final concentration of copper(II) and iron ions in diluate after DD 

For ions of the both metals, the lowest concentration in diluate is obtained at faster flux of 

the feed than the diluate. In general, the concentration of iron ions is higher than the final 

concentration of copper(II) (Figure 28), however they are still very low, i.e. lower than 0.012 

g/L. Besides, in both cases (Cu(II), Fe ions) the highest concentration in the diluate, which is 

the undesirable result, belongs to the highest flux rates of both phases (experiment 5 at 

0.057 L/min). 

5.5. Dialysis coefficient (U) 

Figure 29 shows the dialysis coefficients of H+ transport which are calculated according to 

the equation 10. 

 

Figure 29. Dialysis coefficients of H+ 
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Values of dialysis coefficient are small, i.e. in the range of 10-6-10-7 m/s, it means 10-3 m/h, 

but comparable to U values reported for other DD systems [41]. The highest dialysis 

coefficients correspond to the faster flow of one phase diluate or feed. About the rest of 

experiments, Figure 29 shows that at lower flux rates the dialysis coefficients are higher than 

with faster flux rates.  

5.6. Total acid recovery (EDD)  

Figure 30 shows the percentage of acid recovery in the diluate at different flux rates.  

 

Figure 30. Total acid recovery (EDD) in the diluate and H+ concentration in the feed after DD 

The objective is to achieve the maximum amount of acid in the diluate from the feed 

solution, so working at 0.02 L/min shows the best results (highest EDD). At the same time, the 

greatest reduction in H+ concentration in the feed is for 0.015 L/min (after 160 min of DD). 
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neutralization of the diluate (dashed blue line in Figure 30). At the end of this process (after 

120 min) H+ concentration was decreased from 5.4 to 1.9 M. Thus, looking at the efficiency 

of DD from the point of view of acidity reduction in the feed, neutralization seems to be the 

most effective solution for the system studied. 
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5.7. Metal ions rejection (R) in diffusion dialysis 

Figure 31 shows the percentage of metal ions retained in the feed after DD calculated 

according to the equation 13. 

 

Figure 31. Rejection of metal ions (R) at the end of DD 

The objective is to achieve the maximum rejection of metal ions, above everything for 

cobalt(II). It means that diluate should contain only acid while all the metal ions should stay 

in the feed for further processing. In the case of cobalt(II), the highest rejection occurs when 

neutralization is carried out, and the lowest rejection is for the faster flow of the feed than 
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rates (0.02 and 0.015 L/min, respectively). In the case of chromium(III) and iron ions, flux 

0.041 L/min gives the highest rejection and for copper(II) the most efficient is faster flux of 

the feed than the diluate. The lowest rejection for copper(II), iron and sodium ions is when 

flux of the diluate is faster than the feed, what is the opposite that for nickel(II) and cobalt(II) 

(faster flux of feed than diluate). Only with chromium(III), the neutralization obtains the 

lowest percentage of rejection.  
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to the feed before precipitation) in the filtrate after separation of the precipitation is shown 

in the brackets.  

Table 12. Metal ions concentration in precipitation 
 0.031 L/min 0.057 L/min Neutralization 

  Concentration (g/L) 

Fe
ed

 b
ef

o
re

 p
re

ci
p

it
at

io
n

 Ni(II) 53.0 51.8 17.6 

Co(II) 28.5 26.5 11.5 

Cu(II) 0.023 0.023 0.019 

Cr(III) 22.6 19.0 21.4 

Fe ions 0.065 0.069 0.065 

Na ions 0.216 0.213 7.00 

Al(III) 83.3 83.4 95.6 

So
lu

ti
o

n
 a

ft
e

r 
p

re
ci

p
it

a
ti

o
n

 Ni(II) 17.5 (33%) 17.9 (34%) 12.4 (12%) 

Co(II) 11.2 (39%) 10.7 (40%) 3.88 (34%) 

Cu(II) 0.003 (13%) 0.002 (8.6%) 0.003 (16%) 

Cr(III) 0.683 (3.0%) 0.061 (0.32%) 0.085 (0.40%) 

Fe ions 0 0 0 

Na ions 0.176 (81%) 0.205 (96%) 0.387 (5.5%) 

Al(III) 0.090 (0.11%) 0.008 (0.01%) 0.011 (0.01%) 

  

As far as the metal ions concentration in the feed before precipitation, there are only 

notable differences between the experiments 3, 5 and 6 in the concentration of nickel and 

cobalt. After precipitation, the concentration of nickel(II) is reduced more from the feeds  

coming from DD at 0.031 and 0.057 L/min than with neutralization. The concentration of 

cobalt(II) in the solution after precipitation decreases, in all the cases presented in Table 12, 

34-40% of the initial concentration before precipitation.  

Comparing the feed before DD and the solution before and after precipitation, the 

concentration of nickel(II) is reduced more working in the experiments 5 and 6 than with 

neutralization. The concentration of cobalt(II) is reduced similarly in all the experiments. 

Unfortunately, it means that not only aluminum(III) and chromium(III) are precipitated 

during this operation but also cobalt(II). However, chromium(III) and aluminum(III) are the 

metals whose concentration is the most significantly reduced (left in the filtrate less than 



50 
 

0.11 and 5% of Al(III) and Cr(III), respectively). Particularly for feeds after DD with 

neutralization or at fluxes of 0.057 L/min without neutralization, the precipitation of these 

metal is even higher.  

5.9. Distribution factor (D) in solvent extraction 

In the next step, filtrate solution after Al(III) and Cr(III) precipitation was treated by solvent 

extraction to transport cobalt(II) to the organic phase and separate it from ions of other 

metals. Table 13 shows the metal ions concentration before and after extraction. 

Table 13. Concentration of metal ions before and after extraction 

 

0.031 L/min 0.057 L/min Neutralization 

Concentration (g/L) 

So
lu

ti
o

n
 b

e
fo

re
 e

xt
ra

ct
io

n
 I Ni(II) 17.5 17.9 12.4 

Co(II) 11.2 10.7 3.88 

Cu(II) 0.003 0.002 0.003 

Cr(III) 0.683 0.061 0.085 

Fe ions 0 0 0 

Na ions 0.176 0.205 0.387 

Al(III) 0.09 0.008 0.011 

So
lu

ti
o

n
 a

ft
e

r 
ex

tr
ac

ti
o

n
 II

 Ni(II) 15.6 15.9 10.8 

Co(II) 2.18 1.77 0.027 

Cu(II) 0 0.002 0.003 

Cr(III) 0.06 0.006 0 

Fe ions 0 0 0 

Na ions 0.20 0.196 0.233 

Al(III) 0.002 0.001 <1 

 

The concentration of nickel(II) decreased in the same way for all the experiments but the 

concentration of cobalt(II) decreased more with neutralization because the final 

concentration is lower that means that the majority of cobalt(II) was extracted. For the rest 

of metals, the concentration before and after extraction does not change much, so these 

metal ions were not extracted.  
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Table 14 summarizes the distribution factors (D) of metal ions between the organic and 

aquesous phases that were calculated with the equation 14 for the first and the second 

extraction.  

Table 14. Distribution factors (D) of metal ions for solvent extraction 

 
Distribution Factor (Extraction I) Distribution Factor (Extraction II) 

 

0.031 

L/min 

0.057 

L/min 
Neutralization 

0.031 

L/min 

0.057 

L/min 
Neutralization 

Ni 0.234 0.204 0.236 0.005 0.052 0.054 

Co 2.350 1.78 0.115 2.72 4.42 274 

Cu 0.331 0.059 0 0 0.052 0 

Cr 6.530 1.630 256 3.580 10.3 - 

Na 0 0 1.08 0.207 0.176 0.154 

 

The distribution factor (D) after the first extraction is higher for the feed coming from DD 

with neutralization in the case of nickel(II), chromium(III) and sodium ions, and with cobalt 

and copper the highest distribution factor corresponds to work at 0.031 L/min. 

In the second extraction, the distribution factor for cobalt is much higher in the case of 

neutralization (274 vs. 2.72 and 4.42 for 0.031 and 0.057 L/min respectively). For copper(II) 

and chromium(III), the highest distribution factor is achieved with 0.057 L/min, and for 

sodium is with 0.031 L/min.   

The distribution factor for cobalt(II) in the second extraction with neutralization is very high 

(see Table 14) and it is related to the final concentration of cobalt(II) after extraction that 

was reduced from 3.88 to 0.027 g/L (see Table 13). So, when the distribution factor is high it 

means that the percentage of extraction is high too.  

5.10. Separation factor (β) in solvent extraction 

Separation factor of metal ions over nickel(II) is calculated from equation 15 and Table 15 

shows the results for the first and second extraction.  
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Table 15. Separation factors (β) of cobalt(II) over other metal ions 

 
Separation Factor (Extraction I) Separation Factor (Extraction II) 

 
0.031 L/min 0.057 L/min Neutralization 

0.031 

L/min 

0.057 

L/min 
Neutralization 

Ni(II) 10.0 8.74 0.49 530 85.5 5050 

Cu(II) 7.10 30.3 - - 85.5 - 

Cr(III) 0.36 1.10 0 0.76 0.43 - 

Na ions - - 0.11 13.1 25.1 0.35 

 

The separation factor in the first extraction for copper(II) and chromium(III) is higher when 

the feed comes from DD at 0.057 L/min, for nickel(II) at 0.031 L/min and for sodium ions it is 

in the case of neutralization. However, the separation factor for nickel in neutralization is 

much higher than the rest of values in Table 15 which it is interesting because in this work 

the extraction of nickel is not desirable. 

5.11. Percentage of metal extraction (ESX) 

The percentage of metal extraction in the first and second extraction is calculated from the 

equation 16 and the results are summarized in Table 16. 

Table 16. Percentage of metal extraction during extraction I and extraction II 

 % ESX I % ESXII 

 0.031 

L/min 

0.057 

L/min 

Neutralization 0.031 

L/min 

0.057 

L/min 

Neutralization 

Ni(II) 10.5 9.26 10.6 0.26 2.52 2.65 

Co(II) 54.0 47.1 5.44 57.6 68.8 99.3 

Cu(II) 14.2 2.86 - 0 2.52 0 

Cr(III) 76.6 44.9 99.2 64.2 83.8 100 

Na ions 0 0 35 9.39 8.10 7.16 

 

The percentage of extraction for cobalt(II) and chromium(III) is much higher than for the rest 

of metals. Concretely for cobalt(II), the highest percentage of extraction is achieved when 

neutralization was carried out during DD and it is higher in the second extraction than in the 



53 
 

first extraction (chromium(III) has the same trend).  In the case of nickel(II), the percentage is 

higher in both extractions when neutralization during DD was accomplished.  

But to compare better the total percentage of extraction is calculated using the equation 17 

and the results are shown in Figure 32. 

 

Figure 32. Total percentage of extraction 

In Figure 32 the total efficiency of extraction considering both stages of extraction are 

presented and the value of ECr higher than for cobalt. Concretely for cobalt, the highest 

extraction occurs when the flux rate is 0.057 L/min although it is very similar to work with 

neutralization (81.72 and 80.54% respectively). For nickel, chromium and sodium the 

percentage is higher with neutralization too, except for copper whose percentage of 

extraction is higher at the lowest flux rate (0.031 L/min).  

Comparing the metal ions concentration in Table 13 with the total percentage of extraction 

in Figure 32, the final concentration of cobalt(II) after extraction decreased from 3.88 to 

0.027 g/L and it is related to the ESX in neutralization for this same metal (80.5%).  The total 

percentage of extraction for chromium is high too but considering the concentration before 

and after extraction it is concluded that chromium(III) is more extracted than other metals 

but not like cobalt(II). 
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5.12. Metal ions concentration after the stripping 

Table 17 shows the metal ions concentration before extraction and after stripping in the 

experiments 3 and 5.  

Table 17. Metal ions concentration before extraction and after stripping 
 Ni(II) Co(II) Cu(II) Cr(III) Fe ions Na ions 

Concentration (g/L) 

0.
03

1
 

L/
m

in
 Feed before extraction 17.5 11.2 0.003 0.68 0 0.18 

Solution after stripping 6.18 14.2 0.004 0.35 0.014 0.71 

0
.0

5
7

 

L/
m

in
 Feed before extraction 17.9 10.7 0.002 0.06 0 0.21 

Solution after stripping 4.99 19.6 0.003 0.08 0.005 19.4 

 

Cobalt(II) is stripped and concentrated in both experiments but more when the feed was 

processed by DD at 0.057 L/min. So, at higher flux rates more cobalt(II) is obtained after all 

the processes in this work. Besides, the concentration of nickel(II) after stripping is lower at 

higher flux rates which is one desired objective. About the rest of metal ions, only 

chromium(III) and sodium ions are concentrated (from 0.06 to 0.08 g/L in the case of 

chromium(III) and from 0.21 to 19.39 g/L for sodium).   
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6. Conclusions  

• The conductivity in the diluate during diffusion dialysis increases with the time, and 

at higher flux rate of both phases the conductivity is lower. Neutralization has the 

lowest conductivity at the end of the experiment followed by working with the 

diluate faster than the feed. Considering the H+ concentration and metal ions 

concentration in the diluate at the end of the experiment, at higher flux rates the 

final H+ concentration is higher but the conductivity is lower. When the feed is 

pumped faster than the diluate (experiment 8), because in this case the final 

concentration of H+ in the diluate is the highest and conductivity is the highest too.  

• About the H+ concentration in the diluate during diffusion dialysis, the objective is to 

recover the maximum amount of acid (maximum H+ concentration in the diluate at 

the end of the experiment). The highest value of H+ concentration corresponds to 

work with higher flux rate in the feed than in the diluate and the lowest H+ 

concentration is obtained when the flux is the lowest. So, in general at higher flux 

rates, the H+ final concentration in diluate is higher.  

• Neutralization of the diluate during DD is advantageous because of the most efficient 

(compared to other DD experiments) reduction of acidity of the feed. This results 

from keeping high driving force (H+ concentration gradient) in the system owing to 

continuous neutralization of the transferred H+. In general, at higher flux rates in 

both phases (feed and diluate) the H+ concentration at the end of the experiment is 

lower. And in the case of working with different flux rates in the phases, it is better to 

work with the feed faster than diluate (the H+ concentration in the feed at the end is 

lower). 

• The metal ions concentration in the diluate during diffusion dialysis increases with 

the time and it is not desirable. The highest concentration corresponds to nickel(II), 

cobalt(II) and chromium(III).  

• The dialysis coefficients (U) increase when the flux rate is lower, and the highest 

value of the dialysis coefficient corresponds to experiment with the faster flow of 

dilute than the feed, followed by working with the faster flow of feed than the 

diluate. So, for the dialysis coefficients it is better to work with different flux rates in 

the feed and in the diluate.  
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• Total acid recovery (EDD) follows the same trend than the dialysis coefficients: the 

recovery of acid is higher when the flux rate is lower. Besides, working with faster 

flow of the feed than diluate is better than working at higher flux rates or with the 

diluate faster than the feed.  

• During diffusion dialysis the metal ions rejection (R) should be higher, above 

everything for cobalt(II). The highest rejection for cobalt(II) is achieved in the case of 

neutralization and the lowest rejection occurs when the flux rate of the feed is faster 

than the flux rate of the diluate.  

• In solvent extraction the distribution coefficient (D) in the second extraction for 

cobalt(II) is much higher for aqueous solution after DD with neutralization. In the 

case of nickel, the distribution coefficient in the first extraction is higher than in the 

second extraction for all the cases (experiments 3, 5 and 6). 

• About the separation factor (β) after the second extraction, the separation factor 

between cobalt(II) and nickel(II) is much higher than for the rest of metal ions and 

besides, it is much higher for the feed after DD  with neutralization.  

• Considering the total efficiency of extraction after both extractions, cobalt(II) and 

chromium(III) (present in small amount after precipitation) are extracted from the 

feed more efficiently than other metals. For cobalt, the highest total percentage of 

extraction (∑ESX=81.7%) corresponds to the feed after DD at 0.057 L/min but this 

result is very similar to the case of feed after DD with neutralization of the diluate (ESX 

is 80.5%).  
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7. Abstract  

In this work different processes are carried out to recover and separate cobalt(II) from a real 

mixture of sulphate and chloride leach solution. First, it is necessary to recover acid from the 

feed by means of diffusion dialysis. In this process different variables have been studied to 

determine the best operating flux rate and if the results are better with or without 

neutralization. In general, the results show better trend in the case of continuous 

neutralization of the diluate during DD because the driving force (gradient of H+ 

concentration) remains constant. Besides, at higher flux rates the H+ concentration in the 

diluate at the end of the experiment is higher which is desirable. In the case of working with 

different flux rates in the feed and in the diluate, it is more convenient to work with the feed 

faster than the diluate that backwards. But the final concentration of cobalt(II) in the diluate 

is lower when the flux rate of both phases (feed and diluate) is low too. For the dialysis 

coefficients (U) and the total acid recovery (EDD) the values are higher with lower flux rates 

too. About the metal ions rejection, the highest rejection for cobalt during diffusion dialysis 

is achieved when neutralization is carried out. After diffusion dialysis, precipitation of 

chromium(III) and aluminium(III) is carried out using sodium hydroxide solution. Then, it is 

necessary to centrifuge and filtrate the solution to obtain the clarified solution which is 

ready to perform the extraction (two stages) and stripping of cobalt(II). The distribution 

coefficient (D) for cobalt(II) after the  second stage of extraction is higher with neutralization 

and the separation factor βCo(II)/Ni(II) is higher in the case of neutralization too. In general, the 

percentage of extraction (ESX) is much higher for cobalt(II) and chromium(III) than for the 

rest of metals. Finally, the total percentage of extraction (∑ESX) for cobalt is similar working 

at higher fluxes (0.057 L/min) and in the case of neutralization (approximately 80%). After 

the two stages of extraction, stripping is carried out and the organic phase can be 

regenerated which contributes to take care of the environment.  
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