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SYNOPSIS 

 

The rare earth elements are a group of 17 elements which have, to a large extent, chemically 

similar characteristics. Scandium and yttrium, although not part of the lanthanide series are 

included in the group. Rare earth finds utilization in the arena of modern electronics, high end 

engineering products, alloys, catalysts, hybrid and electric cars, compact fluorescent lamps, wind 

turbines, data storage devices, optical glasses etc. majority of these application utilizes unique 

properties of magnetism, and luminescence associated with rare earths. These interesting 

properties are attributed to partially occupied 4f orbital electrons. The supply of these elements is 

abundant as of now, but negative and erratic supply pattern not conducive of assured availability, 

due to various geopolitical as well as environmental reasons. As a consequence, reopening of old 

mines and erections of new processing plants are underway throughout the world [1, 2]. Further, 

supply risk of rare earths have necessitated the need of recovering rare earths from e-wastes, end 

of life rare earth product, tailing of mines and lean solutions of processing plants to augment the 

supply through regular mines [3]. Due to the similar valence and ionic radii separation and 

purification of individual rare earth is one of the most challenging tasks in analytical chemistry. 

Solvent extraction technique has been in use on industrial scale to separate rare earths from 

various sources [4]. This technique uses large inventories of hazardous organic extractants, 

diluents and modifiers, contributing to environmental concerns [5]. Alternative techniques based 

on membrane technology, such as supported liquid membrane, emulsion liquid membrane, 

polymer inclusion membrane etc. has been reported to separate metal ions from aqueous 

solutions. These technique use controlled amount of organic extractants and solvents without 

significantly affecting the extraction efficiency and environment [6].  However, the stability of 

these membranes, applicability in continuous large scale and loss of extractants after repeated 
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use remain major concerns. The last decade has also seen phenomenal growth in the use of ionic 

liquids in this field [5]. However their physical properties, toxicity and cost remain a challenge 

for sustainable industrial applications [7]. These factors have led to research and development of 

new extraction system with improved efficiency and lower secondary organic waste [8]. In this 

context, reusable solvent encapsulated resins/beads are being developed as attractive alternatives 

in separation technology. These beads offer high surface area, eliminate the need of organic 

diluents, ease in phase separation and have the dual advantage of solvent extraction and ion 

exchange with relatively better selectivity and mass transfer respectively [9]. Similarly 

separation of metal ions by employing  Hollow Fibre Membrane (HFM) have drawn 

considerable attention, as this module requires less amount of organic extractant for metal ion 

separation due to the advantage of  simultaneous extraction and stripping. The arena of exploring 

these techniques for rare earths separation is still wide open. 

Scanty reports are available in literature for the separation of rare earths by solvent 

encapsulated beads. The reported solvent encapsulated beads are mainly based on polystyrene, 

polyether ether ketone, and alginate types of polymer and have sizes in micron to sub-millimeter 

range [10]. These beads suffer from the drawbacks such as low holding capacity of extractants 

and susceptible to the leaching of encapsulated or impregnated extractants during repeated cycle 

of operations. These factors adversely affect the efficiency, reusability and stability of the beads. 

Therefore, it is desirable to develop novel polymeric beads which not only overcome these 

drawbacks but also result in enhanced extraction/sorption of metal ions from aqueous solution. In 

the present study, various polymers were evaluated to select the suitable matrix material for 

solvent encapsulated beads. Polyethersulfone has been found to be most suited matrix material to 

prepare the polymeric beads which can encapsulate the desired extractant during phase inversion. 
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Subsequently, the developed composite beads were evaluated for the sorption of rare earths 

under variable experimental conditions. The present work also emphasizes on the importance of 

optimization of various variables i.e. system compositions (polymer, additive, extractants etc.), 

preparatory parameters and process variables (aqueous media, metal ion, temperature, solid to 

liquid ratio etc.) to obtain the best engineered beads by innovative design of experiments. 

Taguchi, which is a multi-parameter optimization procedure, was employed in the present study 

to identify and optimize process parameters with a minimum number of experiments. Based on 

the batch experimental results, it was also of interest to employ these polymeric beads for the 

recovery of rare earths in continuous column operation mode, which established the materials 

possibility to scale up to industrial level.  

Another important objective of the present thesis was to develop separation scheme for rare 

earths from aqueous solution by utilizing hollow fibre membrane module. Experimental 

evaluations of various process variables i.e. organic extractant, concentration (aqueous, metal 

ion, organic), flow rate and strippents on the transport of rare earths were performed. As a result 

of this study, experimental parameters were optimized to maximize the recovery of rare earths 

(Dy, La, Sm) from the acidic solution by carrier (organic extractant) facilitated liquid membrane 

technique.  

The result of the studies in this thesis has been organized into six chapters. 

Chapter 1: Introduction 

The introductory chapter of the thesis gives an overview about the rare earths elements 

their resources and application for material production in different fields. Conventional 

techniques such as solvent extraction, ion-exchange, and precipitation etc., used in the 

purification of rare earths from different sources have been discussed. This chapter elaborates the 
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difficulty in separation and purification of individual rare earth elements. along with the 

comprehensive literature survey in the field of hydrometallurgy of rare earths separation.  The 

chapter also shed some light on the use, importance and advantages of alternative separation 

techniques such as solvent encapsulated beads and hollow fibre supported liquid membranes 

over other conventional techniques for the purification of metal ions from aqueous systems. 

Possibility and advantages of applying above mentioned techniques in separating the rare earths 

from different aqueous streams have been discussed in this chapter. Importance of operational 

parameters optimization in process development and experimental design using Taguchi method, 

which is a multi-parameter optimization procedure, is also described in this chapter [11]. 

The chapter lists the motivation, aim and objectives of the present investigation along 

with the current research scenario in the field.  

Chapter 2: Experimental and Techniques 

A general outline about different instrumentations and experimental techniques, used in 

this work, has been elaborated in this chapter. General methods used for the synthesis of solvent 

encapsulated polymeric beads as well as the techniques which have been used for the 

characterization of the synthesized materials are discussed. The synthesized bead materials have 

been characterized ed, by various techniques, such as infrared spectroscopy, scanning electron 

microscopy (SEM) and thermal analysis. The basic principle and working of the characterization 

equipment’s have been elaborated in this Chapter. The experimental conditions and procedure to 

evaluate rare earths sorption by various types of polymeric beads has been elaborated in this 

chapter. Principle and application of ICP-AES for rare earth analysis in aqueous phase samples is 

discussed in this chapter.  
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The details regarding hollow fibre supported liquid membrane and loading of carrier 

solvent in the pores of the hollow fibre have been described in this Chapter. Two different 

experimental methods namely supported liquid membrane and non-dispersive liquid-liquid 

extraction using HFM are described. These techniques have been explored for rare earth 

transport studies.  

Chapter 3: Preparation, characterization and evaluation of Di-2-ethyl hexyl phosphoric 

acid (D2EHPA) encapsulated beads for rare earth sorption 

 This chapter deals with the studies carried out on the preparation of polyethersulfone 

beads encapsulating organophosphorus type of extractants by phase inversion method. It 

elaborates the synthesis, characterization and application of polyethersulfone based 

organophosphorus extractant encapsulated beads. The chapter comprises two sections, depicting 

the synthesis of D2EHPA encapsulated beads and its application for rare earths separation from 

aqueous media. The first section describes the synthesis and Y(III) sorption studies performed 

with D2EHPA PES beads, while second section deals with optimization of experimental 

parameters for Dy(III) sorption by D2EHPA –PES beads by employing Taguchi method. 

Section 1: D2EHPA encapsulated beads for rare earths separation 

 A method has been developed for the preparation of D2EHPA encapsulated beads by 

phase inversion technique, using polyethersulfone as the polymer matrix. The internal 

microstructure and surface morphology of PES beads has been modified by introducing various 

types of additives, namely, polyvinyl alcohol (PVA), multiwall carbon nanotube (MWCNT), 

lithium chloride (LiCl) and polyethelene glycol (PEG).. The developed composite beads were 

characterized by techniques like Thermogravimetry (TG), Scanning Electron Microscopy (SEM) 

and Fourier Transform Infra-Red (FTIR) spectroscopy. Subsequently, all the types of D2EHPA 
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encapsulated composite beads have been evaluated for the sorption of rare earths under 

comparable experimental conditions. The porosity and pore structure of D2EHPA/PES beads 

were controlled through different additives, of which, polyvinyl alcohol and multiwall carbon 

nanotubes proved to be the most efficacious. The influence of various process parameters, 

namely, aqueous phase acidity, metal ion concentration, presence of other competitive ions and 

temperature on the separation of representative yttrium ion has been elaborated in the present 

section. Equilibrium data are found to be represented well by the Langmuir isotherm equation, 

with a sorption capacity of 44.09 mg/g of the swollen beads. Kinetic modeling analysis, by 

fitting the data in the pseudo first-order, pseudo second-order, and intraparticle diffusion 

equations, show that the pseudo second order equation is the most appropriate model for the 

description of sorption of yttrium ions onto the composite beads. The experimental results 

attribute to the excellent stability and reusability of the developed beads. The feasibility of 

employing this novel technology in large scale has been established by successful operation in 

continuous column mode.  

Section 2: Optimization of parameters by Taguchi method for Dysprosium sorption by 

D2EHPA beads  

This section deals with the optimization of experimental parameters for Dysprosium 

sorption by the developed D2EHPA – PES beads. There are many variables involved which 

influence the rare earths sorption by polymeric beads from aqueous streams thus it is very 

difficult to arrive at an optimum condition for maximum sorption and recovery unless adopt a 

design of experiments. If a full factorial design, where all possible variable combinations are 

taken into account, is used to find out the effects of parameters on the metal ion sorption capacity 

of polymeric beads, several hundreds of experiments need to be carried out. For k parameters at 
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n different levels the total number of combinations using a full factorial design is n
k
. On the other 

hand Taguchi method [11] can help in sorting out the most influential parameters with minimum 

number of experiments. In the present work, Taguchi approach has been adopted to arrive at the 

optimum conditions for effective sorption of Dy(III) by the D2EHPA encapsulated polymeric 

beads. Seven parameters, namely, contact time of the beads with the solution, nature of additive, 

the concentration of Dy(III) in the feed solution, aqueous phase molarity, stirring speed of the 

agitator, polymer to extractant ratio and the temperature have been selected and varied in three 

different levels. Another parameter, liquid to solid phase ratio (w/w), has been varied in two 

levels. Apparently, this is an eight factor mixed (two and three) level system. Adoption of 

Taguchi method, allowed us to carry out only eighteen experiments in order to get the required 

optimization. In this section the effects of various operational and structural parameters have 

been analyzed by Taguchi method using L18 orthogonal array. Feed concentration of Dy(III) has 

been observed to be the most influential factor for equilibrium sorption capacity, whereas 

aqueous phase acidity significantly influences the percentage recovery. The analysis of variance 

predicted the optimum conditions with maximum performance and minimum standard deviation. 

Experiments carried at optimum conditions verified the predicted data. 

Chapter 4: Synthesis and evaluation of EHEHPA encapsulated beads for Y(III) sorption 

This chapter deals with the preparation, characterization of polyethersulfone beads 

encapsulating EHEHPA an organophosphonic acid type of extractant by phase inversion method. 

This chapter also elaborates the attempts made to modify the internal morphology of polymeric 

beads by adding different additive materials such as PVA, MWCNT, LiCl, PEG etc in the 

polymer matrix. The developed EHEHPA/PES beads were characterized by various techniques. 

Subsequently, all the developed EHEHPA beads were evaluated for their suitability for the 
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separation of rare earths from various aqueous media. Effect of various additives on the 

morphology and metal ion sorption capacity was also discussed in the chapter taking into 

account cross-sectional SEM images of these beads. Except nitrate medium, the extraction of 

rare earths was found to be comparable in perchlorate, chloride and sulphate medium and the 

results have been described in detail. Effect of aqueous phase acidity, rare earth concentration in 

aqueous feed, concentration of EHEHPA inside the beads, extractant to polymer ratio, liquid to 

solid (L/S) ratio, additive concentration, and temperature on the extraction of rare earths 

(Yttrium) have been discussed. Recovery of rare earths from loaded EHEHPA beads was found 

to be effective (>90%) with 40% HCl and 30% H2SO4.The results shown in this chapter 

emphasizes the applicability of polymeric beads in wide range of experimental variables. 

Chapter 5: Transport studies on rare earths by Hollow fibre liquid membrane 

 This chapter describes the transport behavior of rare earths (Dy, La, Smetc) in Hollow 

Fibre Membrane. The Non-dispersive solvent extraction (NDSX) and supported liquid 

membrane (HFSLM) are the two mode of operation evaluated for these transport studies. The 

batch solvent extraction experiments suggested that PC88A in petroffin is a suitable carrier 

solvent for polypropylene hollow fibre membrane. Various experiments were carried out to 

evaluate the effect of feed acidity, metal ion concentration, carrier concentration, feed 

composition, flow rates and phase ratio on the transport of rare earths metal ions across the 

membrane. The experimental findings discussed in this chapter revealed that in non-dispersive 

mode of operation with 0.5M EHEHPA as carrier solvent, ~98% of Dy(III) in aqueous feed has 

been transported across the membrane. Similarly, in the case of stripping of loaded carrier by this 

mode resulted in ~96% recovery in 1hour under optimized condition. In another set of 

experiments Dy(III) transport has been investigated by Hollow fibre supported liquid membrane 
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containing EHEHPA as carrier solvent. Various process variables such as feed acidity, metal ion 

concentration, carrier concentration, feed composition, flow rates and phase ratio were altered to 

achieve an optimized experimental conditions to achieve maximum Dy(III) recovery. Under 

optimized experimental condition >94% recovery of Dy(III) from aqueous feed solution can be 

attained in 2 hours of operation.  

Quantitative transport of rare earths was also achieved during non-dispersive as well as 

supported liquid membrane mode of operation, when EHEHPA was used as a carrier. Studies on 

the effect of interfering rare earth ions on the transport of Dy(III) has been also discussed in this 

chapter.  

Chapter 6: Summary and conclusions 

 Rare earths are in great demand due to the unique properties they bring to the 

material on addition. Scares resources needs their separation process to be more efficient and 

environment friendly. Recycling and reusability of rare earth based materials has become much 

more relevant in the present scenario. In this context the present thesis summarizes the 

importance and use of rare earths based materials along with commonly practiced separation and 

purification techniques such as solvent extraction and ion exchange. The research work 

presented in the thesis lead to the process development for the separation of rare earths by 

employing synthesized polyethersulfone beads embedded with suitable organic extractant such 

as D2EHPA, EHEHPA. The developed polymeric beads are environment friendly due to the 

elimination of hazardous organic diluents and prevention of significant organic extractant loss 

during the process of recovery of rare earths from aqueous media. The polymeric beads not only 

address the environmental issues but also offer selective and efficient separation of rare earths. 

Moreover, the beads have added advantage of extraordinary stability and recyclability as 
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compared to the other conventional techniques. The developed beads were found to be excellent 

in the separation of rare earths such as Yttrium, Dysprosium from aqueous phase under 

optimized experimental condition. The developed beads were also satisfactorily employed for the 

recovery in continuous column operation mode and have promising potential to scale up to 

industrial level. This chapter also summarizes the experimental finding of rare earths (La, Sm, 

Dy) separation by employing carrier (D2EHPA, EHEHPA) facilitated hollow fibre membrane set 

up. A hollow fibre supported liquid membrane method has been developed for theseparation of 

rare earths from aqueous stream on 500 to-5000ml scale. 

The major findings of the present research work are summarized in this Chapter along 

with the future perspectives 
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1 Introduction 

1.1 Rare Earths 

Over the last five years, not only researcher and scientists but more and more people from 

different walk of society also became aware of the term rare earths elements (REE). This 

awareness did not originate because of their surprisingly large number of application but rather 

due to the supply restrictions on REE and related ores owing to geopolitical reasons which 

resulted in panic like situation from producers to end users of these elements. This period, of 

scarcity of REE, starting in 2009 known as the ―Rare Earth Crisis,‖ made many people around 

the world aware of this peculiar group of elements [1].  

The name rare earths was originally used to assign the lanthanoids in 4f block elements 

of the modern periodic table which also consists oxides of scandium (Sc, 21), yttrium (Y, 39), 

lanthanum (La, 57) and the 14 elements starting from cerium (Ce, 58) to lutetium (Lu, 71) in the 

periodic table of elements [2].Yttrium‘s geochemical behaviour is very similar to the lanthanides, 

which is why it is considered to be a REE. Scandium, however shows geochemical behaviour 

that is much more similar to that of the ferromagnesian transition elements (Fe, V, Cr, Co and 

Ni) due to its smaller atomic radius. This is also due to a different coordination in the crystal 

lattices of minerals. Therefore, scandium is often considered not to be a rare earth element, but a 

ferromagnesian trace element. However, in aqueous media, scandium behaves more like the 

other REEs [3]. The history of the discovery of these elements has given this group of elements 

the name rare earth elements. These elements are never existed in the earth‘s crust as pure 

minerals of individual rare earths and also do not exist as free metals in any deposit. These rare 

earth elements are found as oxides which have proved to be particularly difficult to separate from 

each other, especially to 18th and 19th century chemists. The term earths coined by Greeks 
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means, materials that could not be changed further by sources of heat, and these oxides seemed 

to fit that definition. There is still an ambiguity on why Rare Earth term consists‗rare‘ as some 

believe, that the rarepart of rare earth refers to the difficulty in separating the pure elements, and 

did not refer to their relative abundances in the Earth‘s crust [4]. Although the ore deposits of 

REE are quite restricted in numbers, but the abundance of the elements is quite large. The most 

common rare earth element is cerium (Ce), which is, with a crustal abundance of 60 ppm, the 

27th element in the earth‘s crust, and has a larger abundance than, for instance, lead (Pb), the 

37th element, which has a crustal abundance of 10 ppm. One of the least common rare earth 

elements (lutetium, abundance 0.5 ppm), has a crustal abundance of about 200 times that of gold 

(0.0031 ppm) [5]. 

The discovery of the rare earth elements started at the end of the 18th century with 

Yttrium was thefirst element to be discovered, by Johan Gadolinof Finland [6-9]. By the end of 

the 19th century, most of the rare earth elements had been discovered. Lutetium was discovered 

in 1907, and the last one promethium only after the discovery of nuclear reactions [10]. The rare 

earth elements are: scandium (Sc), yttrium (Y), lanthanum (La), cerium (Ce), praseodymium 

(Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), 

terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and 

lutetium (Lu).The 17 original rare earth elements along with atomic number are summarized in 

figure 1.1.  
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Fig.1.1 Positions of Seventeen Rare Earth Elements in Periodic Table 

1.2 Electronic configuration and properties of rare earths 

1.2.1 Electronic Configuration and oxidation state 

The rare earths elements can be divided into the lanthanide group, and two elements 

scandium and yttrium. The lanthanides is a group of elements ranging from atomic number 57 

(lanthanum) to 71 (lutetium) in which the 4f orbitals are gradually filled from 1 to 14. The 

chemical and physical properties are similar to lanthanum, which led to their nomenclature as 

lanthanide. The elements Sc, Y, and La are the first members of a series of transition elements (d 

block elements) with the valence electron configuration of ns
2
 (n - 1) d 

1
 (n = 4, 5, or 6). The 14 

elements, Ce – Lu, constitute a series of inner transition elements (f-block elements) which must 

be inserted between La and Hf. This leads to an electron configuration in which all 15 lanthanide 
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elements share the xenon core, [Xe], corresponding to 1s
2
 2s

2
 2p

6
 3s

2
 3p

6
 3d

10
 4s

2
 4p

6
 4d

10
 5s

2
 

5p
6
. The remaining electrons, the valence electrons, are then placed in the 6s orbital and, with 

exception of La, Ce, Gd, and Lu, in the 4f orbital, since the energy difference between the 4f and 

5d orbitals is large. Thus, all the rare earth elements belong formally to group 3 of the periodic 

table. In the neutral rare earth elements, the 5d and 4f electronshave almost similar energies. This 

fact explains theoccurrence of the typical electronic configurationreferred to above within the 

lanthanideseries (see Table 1.1), whereby the configurations4f 
7 

(half-filled orbital) and 4f 
14

 

(completelyfilled orbital) are preferred owing to the highthermodynamic stability of such states. 

The irregularityof the configurations of the two elementsimmediately before the middle and the 

endof the lanthanide series, Eu and Yb, are characteristicof the neutral atoms and the mono- 

anddivalent oxidation state. However, in the case of the trivalentions, the 4f orbital is filled in a 

completelyregular manner. The energy of the 4f orbitaldecreases with increasing atomic number 

andincreasing ionic charge, so that when the oxidation numberis 3+, which is characteristic of 

the rare earthelements, the 4f electrons represent well-defined‗‗inner electrons‘‘ that take 

virtually no part inchemical bonding due to their proximity to thenucleus and shielding by the 8 

electrons of 5 shell.Therefore, the regular filling of the 4 f orbitalfrom Ce
3+

to Lu
3+

determines the 

chemicalproperties, as the resulting electronic configurationsresemble those of the rare gases, 

and lead tothe great similarity of the Ln
3+

compounds to each other, to the corresponding 

compounds of La
3+

, Y
3+

, and, to a limited extent, to those of Sc
3+

. The regular filling of the 4 f 

orbital is accompanied by a steady reduction in the Ln
3+

 ionic radii (Table 1.2, and Figure 1.2) – 

the so-called lanthanide contraction [11-13]. This steady shrinkage of the inner electron shell is 

mainly caused by the incomplete mutual shielding of the 4 f electrons against the increasing 

attraction of the nucleus. The peculiarities of the electronic structure of the rare earth elements 
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described here lead to periodic changes in some physical and chemical properties of these 

elements and their compounds in the series La to Lu, while other properties show a steady or 

non-periodic change. The typical similarity of the rare earth elements to each other, which is 

often emphasized, is in essence only exhibited for the non-periodic properties. Thus, the regular 

change in the RE
3+

 radii leads to largely non-periodic changes in properties that depend on ion 

size, such as solubility, basicity, normal potential, and enthalpy of hydration. 

Table 1.1 Electronic configurations rare earth elements and ions in the ground state 

Rare earths element Element Symbol Atomic number Electronic configuration 

Lanthanum La 57 [Xe] 4f
0
5d

1
6s

2
 

Cerium Ce 58 [Xe] 4f
1
5d

1
6s

2
 

Praseodymium Pr 59 [Xe] 4f
2
5d

1
6s

2
 

Neodymium Nd 60 [Xe] 4f
3
5d

1
6s

2
 

Promethium Pm 61 [Xe] 4f
4
5d

1
6s

2
 

Samarium Sm 62 [Xe] 4f
5
5d

1
6s

2
 

Europium Eu 63 [Xe] 4f
6
5d

1
6s

2
 

Gadolinium Gd 64 [Xe] 4f
7
5d

1
6s

2
 

Terbium Tb 65 [Xe] 4f
8
5d

1
6s

2
 

Dysprosium Dy 66 [Xe] 4f
9
5d

1
6s

2
 

Holmium Ho 67 [Xe] 4f
10

5d
1
6s

2
 

Erbium Er 68 [Xe] 4f
11

5d
1
6s

2
 

Thulium Tm 69 [Xe] 4f
12

5d
1
6s

2
 

Ytterbium Yb 70 [Xe] 4f
13

5d
1
6s

2
 

Lutetium Lu 71 [Xe] 4f
14

5d
1
6s

2
 

Yttrium Y 39 [Kr] 4d
1
5s

2
 

Scandium Sc 21 [Ar] 3d
1
4s

2
 

 

1.2.2 Lanthanide Contraction  
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Both the atomic radii and trivalent ionic radii of the lanthanide elements decrease with 

the increase in atomic number (Table 1.2), this phenomenon is called lanthanide contraction [14-

16]. The reason for this contraction is due to the weak shielding effect of the 4f electrons to the 

nuclear charge, causing the increase of the effective nuclear charge with the increase in atomic 

number, thus increasing the attraction to the electrons in the outer shell. There are only two 

conductive electrons (6s
2
) for europium and ytterbium, while the other lanthanide elements have 

three conductive electrons (6s
2
4f

1
). This explains why the atomic radius of europium and 

ytterbium are far greater than those of the other lanthanide elements. As a result of the lanthanide 

contraction, the radii of RE
3+

 decreases from 1.061 Å (La
3+

) to 0.848 Å (Lu
3+

). The average of 

the radii changes between two neighbour RE
3+

 ions is 0.0152 Å. The tiny radii discrepancy 

makes the lanthanide elements able to substitute each other in the crystal lattice of their minerals, 

i.e., the isomorphism. Also as a result of the lanthanide contraction, yttrium has an ionic radius 

comparable to that of the heavier REE species in the holmium-erbium region. If the effective 

ionic radius [16] of Y
3+

 is plotted (0.90 Å)., it plots in between element 67 (Ho) and 68 (Er). 

Scandium (effective ionic radius is 0.745 Å), plots outside of the Lanthanide series. As also the 

outermost electronic arrangement of yttrium is similar to the heavy rare earths, the element 

behaves chemically like the heavy rare earths 

Lanthanide contraction is the property which makes their separation possible. The 

lanthanide contraction results in the steady property variation of the lanthanides with their atomic 

number. With the increase of their atomic number, their radii decrease, making the coordination 

ability of some of the ligands with lanthanide cations increase. Taking these subtle differences of 

the coordination ability, SX and IX technologies are able to separate REEs to produce high 

purity single rare earth oxides. 
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Table 1.2 Atomic radii and effective ionic radii of the rare earth elements (in nm) 

Symbol Atom Re[+3] 

Sc 0.1654 0.0730 

Y 0.1824 0.0892 

La 0.1884 0.1061 

Ce 0.1825 0.1034 

Pr 0.1836 0.1013 

Nd 0.1829 0.0995 

Pm 0.1825 0.0979 

Sm 0.1814 0.0964 

Eu 0.1984 0.0950 

Gd 0.1817 0.0938 

Tb 0.1803 0.0923 

Dy 0.1796 0.0908 

Ho 0.1789 0.0894 

Er 0.1780 0.0881 

Tm 0.1769 0.0869 

Yb 0.1932 0.0858 

Lu 0.1760 0.0848 
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Fig. 1.2 Atomic and ionic radii of the rare earth elements 

1.2.3 Physicochemical Properties of Rare Earth 

The rare earth elements are very electropositive, and, as a consequence, they 

generally form ionic compounds. REEs therefore form oxides, halides, carbonates, phosphates 

and silicates, borates or arsenates, but not sulphides [18]. Rare earth metals in pure form are 

silvery in appearance with the exception of Pr and Nd that are pale yellow and rather soft, but 

become harder across the series.Most of them occur in more than one crystallographic form, of 

which hexagonal close packed structure is the most common.In this respect they are more related 

to calcium in behavior. They react readily react with oxygen, moister and mineral acid so have to 

be kept in kerosene to prevent oxidation from air and moisture. The reactivity of rare earth 

elements increases in the order of Sc, Y, and La, but decreases from La to Lu. The ignition point 

of rare earth metals is very low. It is 165, 290, and 270 °C for Ce, Pr, and Nd, respectively. 



10 
 

Therefore, the Ce-based mixed light rare earth metals are used as the pyrophoric alloy, such as 

flint. Apart from oxygen rare earth metals readily react with hydrogen, halogen, sulfur, nitrogen, 

and carbon, forming stable compounds. 

Sm, Eu and Gd have very high thermal neutron absorption capture cross sections 

and are being used as thermal neutron absorption capture materials in nuclear reactors. Rare 

earth metals have low conductivities. However, La shows superconductivity at 47 K. The 

electronic configurations and spectroscopic terms of the Ln
3+

 ions are largely unaffected by the 

type of compound in which they are situated, owing to the shielding of the 4 f electrons from the 

chemical environment by the 5s
2
 p

6
 octet. For these ions, with the exception of Sm

3+
 and Eu

3+
, it 

is characteristic that the values of the total spins J applicable to the spectroscopic term of the 

ground state differ from each other fairly widely so that in the ground state practically only one J 

value is occupied. This peculiarity has interesting consequences for the magnetic properties of 

these ions. While Sc
3+

, Y
3+

, La
3+

 and Lu
3+

 are diamagnetic due to their closed shells, the 

remaining Ln
3+

 ions are paramagnetic, with Gd, Tb, Dy, and Tm having ferromagnetism [19].  

Most lanthanide ions absorb electromagnetic radiation, particularly in the visible region 

of the spectrum, exciting the ion from its ground state to a higher electronic state, as a 

consequence of the partly filled 4f sub shell. The f–f transitions are excited both by magnetic 

dipole and electric dipole radiation. Except Y(III), La(III) and Lu(III) all other tri-positive rare 

earth ions absorb electromagnetic radiation in wavelength range of 2000 to 10000A. A number 

of RE ions have striking colors as they absorb in visible region [20]. The average life of some 

excited states of the REE cations is very long and up to 10
-6

 to 10
-2

 s, which is much longer than 

that of the general cations (10
-10

 to 10
-8 

s). The REEs with this property are used to produce the 

long afterglow luminescent materials. They react with water and inorganic acids as well. Rare 
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earth metals form various intermetallic compounds with many metals. The rare earth permanent 

magnets (Sm-Co alloys and Nd-Fe-B alloys) and the rare earth hydrogen storage material 

(RENi5) are two classes of the rare earth intermetallic compounds [21]. 

The physical, chemical, and above all structural properties of the rare earth compounds 

indicate that these elements exhibit mainly ionic bonding. In solution and in crystalline 

compounds, the RE
3+

 ions (except Sc
3+

) generally have coordination numbers >6. For scandium 

compounds, which can also be regarded as homologues of aluminum, coordination numbers >6 

do not occur. In general, the tendency of the lanthanides, including Y and La, to form complexes 

is smaller than for the d-transition elements, as the shielded 4 f orbitals are not available for 

forming the hybrid orbitals that form covalent bonds. Also, the very large size of the Ln
3+

 ions 

compared with other triply charged cations leads to smaller electrostatic forces of attraction. 

1.3 Applications of Rare Earth Elements 

The applications for the REE cover a huge field as all 17 elements have to be considered. 

Despite their chemical similar characteristics, they have diverging applications (Fig. 1.3). Rare 

earth metals and their compounds are in immense demand, and are often critical for, a wide 

range of applications that rely upon their electrical, magnetic, chemical, catalytic, and optical 

properties. Rare earths are also widely employed for conventional fields consisting metallurgy, 

petroleum, textiles, and agriculture. These elements are also becoming critical in various high-

tech large scale application and products such as hybrid and electric cars, wind turbines, and 

compact fluorescent lights, flat screen televisions, mobile phones, disc drives, and defense 

products/technologies [22,23] 
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Fig. 1.3 Sector wise applications of Rare Earth Elements 

1.3.1 Metallurgy and Machinery 

Metallurgical properties play a key role in the development of rare earth alloy-based 

compounds as they are best suited for the development of a special product with unique 

performance capabilities. About 10% of rare earth production is used in these alloys. Since the 

early 1900s the primary commercial form of mixed rare– earth metals has been misch metal, an 

alloy of 50% cerium, 25% lanthanum, 15% neodymium and 10% other rare–earth metals and 

iron [24]. This misch-metal has been used extensively by the metallurgy industry to enhance the 

strength, oxidation, corrosion resistance, and malleability and creep resistance of various steels 

and other iron–based alloys. Other elemental rare earths are used as alloy additives inparticular, 

praseodymium is used in high–strength, low–creep magnesium alloys for jet engine parts. 
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Precision castings of aluminium and magnesium have also been reported to be improved by the 

addition of other rare earths. The application of cerium and iron alloy which emits sparks when 

struck started the flint industry, leading to the purification of large inventory each year of the 

cerium–laden mineral monazite. Rare earth metals and alloys can be used to purify the molten 

metal or alloy by removal of the impurities such as oxygen and sulphur, modify the configuration 

and distribution of the impurities, reduce the size and amount of inclusions, and make the grains 

finer. REEs in the cast iron change the graphite into spherical particles, thus forming the so-

called nodular cast iron. The nodular cast iron has excellent mechanical properties and 

machinability. Cerium is the most effective rare earth element for this function. REEs in non-

ferrous metals significantly improve their machinability and physical properties [23].  

1.3.2 Petroleum and Chemical Industry 

One of the principal industrial uses of the rare earths, involving millions of tons of raw 

material each year, is in the production of catalysts for the cracking of crude petroleum. Rare 

earth elements are also used as catalysts for alkylation, isomerization, hydrogenation, 

dehydrogenation, dehydration, reforming of hydrocarbons, polymerization, oxidation of CO and 

hydrocarbons and reduction of the concentration of nitrogen oxides in automobile exhaust gases. 

One such application is fluid cracking catalysts (FCCs), materials which are used in the 

petroleum-refining industry, to convert heavy crude oil into gasoline and other valuable products 

[25]. 

1.3.3 Glass and Ceramics 

Another important use of rare earth elements is in the glass and ceramic industries. Rare 

earth oxides in their naturally-occurring composition or with an increased CeO2 content (or pure 

CeO2) are used as polishing agents in the glass industry. Due to their intrinsic crystal structures, 
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chemical reactivity and the colours of some REE cations, REEs are widely applied in glass 

clarification, decolouring/colouring, polishing as well as ceramic pigments [26]. The REEs used 

in these areas include cerium, lanthanum, praseodymium, neodymium, samarium, erbium, and 

yttrium. Significant amounts of CeO2 (with some La2O3 and Nd2O3) are utilized in the polishing 

of glass, mirrors, TV screens, computer displays and the wafers used to produce silicon chips. 

When used in a fine-powder form, the REOs react with the surface of the glass to form a softer 

layer (mechano-chemical effect), thus making it easier to polish the surface to a high-quality 

finish. Cerium dioxide has completely replaced toxic white arsenic (arsenic trioxide) for this 

use.REEs make the glass with different colours or with different specialties. CeO2 and La2O3 

are used as additives in the glass industry. Neodymium glass is a very good laser material and is 

used in large-scale and high power laser devices. REEs in the ceramics and enamels enable the 

ceramics with rich colours and increase the cracking resistance of the enamels [1].  

1.3.4 Phosphors 

Phosphorsare the major application of the high purity single rare earth oxides. 

Stimulation by UV, X-rays, or electron beams causes certain rare earth elements to emit light of 

a definite wavelength. Liquid crystal displays (LCDs) and plasma screen displays, light-emitting 

diodes (LEDs) and compact fluorescent lamps (CFLs) all utilize rare earth based materials. 

Compounds containing europium (Eu), yttrium (Y) and Tb are frequently used to produce 

phosphors, and are fined-tuned for particular colour outputs. Since much more of the electrical 

energy is converted into light than with conventional light sources, phosphor materials are 

significantly more energy-efficient that older technologies, requiring a lot less electricity to 

produce the same outputs. The spectral position of the emission lines of rare earths is almost 

independent of the host lattice which is not the case in transition elements. Rare earth ions such 
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as Tb
3+

 and Eu
3+

 emit at frequencies that enable high lumen efficacies and a good quality of 

white light [27,28]. Commercial plasma screens have used yttrium tantalates activated by 

thulium (YTaO4: Tm) or niobium (YTaO4: Nb) [29,30].  

1.3.5 Permanent Magnets 

The use of REEs in magnetic alloys has enhanced the possibility to prepare permanent-

magnet materials which can not only generate very strong magnetic fields but also able to 

strongly resist being demagnetized when exposed to other magnetic fields, or to increases in 

temperature. The REEs used in these alloys are neodymium (Nd), praseodymium (Pr), samarium 

(Sm), dysprosium (Dy) and terbium (Tb), which supplement the inherent ferromagnetism of 

transition metals such as iron (Fe) and cobalt (Co).These characteristics have revolutionized the 

field of magnetics design in recent years, in the production of high-performance electric motors, 

which convert electricity into mechanical motion, and electric generators. Rare-earth permanent-

magnet materials have also reduced the size ofthe motors, loudspeakers, hard-disk drives, 

cordless power tools and other applications that use permanent magnets to operate, while 

maintaining the same or better output characteristics as other technologies. Sm, Eu, Gd, and Dy 

have high thermal neutron capture cross sections. Eu and Dy can take up five neutrons in 

succession [31-32]. Therefore, they have a low rate of burn off when used in control rods or in 

ceramics for radiation protection [33].  

1.4 Rare earth crisis 

The rare-earth elements (REEs) are becoming increasingly important in the transition to a 

green economy, due to their essential role in permanent magnets, lamp phosphors, catalysts, 

rechargeable batteries etc. With China presently producing more than 90% of the global REE 

output and its increasingly tight export quota, the rest of the world is confronted with a REE 
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supply risk. Consequentially, as the global demand for hybrid and electric cars, wind turbines, 

and compact fluorescent lamps rises, so does the price of REEs. As such, the European 

Commission labeled the REEs as the most critical raw materials group in its landmark report 

Critical Raw Materials for the European Union [34]. Likewise, the US Department of Energy 

(DOE) acknowledged the critical importance of REEs in their Critical Materials Strategy report 

by listing REEs in their medium term criticality matrix (Fig. 3.1) [35]. Furthermore, the US DOE 

labeled neodymium (Nd), europium (Eu), terbium (Tb), dysprosium (Dy), and yttrium (Y) as the 

five most critical REEs. The demand for Nd and Dy is anticipated to increase by 700 % and 

2600% in the next 25 years, respectively [22]. Presently, China produces over 90 % of the global 

REE supply, although less than 40 % of the known REE supply is located in China. This is due 

to the specialization China has achieved in last 4 decades of expertise in downstream activities, 

such as the separation of rare earth oxides into individual elements, processing elements into 

rare-earth metals, and the production of rare-earth permanent magnets and lamp phosphors. 

Moreover, in order to accommodate increased domestic demand, China decreased its export 

quota from 50145 tons to 31130 tons between 2009 and 2012 [36]. Minning companies are now 

actively seeking new exploitable REE deposits while some old mines are being reopened 

because of the above mentioned crisis. The absence of economical and/or operational primary 

deposits on their territory, many countries will have to rely on recycling of REEs from pre-

consumer scrap, industrial residues and REE-containing End-of-Life products [37, 38].  
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Fig. 1.4 Medium term criticality matrix depicting the five most critical REEs (DOE) 

 

REE recycling is also recommended in view of the so-called ―balance problem‖. For 

instance, primary mining of REE ores for neodymium generates an excess of the more abundant 

elements, lanthanum and cerium. Therefore, recycling of neodymium can reduce the total 

amount of REE ores that need to be extracted. Despite a vast, mostly lab-scale research effort on 

REE recycling, up to 2011 less than 1% of the REEs were actually recycled. This is mainly due 

to inefficient collection, technological problems and, especially, a lack of incentives. A drastic 

improvement in the recycling of REEs is, therefore, an absolute necessity [39,40]. This can only 

be realized by developing efficient, fully integrated recycling routes, which can take advantage 

of the rich REE recycling literature [41].  



18 
 

1.5 Rare Earth Resources 

The rare earth elements are lithophilic and are therefore concentrated in oxidic 

compounds such as carbonates, silicates, titanotantaloniobates, and phosphates, or form minerals 

of these types on their own [42,43]. The formation of the minerals is influenced by variations in 

ionic radii, crystallochemical factors such as coordination number, basicity, potential for 

isomorphic replacement, tendency to form complexes, and differences in oxidation states. More 

than 250 rare earth minerals have been identified. However, only about a few of them have 

important industrial value (Table 1.3): bastnaesite, monazite, xenotime, fluocerite, parasite, 

fergusonite, gadolinite, aeschynite, synchysite, samarskite, polycrase, and loparite. Among these, 

the first four are the major industrial rare earth minerals [44, 45]. In addition to the rare earth 

minerals in Table 1.5, ion-adsorption type rare earth clay is the major source of current heavy 

rare element production. It was first discovered in China‘s Jiangxi Province in 1969. 

Table 1.3 Rare earth world scenario: resource and production 
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The REEs are adsorbed on the surface of clays in the form of ions. The REO grade in the 

ion-adsorbing type clay is 0.05–0.3 %. Of the REO up to 60 % are heavy rare earth elements. 

The ore composition is relatively simple in comparison to the coastal placers. Presently, the main 

ore minerals for the REEs are monazite, bastnaesite, and xenotime. The first REE mineral to be 

used was gadolinite, and from this mineral, several of the REE were first isolated, but it was not 

applied on an industrial scale. So it can be safely said that the first REE ore mineral from which 

REE were extracted for industrial use was monazite. 

1.5.1 Monazite 

Monazite is one of the most important rare earth minerals and it was the first rare earth 

mineral recovered for industrial application. Monazite has a generalized chemical formula 

LaPO4[46]. The name is devised from the Greek monazeis, meaning ―to be alone‖ because of the 

isolated crystals of monazite, and the fact that it was quite rare when first found. Monazite 

primarily consist light rare earth elements: La, Ce, Pr, Nd, and Sm, however, a mix of all the rare 

earths is present in low concentration. It usually also contains Th and/or U, but the amounts in 

monazite are generally too low to be extracted as a valuable by-product. It is widely distributed 

across the world. Australia, Brazil, India, and China are all important monazite producers. 

Monazite reserves in India are poor in europium and other heavy rare earths compared to all 

other types of monazite found across the world which makes them disadvantageous for 

producing HRE.   

1.5.2Bastnaesite 

Bastnaesite is the most industrially important rare earth mineral, containing 67–73 % 

REO. It is the major source of light rare earth elements.The chemical composition of bastnaesite 

is relatively simple in comparison with other rare earth minerals with general formula of 
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Ce(CO3)F. At present the basic origin for Bastnaesite is from two countries USA and China. 

Among the HREEs, only Y is constantly found in Bastnaesite. Bastnaesite, containing neither U 

nor Th, has replaced monazite as the primary LREE-ore mineral. Related minerals may arise 

from substitution of the fluorine and carbonate ions. Bastnaesite is a widespread mineral, but 

never occurs in large quantities. 

1.5.3Xenotime 

 

Xenotime is a rare earth phosphate mineral with its major component yttrium 

orthophosphate (YPO4). It is one of the important sources of heavy rare earth elements. 

Xenotime was first described by Berzelius in a specimen from Hidra (Hitterø), Flekkefjord, 

Vest-Agder, Norway [47]. The generalized chemical formula of xenotime is (YPO4). Xenotime, 

in contrast to monazite and bastnaesite, generally contains, besides Y, appreciable amounts of the 

HREE (Heavy Rare Earth Elements: Y, Tb, Dy, Ho, Er, Tm, Yb, and Lu). Xenotimeusually 

consists up to 67 % REO, mostly the heavier elements [8].  

1.5.4Secondary Resource 

With the dramatically increasing application, global RE consumption has exhibited 

significant growth in recent years. As an important non-renewable natural resource, a stable 

supply of RE raw materials is crucial. In addition to mineral resource, secondary resource also 

has tremendous potential. It is estimated that the current recycling rates of REs are less than 1%. 

An assessment of recycling potential global REs for the year 2020 is outlined, which includes 

most extensively used permanent magnets, nickel-metal-hydride batteries, and lamp phosphors, 

as shown in Table 1.4 [36]. The so-called urban mining can make a significant contribution to the 

overall RE supply, which means the process to recover the compounds and materials from 

products at their end of life.  
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Table 1.4 Recycling potential for rare earths by 2020 

Rare Earth Application Estimated RE 

stocks in 2020 

(tonnes) 

Estimated average 

lifetime of the 

products 

Predicted RE scarp 

by 2020 (tonnes) 

RE Magnets 300000 15 20000 

Lamp Phosphors 25000 6 4167 

Nickel Metal Hydride 

Batteries 

50000 10 5000 

Total 375000 - 29167 

 

Recently, with large amounts of RE accumulation in ―urban mines‖ and highlighted 

supply problems, the recycling of urban mining has become an important source for stabilizing 

supplies, especially for the regions without sufficient economic and/or operational primary RE 

deposits. On the other hand, RE recycling is so meaningful which can not only balance the REs‘ 

supply and demand relation but also reduce environmental pollution. Overall, the transition from 

a linear to a circular approach is the most effective strategy in the future. The main characteristic 

of secondary resource is the widely dispersed RE concentrations, from 0.1 to 30 %, and no 

radioactive Th and U compared with the primary ores. Similarly, they contain abundant Nd and 

Dy. Thus, what is urgently needed in RE recycling is a highly selective and efficient extractant 

which can obtain individual REs and useful concomitant elements at the same time [39-41, 48].  
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1.6 Separation and purification of rare earths 

The separation of the rare earth elements poses one of the most difficult problems in 

inorganic chemistry as well as analytical chemistry. Due to the great similarity of the chemical 

properties, the methods are generally not very selective. In a few cases, better separation can be 

achieved by the variation of oxidation state of high stability (Ce
3+
Ce

4+
, Eu

3+
Eu

2+
). A further 

difficulty is presented by the unfavorable distribution of concentrations of individual rare earth 

metals in the common minerals. Initially rare earth elements are separated in groups of elements 

that resemble each other very closely. Several processes exist for separation of the naturally 

occurring rare earths from one another. They all utilize the small differences in basicity resulting 

from the decrease in ionic radius from lanthanum to lutetium. The basicity differences cause 

several effects: such as variationin solubility of salts, differences in the hydrolysis of ions and 

order of formation of complex species.These differences form the basis of the separation 

procedures by fractional crystallization, fractional precipitation and ion exchange and solvent 

extraction. Also, some trivalent rare earths (Ce, Pr, Tb) may also become tetravalent, and some 

others (Sm, Eu, Yb) may become divalent. This creates the possibility to use selective oxidation 

or reduction of these elements to separate them, because the divalent and tetravalent state the 

elements show marked differences in behavior from the trivalent state [9]. 

1.6.1 Selective Oxidation 

 The most abundant rare earth, Cerium can be removed from the rare earths mixture 

relatively easily after oxidizing naturally occurring Ce(III) to Ce(IV). This valence change 

occurs, when a common cerium ore, bastnaesite is heated in air at 650 °C, or when the rare earth 

hydroxides are dried in air at temperatures of 120–130°. In aqueous hydroxide solution, 

oxidation can be achieved by chlorination or electrolysis. Cerium can also be oxidized by 
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hypochlorite, hydrogen peroxide, atmospheric oxygen, or electrolytically at a suitable pH, 

precipitating it as cerium(IV) oxide hydrate. By adding chlorine and sodium hydroxide solution 

to a solution of cerium earth chlorides, cerium(IV) oxide hydrate is precipitated. This can lead to 

a 90% pure cerium oxide that is suitable for use as a polishing material. A very effective way is 

air oxidation and solvent extraction. It has become apparent that TBP (tributyl phosphate) is the 

best extractant for large scale operations [9] 

1.6.2 Selective Reduction 

It is easily possible to remove Sm(III), Eu(III) and Yb(III) from the trivalent rare earths 

mixture by reducing them to the divalent state. Divalent europium (Eu) has properties similar to 

those of the alkaline earths, especially strontium (insoluble sulfate, soluble hydroxide, etc.). The 

rare earth metals are usually reduced in hydrochloric acid solution by zinc amalgam or sodium 

amalgam. The subsequent precipitation of europium sulfate from the very dilute solution can be 

improved by co-precipitation of strontium or barium sulfate. The europium can be further 

purified by precipitating trivalent elements as their hydroxides by using ammonia. Samarium and 

ytterbium can also be easily separated from the trivalent rare earths mixture after reducing them 

to a divalent state. Unlike cerium, these elements are much less abundant, and separation using 

reduction is carried out only after they have been enriched by other procedures. Finally, there is a 

method of separating samarium, europium and ytterbiumbased on the fact that the metals Sm, 

Eu, and Yb cannot be produced by metallothermicreduction of their halides [9].  

1.6.3 Fractional Crystallization 

Fractional crystallization was the first process for separating the rare earth elements, both 

in the laboratory and on the industrial scale [49]. In Fractional crystallization, a part of a salt in 

solution isprecipitated by a change intemperature or by evaporation of the saturated solution.If 
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the solubility of the various compounds of the solution differs, the composition ofthe crystalline 

precipitate will not be the same as the composition of the originalsolution. The least soluble 

substance will be the first to crystallize.The most suitable compounds areammonium nitrates (for 

La, Pr, and Nd) and double magnesium nitrates (for Sm,Eu, Gd). Manganese nitrates have also 

been used for separation of lanthanides ofthe cerium group (La–Nd). Other chemicals applied 

include a sodiumrare earth EDTA salt for separating gadolinium, terbium, dysprosium, 

andyttrium. For these rare earths, a purity of 99% has been reached with this method.Fractional 

crystallization works best for the lanthanum end of the series, as therethe differences in ionic 

radius are the largest. Fractional crystallization is very slowfor the heavy rare earths and in the 

Sm(III)–Gd(III)—region, because the differencesin properties between the rare earths decrease 

as the atomic number increases [49]. 

1.6.4 Fractional Precipitation 

Fractional precipitation denotes the removal of part of the rare earths from solution by the 

addition of a chemical reagent to form a new, less soluble compound. The rare earths still 

remaining in solution are recovered either by further precipitation as the same compound or by 

complete precipitation as the oxalate, hydroxide, or other compound. Fractional precipitation was 

only used for separating the rare earth elements into groups, due to filtration difficulties and the 

slow establishment of equilibrium [50]. In thisrespect, it is different from fractional 

crystallisation, where no other compound isintroduced in the solution.Hydroxides and double 

sulphate have extensively been used, as well as doublechromate. The latter one has been used for 

the separation of yttrium fromthe other rare earths. The addition of sodium sulphate to the rare 

earth solution leadsto the precipitation of double sulphates. Theelements La, Ce, Pr, Nd and Sm 

formpoorly-dissolvable double sulphates, whereas Ho, Er, Tm, Yb, Lu and Y formwell-
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dissolvable double salts. The salts of Eu, Gd and Dy form salts of intermediatesolubility. 

Generally, the use of this method crudely separates the rare earth mixtureinto three groups, 

although separation of La and Y is very well possible [9]. 

1.6.5 Ion Exchange 

In ion exchange, there is an adsorption stage and an elution stage. In the first, the ions 

from the solution get loaded on the exchanger, and in the latter, as a consequence of a change of 

conditions, the ions desorb from the exchanger and go again into solution. For the rare earths, 

this was first attempted in the late 19th century (1893) for the separation of yttrium and 

gadolinium using activated carbon. Later the separation of the rare earths was also tried using 

other exchangers.  

However, current ion exchange process is based on the work carried out on the separation 

of rare earth elements produced by uranium fission, and formed part of the Manhattan Project. 

The principles of separation by elution were developed by Boyd and coworkers in the Oak Ridge 

National Laboratory. Spedding et al had investigated the production of rare earth metals on a 

large scale by displacement elution [51]. Attempts to develop ion exchange column 

chromatography into a continuous process were realized with the development of the continuous 

annular chromatograph by researchers in the mid-1970s. However, the process was designed for 

analytical requirements with low loading of the columns and was therefore not commercialized 

[52-54]. A relative better method termed as continuous column chromatography showed promise 

for better separation and industrial application [55]. In theabove mentioned method the exchange 

of ions between two electrolytes or between anelectrolyte solution and a usually solid material 

called an ion exchanger. Generally, an ion with a higher charge will replace an ion with a lower 

charge.When the ions have the same charge, the ion with the larger ionic radius displaces the 
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onewith the smaller radius according to the laws of mass action. At first ion exchange seemed 

not very promising, as the affinity of the chemically closely related rare earth elements for the 

applied exchangers was not sufficiently different to result in a satisfactory separation. The 

separation factors for adjacent rare earths were found to be close to unity. For example, 

sulfonated polystyrene ion exchange resins, which possess high chemical stability, can combine 

with 0.5 – 0.8 mole of rare earth elements per moleof resin. However, differences in the affinities 

of the rare earth elements for the resin are very small, and the separation factor for two 

neighboring rare earth elements is only 1.08 [56]. The scenario of RE separation changed with 

the application of complexing agents in ion exchange process, which couldenhance separation 

factors. Later, the invention of the band-displacementtechnique has enhanced separation [57]. 

The most useful commercialcomplexing agents are EDTA and HEDTA.EDTA can effectively 

separate most of the rare earths from each other with exception forthe pairs Eu–Gd, Dy–Y, and 

Yb–Lu. The band-displacement technique with ammonium-ethylene-diamine-tetraacetateas the 

complexing agent has made ion exchange the most-used commercialprocess for rare-earth-

element separation since the mid-1950. The advantages offered by ion exchange technique 

aremany like this method can separateindividual rare earth from the mixture of 15 rareearths with 

99.99%purity in one pass through the system, it offers potential up scaling to large quantities.The 

technique is still used today, even with the possibility of solvent extraction, whichis discussed in 

the next section. 

Even though ion exchange method offers high purity rare earths as product but it still 

possessesvarious disadvantages i.e. Chelating agents required in ion exchange are expensive 

along with their recovery is difficult and requires a large number of batch operations. Also, the 

low solubility of rare earths leads to very dilute solutions of the REE (2 – 10 g REO/L), whereas 
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with liquid – liquid extraction 10 –50 times more concentrated solutions may be used. These 

high dilutions lead to bulky equipment and handling losses. Rare earths separation by ion 

exchange techniques has various drawbacks such as considerable increase in plate height when it 

is applied to industrial scale operation.  

1.6.6 Solvent Extraction 

The liquid – liquid extraction process for the separation of the rare earth elements was 

discovered by Fischer et al. who showed that extraction of rare earth metal solutions in 

hydrochloric acid with an alcohol, ether, or ketone gives separation factors of up to 1.5 [58-60]. 

The ability of metal ions to distribute themselves between an aqueous solution and an immiscible 

organic solution has long been utilized by hydro-metallurgists to transfer the valuable metals 

from the aqueous solution to the organic solution and leave the unwanted metals and impurities 

in the aqueous solution. The aqueous solution, normally the feed, contains the valuable metals, 

free acid, and impurities dissolved in water. In the liquid – liquid extraction process used today, 

the organic phase usually consists of two or more substances. The active extractant has 

complexingproperties and is mainly responsible for the transfer of the dissolved rare earth 

elements from the aqueous to the organic phase. In most of the cases, as active extractants are 

usually highly viscous or even solid so must be dissolved in a solvent to ensure good contact 

between the two phases. Suitable solvents i.e. diluents are kerosene and aromatics. A third phase 

between aqueous and organic phases is often formed in solvent extraction operation which is 

related to the solubility of the metal–extractant complex in the organic solution. The third phase 

can cause significant processing challenges and lead to organic loss. The addition of a modifier 

to the organic phase is also an effective approach to minimize the formation of the third phase. 

The objective of extraction is to partially or entirely transfer the valuable solute from the aqueous 
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solution to the organic solution and leave the undesirable solutes in the aqueous solution. A 

solute with a higher distribution ratio is easier to be extracted. A single stage extraction requires 

one time of contact (or mixing) of organic and aqueous solutions. A two stage extraction requires 

two times of contact of the two solutions. A multi stage extraction needs multi times of contact 

of the two solutions in order to complete the extraction of the valuable solute(Fig. 1.5). The 

organic solution will be loaded with the valuable solute after extraction and usually is called 

loaded organic solution. There will be only small amount of the valuable solute left in the 

aqueous solution after extraction. The aqueous solution containing only undesirable solutes and 

impurities is called raffinate. Separation of the rare earths by solvent extraction is currently the 

most favoured method to obtain pure fractions of every rare earth. There are many advantages to 

the use of solvent extraction for the separation of the rare earths. One major advantage of solvent 

extraction process is that the rare earth loading in the organic extractant can be very high. 

Aqueous solutions with up to 130 grams of rare earth oxide per liter can be used [9]. Another 

added advantage is relatively simple equipment and rather quickly, high purity products can be 

achieved [61]. Purities of >99.9 %, reached almost exclusively with solvent extraction, are 

reported in Gupta and Krishnamurthy (2005). As evident from above extractants, metals of 

interest, the nature of aqueous solution, etc. Rare earth solvent extraction systems are also 

introduced according to the extractants. The selection of extractant is critical in developing a rare 

earth solvent extraction process. The rule of thumb in selecting an industrial extractants includes; 

the extractant has at least one functional group that can form extractable complex with metal 

ions. Common functional groups contain O, N, P, and/or S elements. The extractant has a 

relatively long hydrocarbon chain or contains benzene/ substituted ring. This is to increase the 

solubility of the extractant and metalextractant complex in organic phase. Apart from this the 
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extractant should have good selectivity towards the metal of interest along with good chemical 

and thermal stability. The extractant should also have low tendency to form emulsion in 

extraction and stripping operations. This requires the extractant to have low density, low 

viscosity, and large surface tension.  

 

Fig. 1.5 Solvent Extraction: Mixer-Settler Assembly for Yttrium Purification 

The commonly used rare earth extractants include all the types of extractant ranging from 

acidic to basic and neutral extractants as well. 2-ethyl hexylphosphic mono- 2-ethylhexyl ester 

(HEH/EPH, EHEHPA, P507), di-(2-ethylhexyl) phosphoric acid (D2EHPA, HDEHP, P204), di-

(2,4,4-trimethylpentyl) phosphinic acid (HBTMPP), tributylphosphate(TBP), di-(1-

methylheptyl) methyl-phosphonate (P350), Cyanex 923, naphthenic acid, and amines are 

commonly used extractants[23]. These extractants can be used alone or together depending upon 

the need and ease of operation. Although solvent extraction industrially accepted process for rare 
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earths separation but this technique is also not free from difficulties and disadvantages. Few of 

them are listed in the upcoming sections. 

1.7 Limitation of conventional method and scope of alternative methods 

Since 1950‘s solvent extraction process came in to the picture for RE separation and due to 

the obvious advantages such as simple operation, mild process conditions, and fast, continuous, 

and economical handling of large quantities of materials, solvent extraction gradually replaced 

the ion exchange. Up to now, the separation and purification of REs have heavily relied on 

solvent extraction from lab to industrial scale, which became the predominant RE separation 

technology, but there also exit some unavoidable issues relating to the environment.  

1.7.1 Use of hazardous diluents in L-L extraction 

Solvent extraction of REs is similar to other two-phase liquid-liquid extraction processes, 

which generally requires an abundance of nonpolar organic dilutes (or solvents) to dilute the 

organic extractant. In RE separation process, the most widely used dilutes are petrochemical 

products like kerosene, n-paraffin and n-heptane, which are used to dissolve and dilute organic 

extractants to reduce the viscosity of the extracted complexes, but most organic diluents are 

highly volatile and flammable. Therefore, strict standards for fire hazard and explosion are 

severely needed in industrial process which not only increase the cost of operation but also 

enhance the risk to environment. Overall, the large-scale use of volatile solvents is a great threat 

to safe operation, not only because of their toxic and flammable nature but also due to the 

obvious health problems associated with them [62]. Therefore, it is crucial to seek safer 

replacements or development of methods/techniques which require nil/less diluents for 

operation. 
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1.7.2 Limitation of organic extractants 

P507 popularly known as 2-ethylhexyl phosphoric acid mono (2-ethylhexyl) ester or 

PC88A was successfully synthesized on an industrial scale in the 1980s by Shanghai Institute of 

Organic Chemistry, Chinese Academy of Sciences (CAS) [63]. Today P507, is the most widely 

used organic extractant for RE separation on industrial scale in China. Although PC88A of P507 

offers various advantages over other solvents such as high β value, high extraction capacity, and 

easy stripping but it is not free from disadvantages at operation as well as environmental level. 

1.7.2.1 Saponification 

In rare earths separation hydrometallurgy, P507 required to besaponified by ammonia 

water, NaOH, or Ca(OH)2 not only to break hydrogen bonds in the dimers of extractant but also 

to keep the acidity of aqueous phase approximately constant during extraction process leading to 

enhance the cation exchange of REs. However, this process leads to production of corresponding 

ammonia nitrogen, Na+, or Ca2+ ions in discharged wastewater. It was reported by Sun et al that 

the RE industry produced over 20 million tons of wastewater, and approximately over 9 million 

tons of high ammonia nitrogen wastewater was released in 2011 [64]. Recently, saponification 

by ammonia is gradually being replaced by sodium, which is also creating aqueous phase salinity 

problems. 

1.7.2.2 Complex Process 

 

 The selection of organic extractant is a tough process, owing tothe complicated organic 

synthesis process, difficult impurity-removing process, andhigh preparation and evaluation cost. 

Some problems about P507 have been shown,but no suitable replacement has been found, even 

though lots of efforts have beenmade. Bis(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272), 

has the higher β for heavy REs is obtained, but the preparation cost is high, and this system 
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isdifficult to control owing to low extraction capacity and easy emulsificationphenomenon along 

with phase separation issues. 

1.7.2.3 Relatively Low Separation Factor 

 When separation factor values, for the selectivity of heavy REs is compared with the 

lighter ones they were found to generally lower in the P507 system, e.g., Tm/Er (3.34), Yb/Tm 

(3.56), and Lu/Yb (1.78) [65]. Another significant deficiency in P507 is that it is difficult to strip 

heavy REs completely, especially for Tm(III), Yb(III), and Lu (III), and require relatively higher 

acidity. 

1.7.3 Alternative methods 

After carefully examining the current scenario in the field of rare earth separation and 

purification which includes environmental concerns, there is an eminent need to develop 

effective and efficient processes which not only maximizes the separation but also minimizesthe 

environmental hazard associated with the conventional processes. In recent years, various 

alternative techniques such as  

(a) Membrane based separation methods i.e. hollow fibre membrane, emulsion liquid 

membrane etc. 

(b) Solvent impregnated resins/ extractant encapsulated beads i.e. Polystryrene XAD, 

Poly ether ether Ketone and Polysulfone based solvent encapsulated resins/beads. 

The above stated methods haveshown tremendous potential to RE green separation. 

These techniques either require relatively less amount of organic extractant and offers 

simultaneous extraction and stripping of rare earths or eliminate the use of organic diluents in the 

process of recovering rare earth values from aqueous phase. 
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1.7.3.1 Membrane based separation 

A membrane is a semipermeable barrier between two phases. If one component of a 

mixture moves through the membrane faster than another mixture component, a separation can 

be accomplished.Polymeric and inorganic membranes are used commercially for many 

applications including gas separations, water purification, particle filtration, and macromolecule 

separations [66-75]. The membrane techniques offer attractive advantages over conventional 

methods due to the following reasons i.e. low operating costs, low capital costs, continuous 

operation. In liquid membrane separation methods, organic phase is kept in between the two 

aqueous phases; one phase containing metal ion (feed or source phase) and the other which 

receives the metal ion (strip or receiver phase). Several types of membranes are extensively 

studied such as: supported liquid membranes and non-supported liquid membranes. Supported 

liquid membranes consists a polymeric matrix which is used as solid support for organic solvent 

and is placed in between the feed and strip solutions. The stability of membrane depends upon 

various factors like nature of polymer and solvent, the pressure difference across the liquid 

membrane, the solubility of carrier extractant in the aqueous phases, etc. Two types of supported 

liquid membranes are commonly used i.e. flat sheet supported liquid membrane and hollow fibre 

supported liquid membrane. 

1.7.3.1.1 Flat-Sheet Supported Liquid Membrane (FSSLM) 

The term liquid membrane transport includes processes incorporating liquid-liquid 

extraction (LLX) and membrane separation in one continuously operating device. It utilizes an 

extracting reagent solution, immiscible with water, stagnant or flowing between two aqueous 

solutions (or gases), the source or feed and receiving or strip phases. In Flat-Sheet supported 

liquid membrane (FSSLM), a polymer sheet is placed between the two compartments, one 
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containing the feed solution while the other containing the receiver or strip solution.The polymer 

sheet is impregnated with the organic carrier solution and the phases are continuously stirred 

using magnetic stirrers to reduce the aqueous boundary layer resistance for mass-transfer. Since 

the small surface area is available for mass-transfer, hence the mass fluxes are lower. Also, this 

technique cannot be applied on larger scale because a small pressure difference in that case 

would result in the blowing out of the organic solvent from the pores of liquid membrane. Hence, 

FSSLM‘s have been applied on small scales only (generally, few mL to several hundred mL). 

1.7.3.1.2 Hollow Fibre Liquid Membrane (HFLM) 

As described in the above section, the limitations of FSSLM include lower transport fluxes 

and physical instability of membrane at higher volumes and pressure of feed and strip phase. The 

limitation related to mass fluxes can be fixed with increase in the surface area of contact per unit 

volume. In this regard, Hollow Fibre Supported Liquid Membrane (HFSLM) is an attractive 

configuration for higher flux. HFSLM module (Fig. 1.6) consists of thousands of single hollow 

fibres which are cylindrical in geometry. The feed and strip solutions are passed through the 

inside and outside of hollow fibres. Due to compactness of the system, a very large surface area 

per unit volume is available which provides larger mass fluxes using HFSLM technique. The 

presence of tubular porous membrane give rise to two modes of operation: first is in SLM mode 

where solvent can be loaded in the pores of membrane and subsequently feed and strip phase can 

be run through the shell and lumen side of tubular membrane second when tubular membrane 

can be used as interface with feed and organic phase can be passed through shell and lumen sides 

respectively (non-dispersive mode).  
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Fig 1.6 Hollow Fibre Supported Liquid Membrane Module 

Hollow fibre membrane modules promise more rapid mass transfer than is commonly 

possible in conventional equipment. For example, mass transferred per equipment volume is 

about thirty times faster for gas absorption in hollow fibres than in packed towers [76-77]. Liquid 

extraction is 600 times faster in fibres than in mixer settlers [78-82]. This fast mass transfer in 

hollow fibres is due to their large surface area per volume, which is typically 100 times bigger 

than in conventional equipment. In addition, membrane contactors fit the process intensification 

approach for liquid–liquid extractions, scrubbing, or stripping by permitting independent 

variation of flow rates without problems of flooding, eliminating post process separations. 

Contactors show potential for membrane crystallizers using membrane distillation to produce 

crystals from supersaturated solutions, concentrating the solution and removing solvent in the 

vapour phase. Membrane crystallizers fit the process intensification scheme with a larger mass 

transfer area enclosed in a smaller volume than conventional crystallizers. Extensive studies on 

hollow fiber membrane based separation technology (HFMST) were reported for efficient 

removal of toxic heavy metals like Cr(VI), Cd, Zn, Ni, separation and concentration of gold from 

alkaline hydrometallurgical solution [83-87]. Further, recovery of valuable solutes from aqueous 
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phasesfor example, citric acid, carboxylic acid, amino acids, and L-phenylalanine [88] such as 

removal of phenol from industrial waste water [89] are well demonstrated by using this 

technology. 

The faster transport rate and ease of scaling up of process makes it a promising option for 

using this technology in the separation of rare earths and various researchers around the world 

have been exploring the possibility to recover and purify rare earths values by HFM based 

methods. 

1.7.3.2 Solvent impregnated/encapsulated resins 

Although solvent extraction has been widely applied in the field of RE separation, there 

exist some shortcomings. Hydrometallurgical operations based on liquid- liquid extraction 

generally require intimate contact of organic solvents with various types of aqueous solutions in 

extraction, scrubbing and stripping circuits, which often result in the loss of organic solvents due 

to entrainment and them inherit solubility characteristic in aqueous solution. In plant scale 

operations, where large volumes of organic solvents and aqueous solutions are involved, loss of 

organic solvents would be substantial, if not recovered. Regardless of how well the solvent 

extraction system operates, the raffinate contains entrained solvent. Another shortcoming with 

the processrequires more reagents and consumes more energy when solvent extraction is used 

directly to recover rare earths from lean source. To overcome these drawbacks some interesting 

studies have been focused on solid-liquid separation systems [90]. These systems, consumes 

minimal amount of extractant, and the extraction and stripping steps can be coupled into a single 

step. Unfortunately, the industrial use of solid-liquid separation systems is limited by their 

instability and short lifetime of solid adsorption materials. One such type of method is solvent 

impregnated resins (SIRs) which are commercially available (macro)porous resins impregnated 
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with a solvent/an extractant. In this approach, a liquid extractant is contained within the pores of 

(adsorption) particleshavig the organic extractant in liquid phase. Its purpose is to extract one or 

more dissolved components from a surrounding aqueous environment. The basic principle 

combines adsorption, chromatography and liquid-liquid extraction. The principle of Solvent 

Impregnated Resins was first shown in 1974 by Abraham Warshawsky[91]. This first venture 

was aimed at the extraction of metals. Ever since then, SIRs have been mainly used for metal 

extraction, be it heavy metals or specifically radioactive metals. Sorbents containing 

immobilized extractants can be classified into two basic types: (1) solvent-impregnated resins 

prepared by adsorption of an liquid extractant on polymer supports; and (2) resins with liquid 

extractant encapsulated within polymer matrix during polymerization step or solidification of the 

matrix[92-96]. 

However, lately investigations also go towards using SIRs for the separation of natural 

compounds, and even for separation of biotechnological products. While during conventional 

liquid-liquid extraction the solvent and the extractant have to be dispersed, in a SIR setup 

the dispersion is already achieved by the impregnated particles. This also prevents an additional 

phase separation step, which would be necessary after the equilibration occurring in liquid-liquid 

extraction. Also, the impregnation step decreases the solvent loss into the aqueous phase 

compared to liquid-liquid extraction. This decrease of extractant loss is contributed to either 

physical sorption of the extractant on the particle surface, or encapsulation of extractant by 

polymer matrix which means that the extractant inside the pores does not entirely behave as a 

bulk liquid. However, the possible decrease of extractant loss depends largely on the pore size 

and the water solubility of the extractant. Nonetheless, SIRs have a significant advantage over 

e.g. custom made ion-exchange resins with chemically bonded ligands. SIRs can be reused for 
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different separation tasks by just rinsing one complexing agent out and re-impregnating them 

with another more suitable extractant. This way, potentially expensive design and production 

steps of e.g. affinity resins can be avoided. Finally, by filling the whole volume of the particle 

pores with an extractant (complexing agent), a higher capacity for solutes can be achieved than 

with ordinary adsorption or ion exchange resins, where only the surface area is 

available.However, there are possible drawbacks of SIR technology, such as leaching of the 

extractant or clogging of a fixed bed by attrition of the particles. These might be remedied by 

choosing the proper particle-extractant-system. This implies selecting a suitable extractant with 

low water solubility, which is sufficiently retained inside the pores, and selecting mechanically 

stable particles as a solid support for the extractant.  

In terms of actual applicability of these SIR‘s which are also known as solvent 

encapsulated beads or polymeric beads requires a suitable organic extractant. Normally various 

types of organic compounds such as LIX 79, Cyanex 272, TBP, Aliquat 336, di-2-ethyl hexyl 

phosphoric acid (D2EHPA) and 2-ethyl hexyl phosphonic acid (PC88A) have been encapsulated 

or adsorbed inside/on the matrix due to the advantages associated with the extractant used i.e. 

stability, high distribution ratio for metal extraction, low water solubility and selectivity for 

metal ions. Extensive literature survey unveils that various attempts have been made by 

researchers worldwide to study the preparation conditions for polymer (polysulfone, styrene/ di 

vinyl benzene, poly ether ether ketone etc.) based microcapsules/beads and membranes which 

can encapsulate desired extractant. As far as its use in solvent extraction process is concerned 

most of the metal ion separation studies were performed by microcapsules/beads composed of 

chitosan, styrene, divinyl benzene which are commercially known as amberlite XAD[97- 118]. 

In this regard polyethersulfone (PES) which is one of the most important polymeric materials 
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and is widely used in separation fields shows outstanding oxidative, thermal and hydrolytic 

stability as well as good mechanical property [119-121]. Various types of membranes are being 

prepared by phase inversion method using PES for wide spectrum of applications.The structure 

of membrane of PES is influenced by the composition (concentration, solvent, additives) and 

temperature of PES solution, the non-solvent or the mixture of non-solvents, and the coagulation 

bath or the environment, and so on [122].Considering the advantages offered by 

polyethersulphone (PES) for its applicability in preparation of polymer supported extraction 

systems, like membranes, exploring the possibility of using the same PES as matrix material for 

preparation of extractant encapsulated polymeric beads seems to be worthy exercise. The target 

of the present work encompasses preparation of such type of solvent encapsulating beads which 

not only combine the advantages of solvent extraction and ion exchange but also provide benefits 

with the simplicity of operating condition with solid phase ion exchange process. The advantage 

of the application of polymeric beads over other processes should consists large surface area, 

minimal use of organic solvents (environment friendly) and absence of phase separation 

phenomenon. 

1.8 Scope of thesis 

As discussed above in this chapter that, the most commonly used hydrometallurgical 

concentration and purification methods in the mining industry for rare earth separation are 

precipitation, liquid- liquid extraction and ion exchange. The traditional solvent extraction 

process also has limitation such as large volumes of organic solvents are required, especially 

when processing dilute solutions, which is not environmentally friendly. Further the method can 

be tedious and time consuming in those cases when many steps are needed to reach a sufficient 
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separation. Another drawback is that the method is difficult to automate and that the liquid 

phases may form emulsions that at times make it difficult to separate the two phases.  

The last decade has seen phenomenal growth in the use of ionic liquids in this field. Though 

ionic liquids have shown promising results for selective separation but its physical properties, 

toxicity and cost remains a challenge for sustainable industrial applications[123]. Developing a 

new extraction system, including novel extraction material, synergistic extraction system, 

membrane based techniques and ionic liquid extraction, with improved efficiency and 

elimination of organic waste release in aqueous streams has always been challenging and thereby 

attracts researchers worldwide to tackle the vexed problem of separation of rare earths. In this 

context, solvent impregnated resins/beads are being developed as attractive alternatives in 

separation technology nowadays. They offer high surface area, eliminate the need of organic 

diluents, ease in phase separation and have the dual advantage of solvent extraction and ion 

exchange with relatively faster mass transfer kinetics and higher selectivity. Similarly, 

membrane based techniques in particularly HFM has been drawn considerable, as this technique 

requires less amount of organic extractant for carrying out separation studies and offers added 

advantage of simultaneous extraction and stripping. Due to limited literature availability, the 

arena of exploring these techniques for rare earths separation is still wide open. 

Scanty reports are available in literature for the separation of rare earths by solvent 

impregnated resins [112,114]. The reported solvent impregnated beads are mainly based on 

polystyrene, polyether ether ketone, and alginate types of polymer and have sizes in micron to 

sub-millimeter range. These beads suffer from the drawbacks such as low holding capacity for 

extractants and observed to be susceptible to the leaching of impregnated extractants during 

repeated cycle of operations. These factors adversely affect the reusability and stability of the 
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beads. Therefore, it is desirable to develop novel polymeric beads which not only overcome 

these drawbacks but also result in enhanced extractaion/sorption of metal ions from aqueous 

solution. After careful screening of different polymers for matrix material, polyethersulfone has 

been found to be suitable to prepare the polymeric beads encapsulating extractant with improved 

characteristics. Subsequently, the aim of the present work is to evaluate the developed composite 

beads for the sorption of rare earths under variable experimental conditions. The present work 

also emphasizes on the importance of optimization of various variables i.e. system compositions 

(polymer, additive, extractants etc.), preparatory parameters and process variables (aqueous 

media, metal ion, temperature, solid to liquid ratio etc.) to obtain the best suited beads by 

intelligent design of experiments. Taguchi, which is a multi-parameter optimization procedure, is 

employed in the present developmental work to identify and optimize process parameters with a 

minimum number of experiments. Based on the batch experimental results, it was also of interest 

to employ these polymeric beads for the recovery of rare earths in continuous column operation 

mode, which may establish the materials potential to industrial level scale up.  

Another important objective of the present thesis is to develop separation scheme for rare 

earths separation from aqueous solution utilizing hollow fibre membrane module. The present 

work also focuses on the efforts to utilize the importance of liquid membrane technique which 

requires a very less amount of solvent for carrying out rare earth separation studies with added 

advantage of simultaneous extraction and stripping. The present work encompasses the   

development of rare earth recovery (Dy, La, Sm) process by employing hollow fibre membrane 

contactor module with organophosphorus type of extractant.The objective also include the 

evaluation of two modes of operation i.e. non dispersive solvent extraction and hollow 
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fibresupported liquid membrane in which the module can used. This work also aims to evaluate 

the experimental process variables to optimize the rare earth recovery and purification process. 
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2 Experimental and Techniques 

Organic solvent encapsulated beads have been synthesized for potential application in 

the removal of rare earth values from aqueous phase. Membrane based techniques were also 

explored for possible separation and purification of rare earths from different aqueous 

streams. This chapter elaborates the method that was used for the synthesis of polymeric 

beads, application of synthesized polymeric beads under variable experimental condition and 

details of hollow fibre supported liquid membrane techniques utilized for studying the 

transport behaviour of rare earth elements by organophosphorus type of extractants under 

various experimental conditions. Various reagents used in these studies and the techniques 

involved throughout the work have been discussed in this Chapter. 

2.1 Materials  

2.1.1 Polyethersulfone (PES)  

 PES (average molecular weight of 30,000) was obtained from Gharda Chemicals, India 

and used as received.  

 

Fig. 2.1 Structure of Polyethersulfone 

2.1.2 N-methyl pyrolidone (NMP)  

 1-Methyl-2-pyrrolidone or N-Methyl-2-pyrrolidone, NMP (formula weight:  99.13g/mol) 

having purity of 98.5% was obtained from Sigma- Aldrich, India and used as received. 
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Fig 2.2:  Structure of N-methyl pyrolidone 

2.1.3 Di-(2-ethylhexyl) phosphoric acid 

 Di-(2-ethylhexyl) phosphoric acid (DEHPA or HDEHP) is an organophosphorus 

compound. The yellow liquid is a diester (purity of 94.8%) of phosphoric acid and 2-

ethylhexanol. It was obtained from Heavy Water Board, India and was used without any 

further purification for preparing composite beads. 

 

Fig.2.3 Structure of di(2-ethylhexyl)phosphoric acid (D2EHPA) 

2.1.4  2-Ethylhexyl 2-ethylhexyphosphonic acid (EHEHPA) 

 2-Ethylhexyl 2-ethylhexyphosphonic acid also known as PC88A having molecular weight 

of 306.4 and purity of 95% has been received from Heavy Water board and used as it is.  

 

Fig.2.4 Structure of 2-Ethylhexyl 2-ethylhexyphosphonic acid 

2.1.5 Diluent  

 Experiments performed during the recovery of rare earth by employing hollow fibre 

membrane required organic extractant to be used as carrier phase. The extractant needs to be 
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diluted so that the hydrodynamic conditions can be optimized for favorable metal ion 

extraction. Petroffin (Heavy Normal Paraffin) having following specification has been used 

as diluent. 

Table 2.1 Characteristic properties of petroffin 

Characteristics Specifications 

Density (at 15 ° C) 0.75±.01 

Purity 99% 

Carbon Distribution 

C11 

C12 

C13 

C14 

 

20-30 % 

25-35 % 

20-30 % 

20-25 % 

Flash point 70 ° C 

 

2.1.6 Polyvinyl alcohol 

 Polyvinyl alcohol is a water-soluble synthetic polymer having molecular weight in the 

range of 31,000–50,000 was used as received from Merck India.  

 

 

Fig. 2.5 Structure of poly vinyl alcohol 

2.1.7 Rare earths oxides  

 Rare earth (such as Y(III), Sm(III), La(III),Dy (III), Nd(III), Pr(III) etc.) solutions were 

prepared by dissolving their oxides (>99% purity, received from Indian rare Earth Limited, 
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India) in hydrochloric acid and individual working solution were prepared by the appropriate 

dilution of the stock solutions. 

2.1.8 Multiwall Carbon Nanotube (MWCNTs) 

 MWCNTs was having an average diameter of 20nm were prepared in our (REDS) 

laboratory by chemical vapour deposition method. Purification of MWCNT was achieved by 

treating it with hydrochloric acid (HCl) following thermal oxidation prior to its use in the 

present investigation [123]. 

2.1.9 Others 

 All the other chemicals and reagents used during the present investigation such as 

polyethylene glycol (PEG), poly acrylic acid (PAA), ethyl alcohol and LiCl were procured 

from Merck and were having LR grade purity. 

2.2 Method 

2.2.1 Preparation of polymeric beads 

 An experimental set up similar to Gong‟s approach was prepared for synthesis of 

extractant encapsulated polymeric beads [Fig 2.6] [116]. Initially, a PES solution was 

prepared by dissolving polymer in NMP in a desired w/v ratio. This prepared solution was 

then added to organic extractant at definite polymer to extractant ratio under stirring 

condition. Due to low solubility and inherent water content in the organic solvent the mixed 

solution of polymer and organic extractant appear like an emulsion or partially mixed 

solution. The mixed polymer solution was gradually dropped into the anti-solvent (deionized 

water) bath through a nozzle of syringe needle at an appropriate height. In the anti-solvent 

bath, the instantaneously formed droplets slowly precipitated due to the phase inversion of 

relatively dense polymeric backbone resulting in the formation of PES beads impregnating 

extractant. During this preparation, the temperature of the water was kept constant at 30°C 

using a thermostatic unit. These beads were then immersed and stabilized in the water bath 
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for 24 hours prior to their use. Various types of polymeric composite beads with different 

additives were prepared by the above mentioned method under optimized preparatory 

conditions (10-15% w/w PES in NMP with 1:5 D2EHPA to polymer solution). 

 

       Fig. 2.6 Preparation set up for extractant encapsulated PES based polymeric beads  

 The concentration of the constituents was optimized in such a way that the resultant 

composite beads resulted in spherical shape. The concentrations of additives in different 

polymeric beads were 1.5, 0.25, 1, and 1 % w/w for PVA, MWCNT, PEG and LiCl 

respectively.  

2.2.2 Metal ion sorption studies 

  Sorption (uptake) study of rare earths by polymeric beads was investigated in batch as 

well as column mode. In the case of batch mode, sorption studies have been performed by 

contacting known amount of all types of polymeric beads separately with aqueous solutions 

containing rare earths (80 to 3300 mg/L) at varying concentrations at an appropriate solid to 

liquid ratio for 24 hours to make sure that the system had reached the equilibrium. The solid –
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liquid mixture was stirred constantly to avoid mass transfer resistance. In general, the 

experiments were performed at ambient temperature (30±1ºC), except for temperature 

variation study. To study the effect of a particular experimental parameter on sorption of rare 

earth elements, sorption test was carried out in similar way by keeping the other variables 

constant. Once the system reached the equilibrium the polymeric beads were removed and the 

aqueous phase was analyzed for its metal ion content by ICP-AES (JY Ultima 2) described in 

section 2.3.1. The concentration of sorbed metal ion was determined by the difference in the 

initial and equilibrium concentration in aqueous solution. For material balance the composite 

beads sorbed with metal ions were stripped either with suitable strippents i.e. 40 % HCl or 

25% H2SO4 and analyzed for metal ion content by ICP-AES. The equilibrium adsorption (qe) 

in mg/g and weight distribution coefficient, Kd were evaluated using following equations: 

   (     )
 

 
                           (2.1) 

   (
     

  
)
 

 
                               (2.2) 

  Where C0, and Ce are concentration of Y(III) in mg/L or ppm at initial time and at 

equilibrium, respectively; w is the weight of polymeric beads (polymer and extractant); and V 

is the volume of aqueous phase in liters for qe and mL for Kd evaluation. 

2.2.3 Sorption isotherms 

There are different theoretical models present, to describe the sorption process in 

detail. By evaluating the experimental data and applying these models, various important 

parameter and process mechanism can be determined, which help in understanding about the 

sorption of rare earths by polymeric beads under investigation. 

2.2.3.1 Langmuir isotherm 

Langmuir was the first to propose a coherent theory of sorption onto a flat surface 

based on a kinetic viewpoint [124]. The Langmuir sorption model is one of the best known 

and most frequently applied isotherms. The Langmuir equation initially was formulated on 
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the basis of a dynamic equilibrium between the sorbent and the sorbate, that is, the rate of 

sorption (which is the striking rate at the surface multiplied by a sticking coefficient, 

sometimes called the accommodation coefficient) is equal to the rate of desorption from the 

surface. 

Langmuir proposed that the rate at which the sorbate molecules (B) strike a surface of 

a sorbent (A) is proportional to the product of the concentration of the sorbent and the 

fraction of the surface remaining uncovered by sorbate. To derive Langmuir Equation, a 

parameter „θ‟ is introduced. Let θ be the fraction of the number of the sites on the surface 

which are covered with sorbate molecules. Therefore, the fraction of surface which is 

unoccupied will be (1 – θ). Now, the rate of the forward direction depends upon two factors: 

The fraction of sites available on the surface of sorbent, (1-θ), and the concentration, C. 

Therefore, the rate of the forward reaction is directly proportional to both the mentioned 

factors. 

Rate of sorption α C (1-θ)                             (2.3) 

Rate of Sorption = Ka C (1-θ)                        (2.4) 

Similarly, the rate of the backward reaction or rate of desorption depends upon 

number of the sites occupied by the sorbate molecules on the sorbent, 

i.e. Rate of desorption α θ                             (2.5) 

 Rate of desorption α  Kd θ                           (2.6) 

At equilibrium, the rate of sorption is equal to the rate of desorption. 

Ka C (1-θ)     =   Kd θ                                    (2.7) 

On solving the above equation for θ, we get 

  
    

       
                                                   (2.8) 

On rearranging the above equation, and substituting Ka/Kd with KL (Langmuir 

constant) 
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                          (2.9) 

This is known as Langmuir sorption equation. θ can be expressed in terms of 

equilibrium sorption capacity, qe, and maximum monolayer capacity, qm, as given in 

equation (2.9) 

  
  

  
                                (2.10) 

Therefore, on substituting θ from equation (2.8), and rearranging, equation (2.9) 

becomes 

     
    

      
                  (2.11) 

The linearized form of the Langmuir sorption isotherm can be presented as 

 

  
 

 

  
 

 

      
               (2.12) 

From the linear plot of 1/qe vs 1/Ce, the values of qm and KL can be calculated from 

the intercept and the slope, respectively. The basic characteristics of Langmuir equation have 

been often represented in terms of a dimensionless separation factor, (RL), defined as  

   
 

      
                       (2.13) 

The value of parameter RL indicates the nature of the isotherm as given below. 

RL > 1                unfavorable sorption 

0 < RL < 1         favorable sorption 

RL =0                 irreversible sorption 

RL = 1                linear sorption 

2.2.3.2 Freundlich isotherm 

Freundlich isotherm is an empirical equation. This equation is also one among the 

most widely used isotherms for the description of sorption equilibrium [125]. In contrast to 

the Langmuir equation, the Freundlich isotherm assumes sorption onto sorbent surfaces, 

which are characterized by heterogeneous sorption sites. It is also assumed that the stronger 
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binding sites are occupied first, and that the binding strength decreases with increase in the 

degree of site occupation. At low concentration, the amount of the sorbate sorbed is directly 

proportional to concentration of the sorbate (raised to power one). 

                                   (2.14) 

At high concentration, the amount of the sorbatesorbed is independent of 

concentration, i.e., Ce raised to power zero 

     
                               (2.15) 

Therefore, at an intermediate value of concentration, sorption is directly proportional 

to the concentration raised to power 1/n. Here, n is a variable, the value of which is greater 

than one. 

        
 
 ⁄                      (2.16) 

The above equation is known as Freundlich sorption equation. The linearized form of 

the above equation can be represented as 

              
 

 
               (2.17) 

The linear plot of log qe versus log Ce has a slope of 1/n and an intercept of log KF. 

However, in other case, when 1/n ≠ 1, the KF value depends on the units in which qe and Ce 

are expressed. On average, a favorable sorption tends to have Freundlich constant n between 

1 and 10. Larger value of n (smaller value of 1/n) implies stronger interaction between the 

sorbate and the sorbent, while 1/n equal to 1 indicates linear sorption, leading to identical 

sorption energies for all the sites. 

2.2.4 Sorption Kinetics 

Sorption kinetics describes the time-dependent evolution of the sorption process until 

equilibrium is reached. Such studies yield information about the possible mechanism of the 

sorption and the different transition states involved on the way to the formation of the final 

sorbate-sorbent complex. The results of such study help to develop appropriate mathematical 
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models, to describe the interactions. Among the most popular kinetic models/equations are 

the so-called “pseudo first-order” and “pseudo second order” rate expressions. 

2.2.4.1 Pseudo first-order kinetic model 

Lagergren equation is probably the earliest known one, describing the rate of sorption 

in the liquid-phase systems [126]. This equation is called the pseudo first-order equation, or 

the Lagergren‟s rate equation, and can be written as 

   

  
     (     )             (2.18) 

Where qt is the amount of sorbate sorbed at time t, and k1 is the rate constant of the 

first order sorption. After integration and applying the boundary conditions, qt= 0 at t = 0, the 

equation (2.18) can be written as  

   (     )           
  

     
                (2.19) 

The values of k1 and qe can be determined from the slope and intercept, respectively, 

of the straight line plot of log (qe - qt) versus t. Determining qe accurately is a difficult task, 

because, in many sorbate-sorbent interactions, the chemisorption becomes very slow, after 

the initial fast response, and it is difficult to ascertain whether equilibrium is reached or not. 

Therefore, it has been reported that, many sorption processes follow Lagergren pseudo first-

order model only for the initial 20 to 30 min of interaction. The value of k1 parameter, also 

called time-scaling parameter, decides how fast the equilibrium in the system can be reached. 

The experimental studies have confirmed that the value of k1 parameter can be both 

dependent and independent of the applied operating conditions. Its value depends on the 

initial concentration of the sorbate. It usually decreases with the increasing initial sorbate 

concentration in the bulk phase. Since the model does not describe the interactions for the 

whole range of contact time, in many cases, higher order kinetic models are employed to 

analyze the experimental results. 
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2.2.4.2 Pseudo second-order kinetic model 

The pseudo second-order kinetics is usually associated with the situation, when the 

rate of direct sorption/desorption process (seen as a kind of chemical reaction) controls the 

overall sorption kinetics [126, 127]. The pseudo second-order kinetic model is expressed as 

   

  
     (     )

              (2.20) 

Where k2 is the rate constant of the pseudo second-order sorption. After integration 

and applying the similar boundary conditions, the equation (2.20) can be written as 

 

  
 

 

    
  

 

  
                       (2.21) 

The above equation can be further simplified by substituting h for k2  
 , where h can 

be considered as the initial sorption rate, when, and hence the final form of the equation can 

be written as 

 

  
 
 

 
 

 

  
                            (2.22) 

The plot of t/qt vs t gives a straight line, from the slope and intercept of which, the 

values of qe and h, respectively, can be determined. Once the value of h is known, the value 

of k2 can be determined there from. Many reports are available in literature, indicating that 

the value of k2 has strong dependence on the applied operating conditions, such as the initial 

solute concentration, pH of solution and temperature, etc. The value of k2 is usually strongly 

dependent on the applied initial solute concentration, and it decreases with the increase in Co, 

i.e., the higher is the Co value, the longer time is required to reach an equilibrium. The 

sorption kinetics is very complex in nature, and the importance of the various factors varies 

from one system to another. Any change in the pH and temperature brings about the changes 

in the equilibrium state. Due to these reasons, the influence of pH and temperature on the k2 

value has not yet been theoretically studied. 
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2.2.4.3 Kinetic steps 

Mass transport, or migration, of the sorbate can be divided into four consecutive steps 

until it reaches the interior surface of the pores.  

i. Bulk transport 

This is transport of the sorbate from the solution phase to the subsurface, which is 

built up around the sorbent. This step is usually very rapid due to mixing of the flow. 

ii. Film transport 

This step involves diffusion of the solute across the so-called liquid film/sub surface 

surrounding the sorbent particles. This step is also known as external diffusion. 

iii. Intraparticle transport 

The third step in sorption involves the transport or diffusion of the solute in the liquid 

contained in the pores of sorbent particle, and along the pore walls. 

iv. Sorption of the solute on active sites 

This is the final step in the sorption process, and involves sorption and desorption of 

the solute molecules on/from the sorbent surface, which is quite fast.  

The overall sorption rate may mainly be governed by any one of these steps, or a 

combination of two or more steps. Usually, the sorbate-sorbent system is under rapid 

mechanical mixing, and hence, the effect of the transport in the solution is eliminated. 

Therefore, the involvement of bulk transport step on the overall sorption rate can be 

neglected. Thus, the sorption rate is governed by external diffusion or internal diffusion. 

Internal diffusion step actually involves intraparticle diffusion and inter crystalline diffusion, 

or the sorption of the solute on the active sites. Generally, the control by liquid-phase mass 

transfer/film diffusion is favoured by 

 low liquid-phase concentration (small driving force in the liquid) 

 high ion-exchange capacity (large driving force in the exchanger) 



56 
 

 small particle size (short mass transfer distances in the bead) 

 open structure of the exchanger, e.g., low cross-linking (little obstruction to diffusion 

in the exchanger) 

 Ineffective agitation of the liquid (low contribution of convection to liquid-phase 

mass transfer). 

All of these mechanisms may also occur in parallel, which makes the determination of 

the dominating step difficult. In order to determine the contribution of the steps involved, 

numerous kinetic models have been compared to predict the behaviour of the experimental 

data. 

2.2.4.4 Intraparticle diffusion model 

This model is represented by the following equation 

        
 
 ⁄              (2.23) 

where kid is the intraparticle diffusion rate parameter and I (mg/g) is a constant that 

gives an idea about the thickness of the boundary layer. The values of kid and I can be 

determined from the slope and the intercept, respectively, of the plot of qt vs t
1/2

. Intraparticle 

diffusion process involves the migration of ions into the internal surface of the sorbent 

particles through pores of different sizes. Boundary layer diffusion and the rate of surface 

sorption affect the intraparticle diffusion. These factors, along with the intraparticle diffusion 

rate, are dependent on surface characteristics of the sorbent. 

2.2.4.5 Boyd’s plot 

Boyd expression was used to analyze the sorption kinetic data to determine that 

whether sorption of Y(III) by beads proceeds via film diffusion or intraparticle diffusion 

mechanism [128]:  

    
 

  
 (   )           (2.24) 
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Where F is the fraction of solute sorbed at different time t and Bt is a mathematical 

function of F. 

   
   

   
                                          (2.25) 

Where, qt and qe represent the amount sorbed (mg/g) at any time t and at infinite time 

(in the present study 1400 min.), respectively. Solutions to eq. (2.24), depending on the value 

of F, are given as equation (2.26) and (2.27). 

       
   

  
                             (2.26) 

             (   )           (2.27) 

Bt can be calculated using both the equations (2.26) & (2.27). Equation (2.26) is used when F 

is upto 0.085, when it is higher > 0.85, Eq. (2.27) is used. The linearity of Bt versus t plot 

provides useful information to distinguish between the film diffusion and the intraparticle 

diffusion mechanism of sorption. A straight line passing through the origin is indicative of 

the sorption processes only governed by intraparticle diffusion mechanisms; otherwise, it is 

governed by film diffusion [127-129].  

 Though the sorption of Y(III) by D2EHPA follows the mechanism of ion exchange, when 

it is encapsulated inside porous beads, adsorption into the pores comes in the picture, 

Therefore the isotherms is applicable in this case. 

2.2.5 Column studies  

 Column studies were performed on PES/D2EHPA beads.  Sorption study of Y(III) in the 

continuous column operation mode was performed in a glass column (d=10mm, h=350mm) 

filled with 15g of both the beads separately. Top and bottom of columns were filled with 

glass wool to prevent the floating of beads. The Y(III) solution at 160 mg/L Y(III) in 0.5M 

HCl was passed through the columns with the help of peristaltic pump at an optimum flow 

rate of 1.5mL/min. The solutions coming out from the columns were taken out periodically 

and analyzed for Y(III) content till its concentration was found to be equal to the inlet feed so 
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that breakthrough point can be determined. Desorption study of rare earth loaded composite 

beads were also carried out with either with 50% HCl solutions in the same column.  

 Batch as well as column tests were carried out in duplicate for reproducibility of the data. 

The experimental data were within the average error limit of 4.5%.  

2.2.6 Experimental design to optimize parameters 

 The present work also emphasizes on the importance of optimization of various variables i.e. 

system compositions (polymer, additive, extractants etc.), preparatory parameters and process 

variables (aqueous media, metal ion, temperature, solid to liquid ratio etc.) to obtain the best 

suited beads by intelligent design of experiments. Every experimenter has to plan and 

conduct experiments to obtain enough and relevant data so that he can infer the science 

behind the observed phenomenon. This can be done by  

2.2.6.1 Trial-and-error approach 

This method requires making measurements after every experiment so that analysis of 

observed data will help in deciding what to do next - "Which parameters should be varied and 

by how much". Many a times such series does not progress much as negative results may 

discourage or will not allow a selection of parameters which ought to be changed in the next 

experiment. The data is insufficient to draw any significant conclusions and the main problem 

still remains unsolved. 

2.2.6.2 Design of experiments 

A well planned set of experiments, in which all parameters of interest are varied over 

a specified range, is a much better approach to obtain systematic data. Mathematically, such a 

set of experiments ought to give desired results. Usually the number of experiments and 

resources required are large. However, it does not easily lend itself to understanding of 

science behind the phenomenon. The analysis is not very easy and thus effects of various 

parameters on the observed data are not readily apparent. In many cases, particularly those in 
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which some optimization is required, the method does not point to the best settings of 

parameters due to limitation imparted by range of data [130].  

2.2.6.3 Taguchi Method 

Dr. Taguchi has envisaged a new method of conducting the design of experiments 

which are based on well-defined guidelines [131]. This method uses a special set of arrays 

called orthogonal arrays. These standard arrays stipulate the way of conducting the minimal 

number of experiments which could give the full information of all the factors that affect the 

performance parameter. The crux of the orthogonal arrays method lies in choosing the level 

combinations of the input design variables for each experiment. "Orthogonal Arrays" (OA) 

provide a set of well balanced (minimum) experiments and Dr. Taguchi's Signal-to-Noise 

ratios (S/N), which are log functions of desired output, serve as objective functions for 

optimization, help in data analysis and prediction of optimum results. Taguchi Method treats 

optimization problems in two categories, 

2.2.6.3.1 Static Problems 

    Generally, a process to be optimized has several control factors which directly 

decide the target or desired value of the output. The optimization then involves determining 

the best control factor levels so that the output is at the the target value. Such a problem is 

called as a "Static Problem". 

2.2.6.3.1.1 Batch Process Optimization 

        There are 3 Signal-to-Noise ratios of common interest for optimization of Static 

Problems;         

(a) Smaller-The-Better: 

            ,                      - 

        This is usually the chosen S/N ratio for all undesirable characteristics like 

“defects” etc. for which the ideal value is zero. Also, when an ideal value is finite and its 
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maximum or minimum value is defined (like maximum purity is 100%) then the difference 

between measured data and ideal value is expected to be as small as possible. The generic 

form of S/N ratio then becomes, 

            ,                          *                + - 

(b) Larger-The-Better: 

            ,                                                  - 

This case has been converted to Smaller-The-Better by taking the reciprocals of 

measured data and then taking the S/N ratio as in the smaller-the-better case. 

 (c) Nominal-The-Best: 

            
,              -

,        -
 

        This case arises when a specified value is MOST desired, meaning that neither a 

smaller nor a larger value is desirable. 

2.2.6.3.1.2 Dynamic Problems 

    If the product to be optimized has a signal input that directly decides the output, the 

optimization involves determining the best control factor levels so that the "input signal / 

output" ratio is closest to the desired relationship. Such a problem is called as a "Dynamic 

Problem". 

    In Taguchi Method, the word "optimization" implies "determination of BEST 

levels of control factors". In turn, the BEST levels of control factors are those that maximize 

the Signal-to-Noise ratios. The Signal-to-Noise ratios are log functions of desired output 

characteristics. The experiments, that are conducted to determine the BEST levels, are based 

on "Orthogonal Arrays", are balanced with respect to all control factors and yet are minimum 

in number. This in turn implies that the resources (materials and time) required for the 

experiments are also minimum. In the present work I aimed for optimizing the recovery and 

equilibrium sorption of Rare earths values from aqueous phase by developed polymeric beads 
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and for that larger-the-better type of objective function has been used. The effects of various 

operational and structural parameters in process of recovering rare earths by polymeric beads 

have been analyzed by Taguchi method using L18 orthogonal array [132]. 

2.2.7 Membrane based studies 

Application of membrane based rare earths separation was demonstrated by 

employing hollow fibre membrane contactor (HFM) fig 2.7. HFM contactor (Liqui Cell 

2.5×8) used in the present work was procured from Polypore, USA and made up of 

hydrophobic microporous polypropylene hollow fibres enclosed in a polypropylene shell of 

2.5″ × 8″ dimension (Fig. 2.8) [133-135]. The module contained about 10,000 fibres of 40 % 

porosity and had an effective surface area of 1.4 m
2
. The complete specification has been 

given in Table 2.2. To perform experiments in supported liquid membrane mode organic 

phase was pumped through the lumen side of the HFM contactor at a pressure above 3 psi in 

recycling mode. To confirm the complete filling of membrane pores with organic extractant, 

the organic extractant was circulated for ~30 minutes when the extrcatnt started leaching 

from lumen side to shell side. After complete soaking of the membrane pores, the excess 

extractant was washed out by water wash through both lumen and shell side. Subsequently 

the feed solution was passed through lumen side and strip solution was passed through the 

shell side of the module in all the experiments. The flow rate s of feed and strip solution were 

kept and 100 ml/min with the help of gear pumps (cole-palmer). In the case of metal ion 

transport by HFM experiments were performed in non-dispersive mode, organic extractant 

was circulated in recycling mode in shell side in place of strippent phase along with feed 

phase in lumen side. All the other experimental parameters and procedure were more or less 

same to SLM mode of operations.  
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Table.2.2   Details of hollow fibre membrane contactor (Liqui-Cel X50: 2.5x8 Membrane 

Contactor) 

Parameter Specification 

Fibre material Polypropylene 

Number of fibres 9950 

Fibre internal diameter (µm) 240 

Fibre outer diameter (µm) 300 

Fibre wall thickness (µm) 30 

Effective pore size (µm) 0.03 

Porosity (%) 40 

Tortuosity 2.5 

Effective fibre length (cm) 15 

Effective surface area (m
2
) 1.4 
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Fig. 2.7 Schematic diagram of Hollow Fibre Membrane contactor employed in the present 

work 
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Fig. 2.8 Hollow Fibre Membrane contactor used in the present work 

2.3 Analytical Instruments/Techniques 

2.3.1Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 

 Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) is an emission 

spectrophotometric technique, working on the fact that the excited electrons emit energy at a 

given wavelength as they return to ground state after excitation by high temperature Argon 

Plasma [136,137]. The fundamental characteristic of this process is that each element emits 

energy at specific wavelengths peculiar to its atomic character. The energy transfers for 

electrons when they fall back to ground state is unique to each element as it depends upon the 

electronic configuration of the orbital. The energy transfer is inversely proportional to the 

wavelength of the electromagnetic radiation,  

 E = hc/ λ    (2.28)  

(where h is Planck's constant, c the velocity of light and λ is wavelength), and hence the 

wavelength of light emitted is also unique. Although each element emits energy at multiple 
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wavelengths, in the ICP-AES technique it is most common to select a single wavelength (or a 

very few) for a given element. The intensity of the energy emitted at the chosen wavelength 

is proportional to the amount (concentration) of that element in the sample being analyzed. 

Thus, by determining which wavelengths are emitted by a sample and by determining their 

intensities, the analyst can qualitatively and quantitatively find the elements from the given 

sample relative to a reference standard. The wavelengths used in the AES measurements 

ranges from the upper part of the vacuum ultraviolet (160 nm) to the limit of visible light 

(800 nm). As borosilicate glass absorbs light below 310 nm and oxygen in air absorbs light 

below 200 nm, optical lenses and prisms are generally fabricated from quartz glass and 

optical paths are evacuated or filled by a non-absorbing gas such as Argon. In present studies, 

Ultima2 ICP-AES (Fig. 2.9) has been used for the determination of metal ion concentration in 

samples. 

 

Fig. 2.9 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) employed 

for the analysis of rare earth elements 
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2.3.2  Thermogravimetric analysis (TGA) 

TGA is a technique in which the mass of a substance is monitored as a function of 

temperature or time, as the sample specimen is subjected to a controlled temperature program 

[138]. It can be used to study any physical or chemical process that causes a material to lose 

or gain mass. This technique is used to detect evaporation, sublimation, oxidation, thermal 

degradation and other effects of temperature that cause mass change. The processes which do 

not result in a change in sample mass are not detected by this technique. TGA can be carried 

out by using either a heating ramp (dynamic mode) or a constant test temperature (isothermal 

mode). Provision for changing the test atmosphere by gas switching enables polymer 

decomposition to be studied under inert, oxidizing, or reducing conditions. The basic 

instrumental requirements are simple: a precision balance, a programmable furnace, and a 

recorder and/or a computer instruments, however, tend to be automated and include software 

for data processing. In addition, provisions are made for surrounding the sample with an air, 

nitrogen, or an oxygen atmosphere. TG (Mettler Toledo TG/DSC STAR System) was 

performed by heating the samples up to 1000°C, at a heating rate of 10°C/min, in N2 

atmosphere.  TG data were used to determine the weight of the encapsulated extractant per 

unit weight of PES. 

2.3.3 Scanning electron microscopy (SEM) 

 Modern Morphology and internal structure of the composite beads were examined by 

SEM (Seron Technology AIS2300C). The internal diameter, distribution of polymer and void 

volume of various types of beads were evaluated from SEM images [139].  

2.3.4 Fourier transforms infra-red spectroscopy (FT-IR) 

 The FT-IR spectra of the samples have been recorded, using Diamond ATR on IR 

Affinity, Shimadzu spectrophotometer. The spectra were recorded with a resolution of 4 cm
-1

, 

and an average of 60 scans. In the present work FTIR spectra were used as a confirmatory 
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tool to substantiate the characteristic functional groups of D2EHPA and/or PC88A in the PES 

bead matrix. The FTIR spectra also substantiated the chemical effect of encapsulation on the 

functional groups present in the polymeric beads matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Introduction Experimental and 

Techniques 

Chapter 3 

Preparation, 

characterization and 

evaluation of D2EHPA 

encapsulated beads for 

rare earth sorption 



  

69 
 

3 Preparation, characterization and evaluation of di-2-ethyl hexyl phosphoric acid 

(D2EHPA) encapsulated beads for rare earth sorption 

In recent times, rare earths metals and compounds have garnered great demand due to 

their increased use in electronics, high tech products, processes as well as simultaneous 

shortfall in their supply due to various geochemical reasons [140]. However, individual 

separation and purification of rare earth elements is still one of the most difficult when 

compared with other elements present in modern periodic table. This is due to their similar 

chemical properties, trivalent oxidation state and low polarizability. Multistage solvent 

extraction and ion exchange are the most common techniques reported for the rare earths 

separation [141-142]. Solvent extraction technique described in section 2 is industrially 

accepted process for rare earth elemental separation upto a certain purity, for the production 

of high purity rare earth ion exchange method is being used [143]. Apart from the obvious 

advantages of these processes there are some associated detriments, in the case of solvent 

extraction multistage cycles of operation, third phase formation, finite solubility of the 

extractants in the aqueous phase, need of solvents and modifiers, and their loss through phase 

disengagement have been reported, whereas for ion exchange process low sorption rate and 

limitation on the metal ion concentration in the effluent to be treated, hinders the favorable 

purification and separation of metals [144]. In addition, solvent extraction cannot be applied 

to dilute metal ion solution, because of the large volume of organic extractant phase would be 

required [69].  

In the last three decades solvent impregnated microcapsules have been widely 

investigated for the application in various fields such as medicine, agriculture, foods and the 

chemical industry. The use of solvent impregnated resins/beads in the recovery and 
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selectivity for the metal ions separation from dilute solutions was initially reported by 

Warshawsky [91]. Afterwards, various new dimensions have been explored and reported in 

the field of metal extraction by solvent encapsulating beads. Solvent encapsulating beads not 

only combine the advantages of solvent extraction and ion exchange but also provide benefits 

with the simplicity of operating condition with solid phase ion exchange process. The 

advantages of the use of polymeric beads over other processes extends due to large surface 

area, minimal use of organic solvents (environment friendly) and absence of phase separation 

phenomenon. Polyethersulfone (PES), which is an environment friendly matrix material 

widely used in water purification membrane can be a base matrix for the preparation of 

solvent impregnated bead [145]. There is scarcity of literature pertaining to the use of 

extractant (D2EHPA, PC88A and di nonyl phenyl phosphoric acid (DNPPA)) encapsulated 

PES beads in the separation of rare earths from aqueous phase [128,146]. Considering the 

extended advantages of composite beads in metal extraction in comparison to liquid-liquid 

extraction an attempt was made to develop polyethersulfone beads for the extraction of rare 

earths.  

This chapter deals with the studies carried out on the preparation of polyethersulfone 

beads encapsulating organophosphorus type of extractants by phase inversion method. It 

elaborates the synthesis, characterization and application of polyethersulfone based 

organophosphorus extractant encapsulated beads. The chapter comprises two sections, 

depicting the synthesis of D2EHPA encapsulated beads and its application for rare earths 

separation from aqueous media. The first section describes the synthesis and Y(III) sorption 

studies performed with D2EHPA PES beads, while second section deals with optimization of 
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experimental parameters for Dy(III) sorption by D2EHPA –PES beads by employing Taguchi 

method. 

3.1 D2EHPA encapsulated beads for rare earths separation 

The present section includes preparation of novel PES beads encapsulating 

organophosphorus type of extractants D2EHPA by phase inversion method. In the synthesis 

of the beads, preparatory parameters were optimized to obtain best suited beads which were 

then characterized for their encapsulation capacity and micro structural investigation. These 

PES/D2EHPA beads were subjected for rare earths separation from aqueous medium under 

various experimental conditions. Subsequently an attempt has been made to modify the 

internal microstructure and surface morphology of PES beads by introducing various types of 

additives, namely, polyvinyl alcohol (PVA), multiwall carbon nanotube (MWCNT), lithium 

chloride (LiCl) and polyethelene glycol (PEG). The developed composite beads have been 

characterized by techniques like thermogravimetry (TG), scanning electron microscopy 

(SEM) and Fourier Transform Infra-Red (FTIR) spectroscopy. All the types of composite 

beads have been evaluated for the sorption of rare earths under comparable experimental 

conditions. The feasibility of recovering rare earths from aqueous chloride solution has also 

been investigated in continuous column operation mode, taking Y(III) as the representative of 

rare earth.  Additionally, stability and reusability of MWCNT embedded composite beads 

have also been evaluated and reported in this section. The present work indicates the 

possibility of use of diluent free extractant impregnated inside the beads has been shown, 

which is otherwise not practiced in normal solvent extraction process. 

 

 



  

72 
 

3.1.1 Synthesis of PES/D2EHPA beads 

 An experimental set up shown in Fig 2.6 which is also similar to Gong’s approach [116] 

was prepared for synthesis of extractant encapsulated polymeric beads. The method of PES 

beads preparation is described in section 2.2.1 of chapter 2 in detail. Five types of polymeric 

composite beads namely PES/PVA (as blank), PES/PVA/D2EHPA (PES-I), 

PES/PVA/MWCNT/D2EHPA (PES-II), PES/PEG/D2EHPA (PES-III), PES/LiCl/D2EHPA 

(PES-IV) with different additives were prepared by the above mentioned method. 

 The concentration of the constituents was optimized in such a way that the resultant 

composite beads resulted in spherical shape. The concentrations of additives in different 

polymeric beads were 1.5, 0.25, 1, and 1 % w/w for PVA, MWCNT, PEG and LiCl 

respectively.  

3.1.2 Characterization 

 Morphology and internal structure of the composite beads were examined by SEM (Seron 

Technology AIS2300C). The internal diameter, distribution of polymer and void volume of 

various types of beads were evaluated from SEM images. TG (Mettler Toledo TG/DSC 

STAR System) was performed by heating the samples upto 1000°C, at a heating rate of 

10°C/min, in N2 atmosphere.  TG data were used to determine the weight of the encapsulated 

extractant per unit weight of PES. Further the beads were characterized by FTIR (Shimadzu 

IR Affinity-1) as a confirmatory tool to substantiate the characteristic functional groups of 

D2EHPA in the PES bead matrix.   

3.1.3 Metal ion sorption studies 

 Sorption (uptake) study of Y(III) or other rare earths by polymeric beads was investigated 

in batch as well as column mode. The procedural details of the experiments are described in 
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section 2.2.2 of chapter 2. The equilibrium adsorption or sorption capacity of the polymeric 

beads was evaluated in terms of (qe) in mg/g and weight distribution coefficient, Kd were also 

evaluated using equations described in section 2.2.2. Sorption isotherm, kinetics of metal ion 

sorption by polymeric beads along with column studies were also performed as described in 

section and subsections of 2.2 of chapter 2. 

3.1.4 Morphology: Role of additives 

  The morphology of the PES bead is an important physical characteristic which 

determines its usability and stability for metal ion separation from aqueous media. For metal 

sorption, an extractant impregnated polymeric beads should have a hollow cavity at its core, 

surrounded by a porous polymeric matrix structure. The central hollow core enables it to 

encapsulate organic solvent and the pores on the matrix provide channels for the interfacial 

contact of aqueous and organic phases essential for metal ion transfer. Ideally, a radial 

variation of pore size distribution from periphery towards the center of the bead is desired. 

The inner portion of the bead matrix should have high porosity with relatively bigger pore 

size for better mass transfer of aqueous and organic phases, while the outermost part of the 

bead should have a thin layer of nanoporous but relatively dense matrix, which prevents the 

loss of organic extractants. Fig.3.1 shows the optical images of PES/D2EHPA, 

PES/PVA/D2EHPA and PES/PVA/MWCNT/ D2EHPA beads respectively. Fig. 3.2(a–f) 

illustrates the cross sectional images of the polymeric composite beads with different 

additives and it is evident that the additives play vital roles in changing the internal 

microstructure of the bead in terms of porosity and pore size distribution which in turn affect 

their sorption capacity considerably.   
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Fig. 3.1 Optical images of PES/D2EHPA, PES/PVA/D2EHPA and PES/PVA/MWCNT/ 

D2EHPA 

Fig. 3.2 (a) shows the cross sectional image of the blank PES bead without any 

additive and extractant, which represent a relatively less porous structure with thick outer 

shell. Such kind of structure is not desirable for efficient extraction of metal ions.  As soon as 

D2EHPA is included in the bead during preparation, the internal microstructure changes 

considerably (Fig. 3.2b). However, the distribution of polymer phase is very uneven and the 

porosity is very less at the periphery of the bead. When PVA is doped with PES along with 

D2EHPA, relatively thinner outer layer with finer pores along with evenly distributed porous 

polymer matrix is obtained (Fig. 3.2c). Noticeably, the central cavity is quite big and 

spherical. The addition of PEG and LiCl with PES result in reduced porosity and thick outer 

shell as can be observed from Fig 3.2 (d) and (e). On the other hand, polymeric composite 

beads embedded with PVA and MWCNT both (Fig.3.2f) has more porosity in comparison to 

PVA alone (Fig. 3.2 c). The above observations may be attributed to the distribution of the 

polymer and the additives during the phase inversion process which results in the formation 

of solid beads from liquid (polymer + extractant) mixture. 
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Fig.3.2 SEM images of cross-section of PES bead (a)PES blank, (b)PES/D2EHPA, 

(c)PES/PVA/D2EHPA, (d)PES/PEG/D2EHPA, (e)PES/LiCl/D2EHPA, 

(f)PES/PVA/MWCNT/D2EHPA. 

 

 During the solidification of polymeric mixture drop to bead, additive’s solubility in the 

antisolvent (water) determines the porosity and overall distribution of polymer inside the 

bead [104,146]. Morphological evaluation of the beads by SEM revealed that the PES-I and 

PES-II beads have the microstructures close to the desired ones. 

3.1.5 Thermogravimetric Studies 

PES/D2EHPA beads with different extractant to polymer solution ratio were 

prepared. Thermo gravimetric analysis of these polymeric beads was carried out to evaluate 

the percentage of extractant, PES, water and NMP content in the composite material. TGA 

(Fig. 3.3) representing change in the weight of sample (beads) with increase in temperature 

showed mainly three segments of 80-160°C, 230-260°C and 460-560°C. First segment 

represents evaporation of water and NMP in the range of 80 to 160°C, second zone of weight 
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loss depicts the disintegration of D2EHPA and 460 to 560°C part of the profile shows the 

weight loss due to dissociation of PES and disintegrated parts of D2EHPA. Evaluation of 

thermograms revealed that increase in extractant to polymer solution ratio from 1:15 to 1:4 

lead to increase in D2EHPA content from 9% to 25.5% in the beads, whereas polymer 

content in the beads was in the range of 10 to 16%.  
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Fig. 3.3 TGA of blank polymer bead, PES/D2EHPA beads having different extractant to 

polymer ratios of 1:4, 1:5, 1:7.5, 1:10, 1:15 and D2EHPA (3M) 

 

These results were in good agreement with the encapsulated amount of D2EHPA (7-

25%) taken during preparation of beads. Comparison of TGA profiles of D2EHPA 

encapsulating beads with the profiles of D2EHPA and PES showed no shift in the mass loss 

vs. temperature profile of individual compound eliminating any possibility of chemical 

interaction among the main constituents of the extractant encapsulating beads.  Subsequently 
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in another study involving thermogavimetry, was performed to see the role additive in 

encapsulation capacity. Fig. 3.4 shows the weight loss profiles of blank PES bead (line a), 

PES/D2EHPA/PVA bead (line b) along with PES/D2EHPA/PVA/MWCNT beads and 3M 

D2EHPA liquid phase (line c and d respectively) as references while heated in nitrogen 

atmosphere.  

 

Fig. 3.4 TG profiles of (a) PES bead (b) PES/D2EHPA/PVA (c) PES/D2EHPA/PVA 

/MWCNT bead and (d) D2EHPA (3M) 

 

In the case of 3M D2EHPA (line (d) in Fig.3.4), initial evaporation takes place around 

230
o
C with a sharp loss of weight of about 70% and once again loses around 12% near 

550
o
C. The blank PES bead loses 80% of its weight in the temperature range of 60-150

o
C due 

to evaporation of NMP and water in it (line (a) Fig. 3.4). It further loses 10% at around 500
o
C 

due to dissociation of PES followed by evaporation of volatiles. The weight loss profiles of 
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PES/D2EHPA/PVA and PES/D2EHPA/PVA/MWCNT beads can be divided into four zones 

(line (b) and (c) in Fig.3.4). The first zone in the temperature range of 60-150
o
C corresponds 

to the evaporation of NMP and water inside the polymeric beads (~60%). The second zone 

shows a loss of 13% weight for PES/D2EHPA/PVA beads and 16% for 

PES/D2EHPA/PVA/MWCNT beads which shows the evaporation/dissociation of D2EHPA 

in the temperature range of 230-260
o
C. The third zone manifests the dissociation of D2EHPA 

and PES (460-560
o
C), with a weight loss of around 12-15%. Comparing the above four TG 

profiles it can be concluded that the possibility of chemical interaction among the main 

constituents of the polymeric beads i.e. D2EHPA, PES, PVA and MWCNT are negligible. 

Similar observations were reported by Ozcan et al. for Cyanex 923 encapsulated polysulfonic 

based microcapsules [146]. Comparison of TG profiles of PES/D2EHPA/PVA and 

PES/D2EHPA/PVA/MWCNT beads revealed that the later beads have higher D2EHPA 

encapsulation capacity in comparison to the former.  

3.1.6 Functional group analysis  

 The FTIR spectra of the pure D2EHPA, blank PES/PVA composite bead and PES-II bead 

are depicted in Fig. 3.5(a, b & c). The FTIR spectrum for D2EHPA in Fig. 3.6(a) shows a 

doublet at 1460 and 1380 cm
−1

 due to the C–H deformation vibrations. The peaks at the 

interval 2800–3000 cm
−1

 correspond to the presence of 2-ethylhexyl alkyl group. The most 

intense band is the P–O stretching, together with P–O–C between 1050 and 970 cm
−1

. Other 

important peaks are P-O stretching at 1250–1210 cm
−1

 and a low intense band around 1680 

cm
−1

 confirming the presence of P-OH [147]. 
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Fig. 3.5 FTIR spectra of (a) D2EHPA, (b) Blank PES bead (c) PES/D2EHPA/PVA/ MWCNT 

bead 

 

 In Fig. 3.5(b), three peaks between 1600 cm
-1 

to 1400 cm
-1 

are attributed to representative 

aromatic skeletal vibration of PES. The C-O-C stretching peaks are located between 1324 cm
-

1
 to 1240 cm

-1
. The S=O stretching peaks are present at 1145 and 1105 cm

-1
. In Fig. 3.6(c), 

the peaks at 1250-1210 cm
-1

, which correspond to P=O group and low intense band around 

1680 cm
-1

, along with characteristic peaks of PES demonstrated that D2EHPA exist in the 

bead independently within the polymer matrix without any chemical interaction with PES.   
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3.1.7 Effect of additives in polymeric beads on Y(III) sorption  

Role of different additives on the extent of sorption of Y(III) from aqueous chloride 

medium with PES/D2EHPA composite beads embedded with additives like PEG, PVA, LiCl 

and MWCNT under comparable experimental conditions was investigated. The results are 

shown in Fig. 3.6. The sorption of Y(III) with additive embedded composites followed the 

order:  PES-II > PES I > PES/D2EHPA > PES III > PES IV. The addition of PEG and LiCl 

led to decrease in the sorption capacity due to the formation of thick layer around the 

encapsulated D2EHPA (Fig. 3.2d and 3.2e), which prevented the exchange of yttrium ions 

from aqueous solution with the hydrogen ions of the D2EHPA molecules. On the other hand, 

PES/PVA/D2EHPA beads resulted in an enhanced sorption of Y(III) due to its uniform pore 

distribution around the periphery. Interestingly MWCNT embedded composite beads resulted 

in significantly enhanced sorption of Y(III) compared to all other beads in the present work. 

The observed enhancement in sorption may presumably be due to the following two factors. 

Firstly, during the phase inversion of polymeric solution to polymeric beads, MWCNT acts 

as nucleus for the reformation of polyethersulfone inside the bead which enhances uniformity 

in the pore distribution with better porosity. Secondly, MWCNTs are functionalized by 

D2EHPA molecules on its surface, which in turn get distributed near periphery of the 

composite beads there by allowing the sorption of Y(III) simultaneously by ion exchange as 

well as adsorption. The better distribution of D2EHPA in the PES/PVA/MWCNT bead along 

with favorable pore size distribution resulted in the enhancement in Y(III) sorption. Not only 

the additive enhances or suppress the equilibrium sorption amount of Y(III) but also 

influences the rate of sorption.  
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Fig. 3.6 Effect of additives in polymeric composite beads on weight distribution ratio of 

Y(III) by PES/D2EHPA beads. (Weight of wet PES beads: 10g, 100 mL of 0.5 N HCl 

solution, Y(III) concentration: 1.0 g/L stirring speed: 250rpm, temperature: 30°C, contact 

time: 8 hours)  

 

To evaluate the kinetics, three types of beads namely PES/D2EHPA, PES-I and PES-

II beads were contacted with 0.5M HCl solution containing 1000 mg/L Y(III) in the 

investigation. Fig. 3.7 shows change in Y(III) concentration in aqueous phase with time. It is 

evident from the results that in the case of PES/D2EHPA beads sorption of Y(III) has not 

attained the equilibrium even after 10 hours of contact time but for PES-I and PES-II, 

equilibrium was attained after 8 hours of contact with increased capacity.   
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Fig. 3.7 Effect of additives in polymeric composite beads on the rate of sorption of Y(III) 

from aqueous media by PES/D2EHPA beads. (Weight of wet PES beads: 10g, 100 

mL of 0.5 N HCl solution, Y(III) concentration: 1.0 g/L stirring speed: 250rpm, 

temperature: 30°C, contact time: 8 hours) 

 

3.1.8 Effect of Yttrium ion concentration  

Based on the studies on the role of additives for Y(III) sorption from chloride 

medium, two types of composite beads, namely, PES-I and PES-II were selected for further 

study under different experimental conditions. The variation of Kd as a function of Y(III) 

concentration in the aqueous solution at fixed L/S ratio (10/1) and acidity (0.5M HCl) is 

shown in Fig. 3.8. It can be observed that Kd decreased with increase in Y(III) ion 

concentration in aqueous solution for both the types of beads. However, MWCNT embedded 

composite beads was found to be superior for the recovery of Y(III) from aqueous solution. 
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Fig.3.8 Effect of Y(III) concentration in feed solution on sorption of Y(III) by PES beads 

(a)PES-I (b) PES-II beads. (Weight of wet PES beads: 10g, 100 mL of 0.5 N HCl 

solution, stirring speed: 250rpm, temperature: 30°C, contact time: 8 hours)  

 

The increase in Kd may possibly due to decrease in effective free concentration of 

D2EHPA inside the bead. Similar observations on the effect of metal ion concentration have 

been reported by Outkesh et al [148]. 

3.1.9 Effect of aqueous phase acidity 

Effect of aqueous solution acidity on the sorption of Y(III) was investigated for 

different concentration of yttrium ion in the aqueous solution ranging from 150 to 1000 mg/L 

at a fixed L/S ratio (10/1) and temperature (30°C). Sorption of Y(III) decreased with increase 

in acid concentration for all the concentrations of Y(III) ion in the solution (Fig. 3.9). 
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However, the decrease in Kd at any particular acidity followed a proportional increase with 

increase in Y(III) concentration in the aqueous solution. 

 

Fig. 3.9Effect of aqueous phase acidity and Y(III) concentration in aqueous phase on Y(III) 

sorption by PES-II beads 

The decrease in Kd with increase in acidity is exactly similar to the phenomenon 

observed in solvent extraction technique for the extraction of metal ion with acidic extractant 

like D2EHPA due to cation exchange mechanism, where hydrogen ion of D2EHPA gets 

replaced by metal ion of interest [149]. Similar explanation can be offered for this sorption 

behavior of Y(III) also, as D2EHPA molecule sit inside the composite beads, where the 

exchange of Y(III) with the hydrogen ion of D2EHPA takes place through the pores of the 

outer layer of the beads. Further, with increase in Y(III) ion concentration in aqueous 
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solution, the sorption decreases due to decrease in effective concentration of D2EHPA in the 

composite beads as a result of its complex formation with Y(III) ion.  

3.1.10 Influence of temperature  

After optimizing the concentration of Y(III) and aqueous acid concentration, the 

effect of temperature on sorption of Y(III) for both the composite beads (PES-I and PES-II) 

was studied under comparable experimental condition of S/L ratio 1:10, acidity 0.5M HCl 

and concentration of Y(III) 1000 mg/L in the aqueous solution. Fig.3.10 illustrates the 

variation of Kd with temperature for both the beads. Kd value of Y(III) increased from 41 to 

85 with increase in temperature from 30 to 45°C, and then decreased from 85 to 43 with 

increase in temperature in the range of 45 to 65°C in the case of PES-I beads. Variation in Kd 

of Y(III) followed the similar trend with PES-II beads too. The trend of increase followed by 

decrease in Kd values irrespective of composition of composite beads clearly suggests that the 

two competitive processes are taking place simultaneously over the range of temperature 

studied. Firstly, the increase in Kd with increase in temperature upto 45°C may possibly be 

due to enhanced mass transfer as a result of decrease in viscosity and density of the liquid 

phases. Secondly, the decrease in Kd value in the range of 45-65
o
C with increase in 

temperature can be ascribed to the exothermic nature of the sorption reaction, whose effect is 

pronounced at higher temperature range. In the present case effect of temperature beyond 

65°C was not investigated for sorption as the glass transition temperature of PVA is 

approximately 75°C at which chances of distortion in the morphology of composites beads 

are likely to be very high. 
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Fig. 3.10 Plots of Y(III) sorption as a function of temperature by (a)PES-I beads (b)PES-II 

beads. (weight of wet PES beads: 10g, aqueous phase of 0.5N HCl: 100 mL, Y(III) 

concentration: 2.5 g/L, stirring speed: 250rpm, contact time: 8 hours) 

 

Further, the leaching of organic D2EHPA was noticed at higher temperature affecting 

the sorption ability of the composite beads. 

3.1.11 Sorption of Y(III) in the presence of other rare earth ions  

The effect of presence of chemically similar rare earth ions such as La(III) and 

Sm(III) on the sorption of Y(III) was investigated with PES-II composite beads by contacting 

the known amount beads with 0.5M HCl solution containing 100 mg/L of each of the three 

metal ions at an appropriate S/L ratio and temperature.  
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The  

Fig. 3.11 Effect of competing rare earth ions (La, Sm) on Y(III) sorption by PES-II beads. 

 

Experimental findings are presented in Fig.3.11 where metal ion concentrations 

remained in aqueous solution after equilibrium is plotted as a function of equilibration time.  

Recovery of rare earth ions followed the order Y(III) >Sm(III) > La(III).  This clearly 

demonstrated the ability of novel MWCNT embedded composite beads for efficient 

separation of Y(III) from La(III) and Sm(III). Additionally, sorption of Y(III) did not get 

affected by the presence of chemically similar rare earth ions in the aqueous solution. 

3.1.12 Sorption isotherms 

 As the adsorption into the pores of the beads has vital role in Y(III) sorption additional 

experiments were carried out to understand the mechanism of sorption phenomenon of Y(III) 

by composite beads while analyzing the experimental data by Langmuir as well as Freundlich 
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isotherms [124,125]. Accordingly, in order to fit the sorption data in both the models, the 

sorption study  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 Langmuir plot for the sorption of Y(III) on the PES-I (a) and PES-II(b) beads, 

aqueous phase: 0.5 M HCl, temperature: 28°C. 

 

of Y(III) was performed from an aqueous solution containing Y(III) in the range of 0.1 to 3 

g/L at 0.5M HCl concentration. The linear graphs depicted in Fig. 3.12(a) and (b) suggested 

that sorption data fit the Langmuir isotherm very well for PES-I and PES-II composite beads 

respectively. Table 3.1 depicts the Langmuir constant qmax and b which were obtained by 

fitting the experimental data in the equation 3. In the present case, Langmuir constant (b) for 

both the composite beads were evaluated to be 0.007, which clearly indicated that the 

sorption of Y(III) by PES-I and PES –II beads is a favorable process.  
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The calculated values of qmax of 39.41 ± 0.23mg/g and 44.09 ± 0.31mg/g for the PES-

I and PES-II composite beads respectively and were found to be in good agreement with the 

experimental values of 39.28 ± 1.02mg/g and 43.17 ± 1.31mg/g. Y(III) from chloride 

medium is primarily a sorption phenomenon i.e the presence of monolayer chemisorptions. 

Fig.3.13 represents the fit of sorption data to Freundlich isotherm (log(x) vs. log Ceq) for both 

the type of D2EHPA containing composite beads. The deviation from linearity of the data 

points indicates that the Freundlich model may not validate the presence of multilayer 

sorption of Y(III) onto the D2EHPA impregnated polymeric composite beads. The plots 

deviation from the linearity is represented as the values of correlation coefficient (R
2
) were 

0.940 and 0.910 for PES-I and PES-II beads respectively. 

Table-3.1 

Parameters of Langmuir isotherm model for the sorption of Y(III) by 

PES/D2EHPA beads, Aqueous phase: 0.5N HCl, Temperature: 28°C. 

Polymer bead 
b  

(L mg
-1

) 

qmax 

(mg g
-1

) 
R

2
 

qmax 

(Exp) 

PES/D2EHPA/PVA 
0.007± 

0.001 

39.41 ± 

0.23 
0.98 

39.28 ± 

1.02 

PES/D2EHPA/PVA/CNT 
0.007± 

0.001 

44.09 ± 

0.31 
0.97 

43.17 ± 

1.27 
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Fig. 3.13 Freundlich plot for the sorption of Y(III) on the D2EHPA containing PES beads, 

aqueous phase: 0.5 M HCl, temperature: 28°C. 

3.1.13 Sorption kinetics 

It may be noted that the evaluation of the kinetics of the sorption process plays an 

important role for deciding the scaling of process and designing the equipments on industrial 

scale level. Further it has been observed that the mechanism of the sorption / extraction of 

metal ion with the composite beads impregnated with organic extractant proceeds via three 

steps i.e. (i) diffusion of the metal ion to the surface of the beads (ii) intrabead diffusion and 

(iii) finally complexation of the metal ion with the extractant molecule. Therefore, the 

sorption isotherms and kinetic models applicable to sorption on sorbent particles, pure as well 

as composites, can be applied to these beads also. Accordingly, to examine the kinetic 

phenomenon of sorption of Y(III) with D2EHPA impregnated polymeric beads, experiments 
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were performed in batch mode with the aqueous solution containing different concentrations 

of yttrium metal ion at a particular aqueous acidity. Once the sorption data were obtained, 

they were analyzed utilizing different kinetic models namely pseudo first-order model, 

pseudo-second-order model, intra-particle diffusion model, and Boyd’s expression. Table 2 

presents the summary of evaluated parameters obtained by various models; it also includes 

the respective correlation coefficient values.  

Table 3.2 Pseudo-First-Order, Pseudo-Second-Order, and Intraparticle Diffusion Constants 

and values of R
2
 for the sorption of Yttrium 

 

Kinetic Model Parameters C0=90ppm C0=400ppm C0=750ppm C0=1200ppm 

Pseudo-first-order K1(min
-1

) 0.006 0.004 0.003 0.003 

 qe (mg g
-1

) 1.10 7.58 13.91 11.26 

 R
2
 0.8756 0.9970 0.9783 0.9824 

Pseudo-second-

order 

K2(g mg
-1

min
-1

) 0.0338 0.0018 0.0009 0.0011 

 qe (mg g
-1

) 3.11 14.261 25.04 26.81 

 R
2
 0.9999 0.99802 0.9982 0.99826 

Intraparticle 

diffusion 

Kid(min
-1

) 0.0026 0.1113 0.19432 0.185 

 I (µmol g
-1

) 3.001 10.04 17.51 18.86 

 R
2
 0.59 0.79 0.85 0.84 

 

The description of the models and their application to define the sorption kinetics of 

Y(III) in the present investigation is discussed below.    

3.1.13.1 Pseudo-first order model 

Lagergren proposed the pseudo-first order model for describing the adsorption 

process of solid-liquid systems and its linear form is formulated below [150]: 
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                              (3.1) 

Where qe and qt are the amounts of yttrium adsorbed by polymeric beads in (mg/g), at 

equilibrium and at time t respectively. k1 is the first order rate constant (min
-1

). 

The integrated form of eqn. 3.1 can be written as  

                  
    

     
               (3.2) 

The linear pseudo-first-order plot of log (qe-qt) versus t, is shown in Fig. 3.14. It has 

correlation coefficient (R
2
) values in the range of 0.8756 to 0.9971 (Table 3.2), which 

indicates that the rate of sorption of yttrium ion by polymeric beads cannot be predicted by 

pseudo-first-order kinetic model for the entire studied range of the initial yttrium ion 

concentration.  

 

Fig. 3.14 Pseudo-first order plot for yttrium ion sorption by polymeric beads, at four different 

initial concentration of Y(III) 
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However, the pseudo-first order model was useful to describe the initial sorption 

periods particularly when the aqueous feed concentrations were 400, 750 and 1200 ppm 

Y(III) respectively. The deviation observed could be attributed to the sharp fall in gradient 

concentration as a consequence of a high initial yttrium sorption. The values for equilibrium 

sorption capacity calculated by the model were quite different from those values obtained by 

experiments. 

3.1.13.2 Pseudo-second-order model 

The pseudo-second order equation has been widely used due to the better fit of 

experimental data for the entire sorption period of diverse variety of systems [150]. The 

kinetics model can be expressed as following equation 

  

  
           

                     (3.3) 

Where qe and qtare the amounts of yttrium adsorbed by PVA+CNT doped polymeric 

composite beads in (mg/g), at equilibrium and at time t respectively, k2 is the second-order 

rate constant (g mg
-1

min
-1

). Integrating and assuming boundary conditions, the rearranged 

linear form of the pseudo-second order model is obtained  

 

  
  

 

  
    

  
 

  
                            (3.4) 

The plot of t/qt versus t gives straight lines, as represented in Fig 3.15. The values of 

R
2
 for this model are 0.9999, 0.9980, 0.9982 and 0.9982 for 90, 400, 750 and 1200 mg/L of 

yttrium in aqueous feed, respectively. The R
2
 values are higher than those for the pseudo-

first-order kinetic model under comparable experimental conditions.  
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Fig. 3.15 Pseudo-second-order plot for yttrium ion sorption by polymeric beads, at four 

different initial concentration of Y(III) 

 

The pseudo-second-order model assumes that chemisorption is the rate-controlling 

step provided that rate controlling role of the diffusion step was minimized by proper mixing. 

Additionally, the values of qe obtained from the second-order model (Table 3.2) are in good 

agreement with the experimental qexp values of 3.09,13.05, 21.8 and 22.6 mg/g, respectively, 

for different initial concentrations (90, 400, 750 and 1200 mg/L) of Y (III) in aqueous 

solution in comparison to the first-order kinetic model. The excellent agreement of the values 

of qe and qexp suggests that the sorption of Y(III) by D2EHPA impregnated composite beads 

is well described by pseudo second order model for the entire range of initial concentration of 

yttrium ion.   
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It is also evident from Table 3.2 that the rate constant values are dependent on initial 

concentration of Y(III) in aqueous solution. Increase in concentration of Y(III) resulted in 

decrease in corresponding K values. This provides the information about the enhanced 

sorption at low concentration of metal ion in the aqueous solution. 

3.1.14 Sorption mechanism 

Though pseudo first and second order kinetic models provide useful information 

about sorption process, they have limitations as they cannot predict the rate-determining step 

of the yttrium sorption or provide information on the mechanism. In a heterogeneous process, 

such as the sorption of metal ion by polymeric composite beads, three subsequent steps 

represent the metal ion transfer: (1) transport of the yttrium ions from the bulk solution 

through the liquid film surrounding the external surface of the polymeric beads (film 

diffusion), (2) yttrium diffusion into the pores of polymeric beads (intra-particle diffusion), 

and (3) reaction of yttrium (sorption) at interior surface pores and capillary areas of the 

polymeric beads where extractant D2EHPA is impregnated (complexation). It may be noted 

that the rate of sorption process is controlled by the slowest step, which normally is film 

diffusion or intra-particle diffusion. Film diffusion often controls the rate when the sorption 

system has improper mixing, a low concentration of metal ion, a smaller beads size and a 

high affinity of the metal ions for the polymeric beads. On the contrary, intra-particle 

diffusion will be predominant in systems with a high concentration of metal ions in aqueous 

phase, proper mixing, a large polymeric beads size and a low affinity between the metal ions 

and the polymeric beads surface [151]. However, due to the characteristics of the polymeric 

beads and the experimental conditions used in the present investigation, it is possible to 

observe both mechanisms involved during the sorption of yttrium uptake. To elucidate the 
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mechanism of sorption of yttrium by the polymeric composite beads, the intra-particle 

diffusion model was fitted to the experimental data. The model can thus be described by the 

following equation: 

                                        (3.5) 

where kid is the intraparticle diffusion rate constant, the value of intercept I give the 

idea about the thickness of boundary layer.  

 

Fig. 3.16 Intraparticle diffusion plot for Y(III) sorption by polymeric beads, at different Y(III) 

concentration in feed. 

These sorption data is fitted in the intraparticle diffusion model. The larger the 

intercept I (the thickness of boundary layer), the higher is the boundary layer effect. The 

deviation of straight line from the origin may be because of difference in initial and final 

stages of the sorption. The intraparticle diffusion plot for the sorption of yttrium ion is 

depicted in Fig.3.16. It is observed that there are two linear portions which elucidate the two 
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sorption stages, namely, external mass transfer at initial period followed by intraparticle 

diffusion of yttrium onto the polymeric beads. The slope of the second linear portion give the 

intraparticle diffusion rate constant, listed in Table 3.2, shows that k increases with increasing 

initial yttrium ion concentration. The equilibrium concentration qe increases accordingly with 

the increase in initial yttrium concentration. Further, Boyd expression [127] was used to 

analyze the sorption kinetic data to determine that whether sorption of Y(III) by beads 

proceeds via film diffusion or intraparticle diffusion mechanism:  

    
 

   
                            (3.6) 

Where F is the fraction of solute sorbed at different time t and Bt is a mathematical 

function of F. 

   
   

   
                                         (3.7) 

Where, qt and qe represent the amount sorbed (mg/g) at any time t and at infinite time 

(in the present study 1400 min.), respectively. Solutions to eq. (3.6), depending on the value 

of F, are given as eqs. (3.8) and (3.9).  

       
   

  
                             (3.8) 

                             (3.9) 

Bt can be calculated using both the equations (3.8) and (3.9). Equation (3.8) is used 

when F is upto 0.085, when it is higher > 0.85, Eq. 3.9 is used. The linearity of Bt versus t 

plot provides useful information to distinguish between the film diffusion and the 

intraparticle diffusion mechanism of sorption. 
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Fig. 3.17 Boyd’s plot for Y(III) sorption by polymeric beads 

 

A straight line passing through the origin is indicative of the sorption processes only 

governed by intraparticle diffusion mechanisms; otherwise, it is governed by film diffusion 

[151]. The Boyd’s plot of Bt against time (t) is shown in Figure 3.17. The fitted lines, for all 

the concentrations studied, do not pass through the origin, indicating that the sorption process 

may also governed by the external mass transport, and intraparticle diffusion may not be the 

only rate-controlling step in the removal of the sorbate.  

3.1.15 Column study (sorption and desorption of yttrium) 

The continuous column operation for both sorption and desorption were performed to 

evaluate the performance of these beads for the recovery of yttrium from aqueous chloride 
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medium. The sorption profile of Y(III) from the feed having 160mg/L at 0.3M HCl is shown 

in Fig. 3.18 for PES-I and PES-II beads.  

 

Fig.3.18(a) Breakthrough profile of Y(III) uptake by a)PES-I (b) PES-II, Feed: 160 mg/L 

Y(III) in 0.5M HCl, Flow rate: 2ml/min. (b) Elution profiles of loaded Y(III) beads 

using 40%HCl from column containing  a)PES-I (b) PES-II beads 

 

Both the types of beads showed good sorption with breakthrough points 39 and 45 ml 

for PES-I and PES-II beads, respectively. It was interesting that the breakthrough profiles 

attained saturation with 300ml of the feed solution both for PES-I and PES-IIbead columns 

which correspond to the capacities of 19.5mg/g and 22 mg/g for them, respectively. These 

column sorption capacity values were lower when compared with batch sorption data. This 

phenomenon may be attributed to the fact that complete sorption of Y(III) is not possible in 
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dynamic column conditions whereas in the case of batch runs higher capacity of sorption is 

possible due to sufficient residence time. Mohapatra et al. have also observed the similar 

trend while studying the sorption of actinides by polyether ether ketone beads [152]. The 

desorption of sorbed Y(III) from these beads were also performed with 40% HCl solution as 

eluent at a rate of 2 mL per minute. The desorption pattern (Fig. 3.18(b)) indicated that 

elution from PES-II beads was relatively easier and had sharper peaks as compared to the 

elution profile of PES-I beads. In both type of beads complete elution of loaded metal ions 

could be achieved by passing 140 mL of eluent solution. In the separation of the Y(III) with 

the polymeric beads packed in the column, it was observed that better separation ability of the 

metals can be obtained with decrease in the flow rate of the feed solution and increase in the 

height of the packed column. The sorption and desorption studies indicated the suitability of 

these polymeric composite beads for scale up. 

3.1.16 Stability of composite beads 

In order to assess the feasibility of employing these composite beads for the 

separation of rare earths from aqueous solution on larger scale in batch or continuous column 

operation mode, it is desirable to evaluate the stability (recyclability/reusability) of these 

beads. In the present investigation the stability of both the beads (PES-I and PES-II) were 

determined by two ways (i) by repetitive sorption and desorption study (cyclic stability) and 

(ii) by keeping these beads in concentrate acidic media i.e 6M of each HCl, H2SO4 and 

H3PO4 separately over a period of time prior to their use in sorption for Y(III)metal ion 

(periodic stability).  
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Fig. 3.19 Effect of different aqueous media on sorption of Y(III) extraction by polymeric 

beads (weight of PES beads: 10g, aqueous phase of 0.5N HCl /H2SO4/H3PO4: 100 mL for 

sorption, Y(III) concentration: 2.5g/L, stirring speed: 250rpm, Stripping: 50%HCl, 

temperature 

In the first case, the Y(III) sorption was investigated with both the beads separately 

from different aqueous medium (0.5M HCl/H2SO4/H3PO4 containing 1000mg/L of yttrium) 

at an appropriate S/L ratio and temperature (30°C) following the desorption of Y(III) with 

6M HCl prior to their reuse for sorption and desorption in a similar way.  It may be noted 

(Fig. 3.19) that the Kd values were found to be consistent within the error limit of ± 5% even 

after 20 such cycles of sorption and desorption tests. In the second case, the periodic stability 

of such beads were evaluated by keeping known amount of composite beads in 6M solution 

of HCl for a period of 15 days to 160 days and after removing and washing with distilled 

water these beads were tested for their sorption behavior towards Y(III) under comparable 
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conditions. The plots of Kd values vs. number of days for 6M HCl solution for both the beads 

are shown in Fig.3.20.  

 

Fig. 3.20 Periodic stability of (a) PES-I (b) PES-II beads in 6M HCl 

 

The Kd values evaluated in each case were found to be almost constant within the error limit 

of ± 5%. 

Both these studies demonstrated that these novel beads are quite stable and have the 

ability for their reuse in the separation of rare earth ions from aqueous solution. 

3.1.17 Evaluation of D2EHPA loss  

The aim of the development of novel polymeric composite beads containing D2EHPA 

in the present work was directed towards not only to limit the use of D2EHPA and 

elimination of hazardous organic diluents, but also to restrict the leaching of extractant during 

hydrometallurgical operations. Accordingly, D2EHPA loss in aqueous medium during 



  

103 
 

sorption of Y(III) was monitored after each sorption and desorption cycle upto 20 cycles 

following the procedure described elsewhere [153].  

 

Fig. 3.21 Effect of sorption and desorption of Y(III) from PES beads on cumulative 

percentage loss of encapsulated D2EHPA 

 

Leaching out of D2EHPA in the aqueous solution through the pores of the beads was 

found to be in the range of 1 to 1.5% (Fig.3.21). Similarly, the loss of D2EHPA was <1% in 

the column mode operations for sorption as well as desorption processes. This reduced loss 

when compared with other solvent impregnated beads is due to the presence of nanoporous 

dense surface layer and preferential presence of water and NMP solvent mixture near the 

peripheral pores of polymeric bead that prevent the loss of viscous organic extractants[154]. 

The non-leachabililty of D2EHPA suggested its prominence in the field of hydrometallurgy 

for the separation and concentration of metal ions from aqueous solutions. 
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3.1.18 Conclusions 

PES based novel polymeric composite beads with different additives encapsulating 

3M D2EHPA have been prepared with an aim to recover rare earths from aqueous solution. 

Among different beads, PES/D2EHPA/PVA/MWCNT bead has been found to be the most 

efficient for the separation and recovery of Y(III) from aqueous solution. The present work 

described herein is an environment friendly approach towards the recovery of indispensable 

elements from aqueous stream. The developed bead not only addresses the environmental 

issues but also offer selective and efficient separation of rare earths. Moreover, they have 

added advantage of extraordinary stability and recyclability as compared to the other 

conventional techniques such as solvent extraction and ion exchange. The sorption data was 

well described by Langmuir isotherm. The developed bead was satisfactorily employed for 

the recovery in continuous column operation mode and has promising potential to scale up 

the technology to industrial level. 

 

 

 

 

 

 

 

 

 

 



  

105 
 

3.2 Optimization of parameters by Taguchi method for Dysprosium sorption by 

D2EHPA beads  

This section deals with the optimization of experimental parameters for Dysprosium 

sorption by the developed D2EHPA – PES beads.  

Dysprosium (Dy) is an important member of the rare earth family, which finds 

numerous applications in high technology areas. Permanent magnets having Dy as additive 

are used in wind turbines, cell phones, data storage device etc. [155, 156]. Dysprosium 

cadmium chalcogenides are sources of infrared radiation used in the study of chemical 

reactions [157]. Dy is also used in conjunction with vanadium and other elements in making 

laser materials [158]. Due to its high neutron absorption cross section, Dy is used in control 

rods for nuclear reactors [159]. It is also used as doping material for dosimeter (CaSO4.Dy) 

for measuring ionizing radiation [160]. All these applications require Dy(III) in highly pure 

form (>99%). Literature on the separation of Dy(III) by polymeric beads is scanty, though 

some researchers have used the beads in various metal ion separation. The present studies 

aim at using these solvent impregnated beads with improved features for the separation of 

Dy(III).  For effective separation/sorption of Dy(III) from the aqueous medium, the 

morphology of the beads plays an important role as it influences the mass transfer as well as 

the bead capacity. Accordingly, to modify the morphology, different additive has been added 

with the polyethersulfone matrix. The polymer to extractant (D2EHPA) ratio has also been 

varied to prepare the bead with different sorption capacities. Similarly, the effect of other 

important experimental parameters, including liquid to solid ratio, contact time of the beads 

with the solution, the concentration of Dy(III) in the feed solution, aqueous phase molarity, 

stirring speed of the agitator and temperature, which influence the sorption behaviour of  
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polymeric beads on the sorption of Dy(III) have been examined. The data generation under 

different experimental variables to arrive at an optimum condition is very tiring, tedious and 

time consuming. Taguchi mathematical approach [131] often eliminates this tiring and 

tedious exercise, by allowing the exact prediction of desired results with carefully and 

optimally selecting the most influential experimental variables there by limiting the 

generation of large volumes of data. It is, therefore, desirable to apply and adopt Taguchi 

approach in the present work also to arrive at the optimum conditions for effective sorption of 

Dy(III) by the solvent impregnated polymeric beads.  Seven parameters, namely, contact time 

of the beads with the solution, nature of additive, the concentration of Dy(III) in the feed 

solution, aqueous phase molarity, stirring speed of the agitator, polymer to extractant ratio 

and the temperature have been selected and varied in three different levels. Another 

parameter, liquid to solid phase ratio (w/w), has been varied in two levels.  Apparently this is 

an eight factor mixed (two and three) level system. Full factorial design [161] is not suitable 

for optimizing such complex system, as it would have involved thousands of experiments. 

Taguchi method, on the other hand, allows us to carry out only eighteen experiments in order 

to get the required information. With the help of these eighteen experiments the influence of 

the experimental parameters on Dy(III) sorption has been investigated and the optimized 

conditions have been evaluated and discussed in this paper.  

3.2.1 Taguchi method 

Taguchi method [131] is a structured approach for identifying and determining the 

best combination of dominant process parameters to optimize the objective function(s) with 

minimum number of experiments. The method is based on an orthogonal array [130] of 

experiments. An orthogonal array is a minimal set of experiments with various combinations 
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of parameter levels. Output of the orthogonal array, which indicates the relative influences of 

various parameters on the formation of the desired product, is used to optimize an objective 

function. There are three types of objective functions: larger-the-better, smaller-the-better and 

nominal-the-best. The influences are commonly referred in terms of S/N (signal to noise) 

ratio.  

We aim for optimizing the recovery and equilibrium sorption of Dy(III), and for that 

larger-the-better type of objective function has been used. In this case the exact relation 

between S/N ratio and the signal is given by 

(3.10)/1)
1

log(10 2
n

i

iy
nN

S  

Where yi is the signal (percentage recovery or equilibrium sorption) measured in each 

experiment averaged over n repetitions. The effect of a parameter level on the S/N ratio, i.e., 

the deviation it causes from the overall mean of signal, is obtained by analysis of mean 

(ANOM). The relative effect of process parameters can be obtained from analysis of variance 

(ANOVA) of S/N ratios. Computation of ANOM and ANOVA are done by using following 

relations. 
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Where mi represents the contribution of each parameter level to S/N ratio, ‹mi› is the 

average of mi’s for a given parameter and the coefficient and Nl represents the number of 

times the experiment is conducted with the same factor level in the entire experimental 

region. SoS is obtained by using ANOVA. This term is divided by corresponding degrees of 
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freedom (DoF=number of parameter level minus 1) to derive relative importance of various 

experimental parameters by utilizing equation (3.13) 

)13.3(
)}/({ 


DoFSoSXDoF

SoS
effectFactor  

The detail about selection of Taguchi over other techniques and introduction about the 

same is described in section 2.2.6 of chapter 2. Several researchers [162-165] have 

extensively used this technique in optimization of parameters in the field of extraction or 

leaching. This study represents the first time evaluation of parametric sensitivity of Dy(III) 

sorption by extractant impregnated polymeric beads. 

3.2.2 Selection of parameters for Taguchi optimization 

 Eight parameters have been identified for the optimization studies based on our 

experience. The parameter, liquid to solid phase ratio (L/S), has been varied in two levels. 

The other seven parameters, namely, polymer to extractant ratio (P/E), contact time of the 

beads with the solution, nature of additive, the concentration of Dy(III) in the feed solution, 

aqueous phase molarity (i.e. HCl concentration), stirring speed of the agitator and the 

temperature have been varied in three different levels. Table 3.3 shows the parameters and 

their levels. The design of experiments has been carried out based on L18 orthogonal array. 

The details of the experiments are shown in Table 3.4. Individual experiment was replicated 

three times. 

 

 

 

 



  

109 
 

Table 3.3: Selection of parameters and their levels for Taguchi method 

 

 3.2.3 Preparation and evaluation of polymeric beads 

 Three types of polymeric beads have been prepared by non-solvent phase inversion 

method under optimized preparatory conditions which is a polymer solution consisting 10-

15% w/w PES in NMP was mixed with extractant and additives to obtain the desired ratio of 

D2EHPA to polymer solution i.e. 1:4, 1:5, 1:7.5)) as described in section 2.2.1 of chapter 2. 

The above mentioned mixture was employed to prepare polymeric beads by using the 

experimental set up and procedure developed by us [166]. The first type of bead is the basic 

polymeric bead containing PES as polymer matrix without any additive. The other two types 

of beads are composite beads having PVA and PVA+MWCNT as additives, respectively. The 

concentration of additive was in the range of 0.25-2% w/w.  These beads were then immersed 

and stabilized in the water bath for 24 hours prior to their use.  

  

 

Parameter Level 1 Level 2 Level 3 

Liquid to solid ratio 

(L/S) 
5 10 - 

Contact time (h) 1 6 24 

Feed Dy (ppm) 100 500 1000 

Additive Nil PVA PVA+MWCNT 

Polymer to extractant 

ratio (P/E) 
4 5 7.5 

Stirring speed (rpm) 100 250 500 

Aqueous phase molarity  0.3 0.5 1 

Temperature (
o
C) 30 50 65 
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Table 3.4: Design of L-18 orthogonal array for experiments 

 

 Morphology and internal structure of the composite beads were examined by scanning 

electron microscope (SEM- Seron Technology AIS2300C). Thermogravimetry (TG-Mettler 

Toledo TG/DSC STAR System) was performed by heating the samples upto 1000°C, at a 

heating rate of 10°C/min, in N2 atmosphere.  TG data were used to determine the weight of 

the encapsulated extractant per unit weight of PES. Further the beads were characterized by 

Exp. 

No. 

Liquid to 

solid ratio 

(L/S) 

Contact 

time (h) 

Feed 

Dy 

(ppm) 

Additive  (P/E) Stirring 

speed 

(rpm) 

Aqueous 

phase 

molarity 

Tempe

rature 

(
o
C) 

1 5 1 100 nil 4 100 0.3 30 

2 5 1 500 PVA 5 250 0.5 50 

3 5 1 1000 PVA+MWCNT 7.5 500 1 65 

4 5 6 100 nil 5 250 1 65 

5 5 6 500 PVA 7.5 500 0.3 30 

6 5 6 1000 PVA+MWCNT 4 100 0.5 50 

7 5 24 100 PVA 4 500 0.5 65 

8 5 24 500 PVA+MWCNT 5 100 1 30 

9 5 24 1000 nil 7.5 250 0.3 50 

10 10 1 100 PVA+MWCNT 7.5 250 0.5 30 

11 10 1 500 nil 4 500 1 50 

12 10 1 1000 PVA 5 100 0.3 65 

13 10 6 100 PVA 7.5 100 1 50 

14 10 6 500 PVA+MWCNT 4 250 0.3 65 

15 10 6 1000 nil 5 500 0.5 30 

16 10 24 100 PVA+MWCNT 5 500 0.3 50 

17 10 24 500 nil 7.5 100 0.5 65 

18 10 24 1000 PVA 4 250 1 30 
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FTIR (Shimadzu IR Affinity-1) as a confirmatory tool to substantiate the characteristic 

functional groups of D2EHPA in the PES bead matrix. The details about above mentioned 

techniques have been discussed in chapter 2 of this thesis. 

 Sorption of Dy(III) by polymeric beads was investigated in batch mode by contacting 10 

grams of polymeric beads with aqueous phase (0.3/0.5/1.0 N HCl medium) of containing 

Dy(III) at varying concentrations at an appropriate solid to liquid ratio for 24 hrs to make sure 

that the system had reached the equilibrium [167]. The solid –liquid mixture was stirred 

constantly to avoid mass transfer resistance. In general, the experiments were performed at 

ambient temperature (30±1ºC) and aqueous phase was analysed for Dy(III) content by ICP-

AES (Ultima JY Model 2). The percentage recovery, R and equilibrium sorption, qe were 

evaluated using following equations: 

)14.3(100)(
0

0 
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Where C0, and Ce are concentrations of Dy(III) at initial time and at equilibrium, 

respectively; W is the weight of polymeric beads (polymer, additive and extractant); and V is 

the volume of aqueous phase in litre. R and qe are the two input objective functions which 

need to be maximized by Taguchi method. 

3.2.4 Taguchi Analysis on sorption 

The objective of applying Taguchi method is to determine the optimum conditions at 

which R and qe are maximized.  The results of the experiments as per the L-18 array and the 

corresponding S/N ratios for R and qe are given in Table 3.5. The effect of each parameter on 

R as calculated by equation (1-4) is shown in Table 3.6. It can be observed from Table 3.6 
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that the aqueous phase molarity has the maximum effect (24.4%) on the effective percentage 

recovery(R) of Dy(III). 

Table 3.5: Percentage recovery (R) and equilibrium sorption (eq) data for L-18 arrays and 

corresponding S/N ratio 

 

The effects of polymer to extractant ratio (P/E), stirring speed of the agitator and the 

temperature are insignificant on R as calculated by ANOVA. The ANOVA also depicts that 

the relative effect of ‘Error’ is about 44.1%. The percent influence of the ‘Error’ term 

represents the combined influence of (a) factors not included in the study, (b) noise factors, 

Exp. 

No. 

R S/N (dB) 

(for R) 

eq S/N (dB) 

(for eq) Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 

1 97.44 97.5 97.3 39.772 3.07 3.08 3.072 9.754 

2 69.5 69 69.1 36.801 9.05 9.06 9.058 19.138 

3 40.1 40.12 41.2 32.141 11.21 11.01 11.2 20.936 

4 47.45 47.44 47.15 33.505 1.57 1.59 1.575 3.963 

5 94.18 94.2 94.22 39.481 12.7 12.75 12.745 22.097 

6 94.81 94.55 94.28 39.512 26.3 26.2 26.28 28.385 

7 97.82 96.98 97.51 39.774 3.08 3.1 3.18 9.88 

8 74.14 74.25 74.55 37.421 10.6 10.51 10.55 20.467 

9 90.59 91.2 90.22 39.149 23.3 23.38 23.5 27.381 

10 72.12 72.25 72.21 37.169 4.6 4.7 4.49 13.244 

11 20.53 20.55 20.65 26.267 5.78 5.81 5.72 15.222 

12 29.15 29.41 29.2 29.323 15.6 15.61 15.55 23.855 

13 49.5 49.12 49.25 33.855 3.27 3.22 3.25 10.228 

14 90.69 90.715 90.25 39.137 25.01 25.3 25.18 28.015 

15 45.9 45.2 45.28 33.151 25.36 25.1 25.2 28.034 

16 94.47 94.5 95.1 39.525 5.97 5.9 5.2 15.05 

17 86.98 86.25 86.59 38.75 23.9 23.91 23.1 27.468 

18 59.94 59.28 59.1 35.481 33.1 32 32.5 30.244 
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and (c) any experimental unintended anomalies. Generally, ‘Pooling of factor’ is performed 

on the insignificant factors, to reduce the error. 

Table 3.6 Effect of different parameters on the percentage recovery (R) of Dy(III) 

 

As, out of the insignificant factors, ‘Temperature’ has minimum SoS, it was pooled. It 

is worth noting that the effect of ‘Error’ was reduced to 38.16% after removing the effect of 

temperature. The modified % effect after pooling of temperature is also shown in Table 3.6. 

Further pooling of the factor ‘stirring speed’ was performed as it was found insignificant after 

first pooling. The effect of the remaining factors is shown in the rightmost column of Table 

3.6. The ‘Error’ was subsequently reduced to 37.15%. Any further pooling resulted in 

increase in the error value. Table 3.6shows that the factor effect on R followed the sequence: 

Factor DoF SoS %Effect Modified % 

Effect after 

1
st
 pooling 

Modified % 

Effect after 

2
nd

 pooling 

Liquid to solid ratio 

(L/S) 
1 34.436 9.826 10.484 10.57 

Contact time (h) 2 69.192 19.771 21.087 21.27 

Feed Dy (ppm) 2 18.675 1.05 2.336 2.55 

Additive 2 18.092 0.834 2.15 2.33 

Polymer to extractant 

ratio (P/E) 
2 12.317 0 0.01 0.19 

Stirring speed (rpm) 2 10.803 0 0 pooled 

Aqueous phase 

molarity 
2 81.749 24.424 25.74 25.92 

Temperature (
o
C) 2 8.739 0 Pooled pooled 

Error 2 15.838 44.095 38.163 37.15 
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aqueous phase molarity > contact time >L/S ratio >Dy(III) concentration in feed >additives> 

P/E ratio. The S/N ratios for different factors at different levels are shown in Figure 3.22.  

 

Fig. 3.22 Plot of S/N ratios for different factors for R 

Since larger-the-better is the objective for R, the optimum operating conditions can be 

set up as L/S ratio 5, contact time 24 h, Dy(III) in feed 100 ppm, additive PVA+MWCNT, 

P/E ratio 7.5, stirring speed 250 rpm, aqueous phase molarity 0.3 and temperature 30
o
C. A 

variation reduction plot at the optimum condition is shown in Figure 3.23, which shows the 

improvement of the performance. The standard deviation in S/N is predicted to come down 

from 25 to 7.9. Experiment carried out at the optimum conditions as determined by Taguchi 

analysis yielded an average recovery of 98.6%(three trials) with a standard deviation of 7.3. 

The enhanced percentage recovery with excellent reproducibility shows the accuracy of this 

analytical method in predicting the optimized conditions.  
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Figure 3.23: Variation Reduction plot for R 

 

Table 3.7depicts the effect of various parameters on qe. In this case it can be observed 

that Dy(III) concentration in feed has the maximum effect (75.4%). Like previous one, the 

effect of temperature and stirring speed being least important, they were pooled. The revised 

factor effects are shown in the rightmost column of Table 3.7, which followed the sequence:  

Dy(III) concentration in feed > aqueous phase molarity > contact time > L/S ratio > additives 

> P/E ratio. The S/N ratios for different factors at different levels are shown in Figure 3.24. 

Since larger-the-better is the objective for qe, the optimum operating conditions can be set up 

as L/S ratio 10, contact time 24 h, Dy(III) in feed 1000 ppm, additive PVA+MWCNT, P/E 

ratio 4, stirring speed 250 rpm, aqueous phase molarity 0.3 and temperature 30
o
C. A variation 

reduction plot at the optimum condition is shown in Figure 3.23, which shows the 
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improvement of the performance. The standard deviation in S/N is predicted to come down 

from 9.8 to 1.6.   

Table 3.7: Effect of different parameters on the equilibrium sorption (qe) of Dy(III) 

 

The actual experiment under the predicted optimum conditions shows the value of qe 

to be 37.9 mg/g with a standard deviation of 1.8 (three trials). 

It is worth noting that for the percentage recovery of Dy(III), R, aqueous phase 

molarity is the main contributing factor, whereas for equilibrium sorption, qe, feed 

concentration is the main contributing factor. Also the values of L/S ratio, Dy(III) feed 

concentration, and P/E ratio are different for maximizing R and qe. The Dy(III) concentration 

in feed is at minimum value for maximizing R, but it is at maximum value for maximizing qe.  

Factor DoF SoS %Effect Modified % 

Effect after 

1
st
 pooling 

Modified % 

Effect after 

2
nd

 pooling 

Liquid to solid ratio 

(L/S) 

1 47.878 3.757 3.869 3.9 

Contact time (h) 2 69.098 5.058 5.282 5.3 

Feed Dy (ppm) 2 832.947 75.397 75.621 75.64 

Additive 2 18.356 0.387 0.61 0.63 

Polymer to extractant 

ratio (P/E) 

2 13.25 0 0.14 0.16 

Stirring speed (rpm) 2 11.058 0 0 pooled 

Aqueous phase 

molarity 

2 69.945 5.137 5.361 5.38 

Temperature (
o
C) 2 9.296 0 pooled pooled 

Error 2 14.15 10.264 9.117 9 
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Fig. 3.24 Plot of S/N ratios for different factors for qe 

These observations will be explained in the ‘Discussion’ section after analyzing the 

microstructure of the beads. 

As can be observed from above, the percentage recovery of Dy(III), R, greatly 

depends on aqueous phase molarity; whereas for equilibrium sorption, qe, feed concentration 

is the main contributing factor. The sorption takes place via exchange of Dy(III) ion with 

hydrogen ion of D2EHPA. Therefore, the percentage recovery R is guided by the hydrogen 

ion concentration and R decreases with increase in aqueous phase molarity. On the other 

hand, qe depends on the availability of Dy(III) ion in the aqueous phase and is therefore 

strongly influenced by the feed concentration. Higher the feed concentration, higher will be 

the value qe.  However, higher the feed concentration, lower is the value of R due to 

saturation of the available sites. More the contact time (24 h) better is the values of R and qe. 

Lower is the L/S ratio (5), better will be the value of R due to more extractant quantity with 



  

118 
 

respect to available Dy(III) ions. On the other hand, higher the L/S ratio, higher is the amount 

of Dy(III) in the solution resulting in increase in sorption capacity (qe) of the bead. Again low 

aqueous phase molarity (0.3) favours R and qe for enhanced cation exchange.  

The bead without any additive (Figure 3.3b) formed a non-uniform less porous 

microstructure which prevented the exchange of Dy(III) ions from aqueous solution with the 

hydrogen ions of the D2EHPA molecules. On the other hand, addition of PVA+MWCNT 

resulted in significantly enhanced sorption of Dy(III) due to the following two factors. 

Firstly, during the phase inversion of polymeric solution to polymeric beads, MWCNTs acted 

as the nuclei for the reformation of polyethersulfone inside the bead which enhanced 

uniformity in the pore distribution with better porosity. Secondly, MWCNTs were 

functionalized by D2EHPA molecules on its surface, which in turn got distributed near 

periphery of the composite beads thereby allowing the sorption of Dy(III) simultaneously by 

ion exchange as well as adsorption. The better distribution of D2EHPA in the 

PES/PVA/MWCNT bead along with favourable pore size distribution resulted in the 

enhancement in R and qe. 

The effects of P/E, stirring speed and temperature are not very significant. However, 

higher stirring speed eliminates mass transfer resistance and lower temperature favours 

adsorption, which is exothermic in nature. Decrease in P/E results in more extractant and thus 

improves qe. On the other hand, increase in P/E increases R. 

3.2.5 Conclusions 

The percentage recovery and the equilibrium sorption of Dy(III) from aqueous phase 

have been studied using novel polymeric beads encapsulating D2EHPA. The effects of 
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various operational and structural parameters have been analyzed by Taguchi method using 

L18 orthogonal array. Feed concentration of Dy(III) has been found to be the most influential 

factor for equilibrium sorption capacity, whereas aqueous phase acidity influences the 

percentage recovery most. Addition of PVA and MWCNT in the polymer bead changes the 

pore structure and distribution of D2EHPA, thereby enhances the recovery. The analysis of 

variance predicted the optimum conditions where the performance was enhanced with 

minimum standard deviation. Experiments carried at optimum conditions verified the 

predicted data. 
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4 Synthesis and evaluation of carbon nanotube embedded EHEHPA encapsulated beads 

for rare earths separation  

Rare-earth elements (REE) are a group of 17 elements which include 15 lanthanides 

along with yttrium and scandium owing to their similar chemical characteristics. They find 

critical utility in multitude of arenas ranging from hybrid and electric cars, compact fluorescent 

lamps, wind turbines to HDD’s, optical glasses and lasers [22,168]. The multidimensional 

applicability of these REE is due to their excellent electrical, magnetic and optical properties 

derived from their partially filled f orbital. The constant increase in applicability of REE in 

various fields created a huge demand for constant supply of these elements [169]. The supply 

risk of REE have necessitated the need of recovering rare earths from other important sources 

such as e-wastes, tailing of mines and lean solutions of processing plants to augment the supply 

through regular mines [169]. Apart from these supply related concerns, rare earths separation and 

purification of individual elements is itself one of the most difficult task in analytical chemistry 

due to their very close chemical and physical properties. Multistage solvent extraction and ion 

exchange are the most common techniques used for the rare earths separation at industrial level 

[142, 170]. As discussed in chapter 1 and chapter 3 these processes have some associated 

detriments, such as multistage cycles of operation, third phase formation, finite aqueous 

solubility of the extractants, solvents and modifiers, and their loss through phase disengagement 

have been reported, whereas for ion exchange process low extraction rate and limitation on the 

metal ion concentration in the effluent to be treated, hinders the favorable purification and 

separation of metals. In solvent extraction process, use hazardous organic extractants, diluents 

and modifiers, leads to severe environmental concerns [171,172].  

In the Chapter 3, I have reported application of PES as matrix material for synthesizing 

composites beads encapsulating extractants like D2EHPA (di-2-ethyl hexyl phosphoric acid) for 
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separation of rare earths from acidic medium [166-167, 173-174]. D2EHPA is a well- known 

organic extractant in separation industry, it forms very strong complex with metal cations and 

hence requires a relatively high concentration of HCl (~6M) for back extraction of metal ions 

[175]. To avoid the use of high concentration of corrosive HCl fumes which have detrimental 

effect on the equipment’s in the down- stream of process, 2-ethylhexyl phosphonic acid mono-2-

ethylhexyl ester (EHEHPA also known as PC88A industrial trade name) was proposed for rare 

earths separation and recovery. The advantage of using EHEHPA as extractant is that it requires 

low HCl concentration (~3.5M) for complete stripping of rare earths from organic phase as well 

as it a good rejecter of Ca [176].  Use of EHEHPA containing polymeric beads for metal ion 

separation is scanty [177].  

Therefore, it is desirable to develop an environment friendly EHEHPA encapsulated PES 

beads which can be employed for effective separation of rare earths from aqueous solutions. The 

present work emphasizes with the investigations on the synthesis, characterization as well as 

evaluation of PES encapsulated with EHEHPA for the separation of rare earths from aqueous 

solution. Effect of various experimental process variables such as aqueous phase acidity, organic 

extractant concentration inside the beads, temperature, metal ion concentration and morphology 

has been investigated on the extraction of rare earths. The role of different additives including 

multiwall carbon nanotube (MWCNT), polyvinyl alcohol (PVA), lithium chloride (LiCl) and 

polyethelene glycol (PEG) on the internal morphology of composite beads have been studied to 

allow the understanding mass transport of rare earth metal ions into EHEHPA encapsulated 

polymeric beads through the pore. Extraction and stripping profiles of different rare earths have 

also been obtained. 
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4.1 Synthesis of PES/EHEHPA beads 

 Total five varying type of polymeric composite beads namely PES/PVA (as blank), 

PES/PVA /EHEHPA, PES/PEG/EHEHPA, PES/LiCl/EHEHPA, PES/PVA/MWCNT/EHEHPA 

with different additives were prepared by non-solvent phase inversion method under optimized 

preparatory conditions using similar experimental set up described in chapter 2 and 3 [144].  The 

concentration of additives was optimized in such a way that the resultant composite beads had 

spherical shape. The concentration of additive was found to be optimum at 1% w/w of polymer 

solution, where as in the case of MWCNT, the optimum concentration was 0.25% w/w of 

polymer solution. The developed polymeric beads were characterized by SEM, TGA and FT-IR 

to evaluate their structural, physical and chemical properties. The details regarding the 

experimental condition were described in chapter 3 section 3.1.2. 

 Extraction/sorption study of rare earths such as La, Nd, Sm, Dy and Y by EHEHPA 

polymeric beads was investigated in batch mode of operation. The procedural details of the 

experiments are described in section 2.2.2 of chapter 2. The equilibrium adsorption or sorption 

capacity of the polymeric beads was evaluated in terms of (qe) in mg/g and weight distribution 

coefficient, Kd were also evaluated using equations described in section 2.2.2. Sorption isotherm, 

kinetics of metal ion sorption by polymeric beads along with column studies were also 

performed as described in section and subsections of 2.2 of chapter 2. 

4.2 Effect of additives on beads morphology:  

 The morphology of the polyethersulfone bead is a significant characteristic which 

influences its applicability and stability for metal ion separation from aqueous media. For metal 

extraction, an ideal extractant encapsulated polymeric bead should have a central cavity 
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circumvented by a porous polymeric structure. Fig. 4.1 (a–f) illustrates the cross sectional images 

of the polymeric composite beads with different additives.  

 

Fig.4.1 SEM images of cross-section of PES based bead (a)PES blank, (b)PES/PC88A, 

(c)PES/PVA/PC88A, (d)PES/PEG/PC88A, (e)PES/LiCl/PC88A, 

(f)PES/PVA/MWCNT/PC88A 

It is evident from the figure that additives play critically important role in altering the 

internal microstructure of the bead in terms of porosity and pore size distribution which in turn 

affect their extraction capacity considerably.  Fig. 4.1(a) shows the cross sectional image of the 

PES bead having PVA as an additive, with porous structure and thick outer shell. The second 

image (Fig. 4.1b) is cross-sectional view of EHEHPA encapsulated PES bead, the internal 

microstructure changes considerably in terms of uneven distribution of polymer when compared 

to Fig.4.1 (a). However, the distribution of polymer phase is uneven and even at the periphery 
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the matrix formed by PES seems to be broken. Fig. 4.1(c) depicts cross sectional image of PVA 

doped EHEHPA encapsulated PES bead, having relatively thinner outer layer with porous 

polymer matrix up to periphery when compared with fig. 4.1 (b). Noticeably, the core cavity is 

big and spherical when compared to beads shown in fig 4.1 (a, b). The addition of PEG and LiCl 

with PES resulted in detriment in terms of porosity and distribution of polymer fig 4.1 (d) and 

(e). On the other hand, polymeric beads with PVA and MWCNT both as additives (Fig.4.1f) also 

show porous and even distribution of polymer with gradual increase in polymer content at 

periphery. The above observations may be attributed to the distribution of the polymer and the 

additives during the phase inversion process; during the solidification additive’s solubility in the 

antisolvent (water) determines the porosity and overall distribution of polymer inside the bead 

[146]. Morphological evaluation of the beads by SEM revealed that the PES/PVA/EHEHPA and 

PES/PVA/MWCNT/EHEHPA beads have the desired microstructures. 

4.3 Thermo gravimetric Analysis 

Fig. 4.2 represents mass loss profiles of blank PES bead, two types of 

PES/PVA/MWCNT/EHEHPA bead having different extractant to polymer ratio (1:5 and 1:15) 

and 3M EHEHPA liquid phase while heated in nitrogen atmosphere. In the case of 3M EHEHPA 

mass loss profile initial evaporation takes place around 210- 400
o
C with a two-step loss of 

weight of about 85%. The blank PES bead loses 82% of its weight in the temperature range of 

60-130
o
C due to evaporation of NMP and water in it. It further loses 10% at around 520

o
C due to 

dissociation of PES followed by evaporation of volatiles. The weight loss profiles of 

PES/PVA/MWCNT/EHEHPA beads (1:5 and 1:15) can be divided into three zones. The first 

zone in the temperature range of 60-130
o
C corresponds to the evaporation of NMP and water 

inside the polymeric beads (~65 and 75%).  
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Fig. 4.2 TG of PES/PC88A bead, PC88A (3M), Blank polymer bead 

The second zone (210-400
o
C) shows a loss of 18% weight for 

PES//PVA/MWCNT/EHEHPA beads with 1:5 extractant to polymer ratio and 13% for 1:15 

extractant to polymer ratio beads which corresponds to the dissociation and evaporation of 

EHEHPA. The third zone manifests the dissociation of PES around 520-600
o
C, with a weight 

loss of around 7%. Comparing the depicted four TG profiles in figure 4.2, it can be concluded 

that there is no chemical interaction among water, NMP, EHEHPA, PES, PVA and MWCNT the 

main constituents of the polymeric beads. Similar observations were reported by Ozcan et al. for 

Cyanex 923 encapsulated polysulfonic based microcapsules and Yadav et al. for D2EHPA 

encapsulated polyethersulfone beads [174,146].  
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4.4 Functional group studies  

 The FTIR spectra of the pure EHEHPA, blank PES/PVA composite bead and two types of 

PES/PVA/MWCNT/EHEHPA bead having different extractant to polymer ratio (1:5 and 1:15) 

are shown in Fig. 4.3 (a, b, c & d).  

Fig. 4.3 FTIR spectra of PC88A (3M), PES/PC88A (15:1) bead, PES/PC88A (5:1)bead, blank 

PES bead  

The FTIR spectrum for pure EHEHPA in Fig. 4.3(a) shows peaks at the interval 2800–

3000 cm
−1

 correspond to the radical 2-ethylhexyl and C-H stretching of methyl. The most intense 

band is the P–O stretching, together with P–O–C between 1050 and 970 cm
−1

. Other important 

bands are P-O stretching at 1250–1210 cm
−1

 and a low intense peak around 1500 
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cm
−1

confirming the presence of P-OH [15]. In Fig. 4.3(d), three peaks between 1600 cm
-1 

to 

1400 cm
-1 

are attributed to representative aromatic skeletal vibration of PES. The C-O-C 

stretching peaks are located between 1324 cm
-1

 to 1240 cm
-1

. The S=O stretching peaks 

representing polyethersulfone are present at 1145 and 1105 cm
-1

. In Fig. 4.3(b, c) the peaks at 

1250-1210cm
-1

, which represent P=O group and low intense band around 1680 cm
-1

, along with 

peaks of polyethersulfone shows that EHEHPA encapsulated inside the bead is present within 

the polymer matrix without any chemical interaction with PES.   

4.5 Effect of additives in polymeric beads on Y(III) extraction  

All the types of EHEHPA encapsulated polymeric beads differing only in terms of 

additive (PEG, PVA, LiCl and MWCNT) were evaluated for their Yttrium sorption capacity 

from aqueous media under comparable experimental condition to assess the role of different 

additives. The extraction of Y(III) by different types of EHEHPA polymeric beads is evaluated 

as weight distribution ratio (kd) and equilibrium sorption capacity (qe). The results shown in Fig 

4.4(a) and 4.4(b) confirms that additives in the polymeric beads not only alter the morphology of 

polymeric beads but also plays a significant role on its rare earths sorption capacity, polymeric 

beads having additives such as PVA or PVA+CNT showed marked increase in term of sorption 

of Yttrium whereas additives such as PEG, LiCl hampers the beads Y(III) sorption capacity. The 

decrease in the sorption capacity of EHEHPA/PES beads doped with PEG and LiCl can be 

attributed to the uneven distribution of polymer (Fig. 4.1d) and presence of thick outer layer 

around the encapsulated extractant EHEHPA (Fig. 4.1e) respectively when compared to 

EHEHPA beads without additive beads (Fig. 4.1b), which ultimately affects the interfacial 

contact area between aqueous and organic phases. On the other hand two types of beads i.e. 

PES/PVA/EHEHPA and PES/PVA/MWCNT/EHEHPA beads showed an increased Y(III) 
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sorption capacity due to their better encapsulation and enhanced porosity (Fig. 4.1c and Fig. 

4.1f).  

 

 

Fig. 4.4 (a) Effect of additives in polymeric composite beads on sorption of Y(III) by 

PES/EHEHPA beads  

The observed enhancement in Y(III) sorption of PES/PVA/EHEHPA beads by addition 

of MWCNT may be due to the fact that MWCNT may acts as nucleus for the reformation of 

polyethersulfone inside the bead during the process of phase inversion, ultimately enhancing 

uniformity in the pore distribution with better porosity.  
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Fig. 4.4 (b) Effect of additives in polymeric composite beads on equilibrium sorption capacity of 

Y(III) by PES/EHEHPA beads  

4.6 Effect of extractant concentration 

The concentration of organic extractants in the diluents plays crucial role in metal 

extraction phenomenon as the presence of diluents not only determines physical characteristics 

of organic phase (viscosity, density and solubility) but also determines chemical reactivity by 

changing the dielectric constant and available concentration of organic solvent for extraction 

[178]. Effect of EHEHPA concentration inside the bead on yttrium sorption capacity was 

evaluated by preparing polymeric beads encapsulating variable concentration of EHEHPA (0.5 

to 3.0 M) in petrofin, and subsequently evaluating the same for rare earths sorption. The shape of 

polymeric beads having 0.5 M and 1.0 M concentration of EHEHPA have been distorted sphere 

when compared with beads encapsulating 3M EHEHPA.  The spherical morphology obtained 
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with high concentration of EHEHPA (3M) may presumably be due to the viscous nature of the 

solvent in absence of any diluent as compared to 0.5M and 1.0 M EHEHPA.   

 

Fig. 4.5 Effect of extractant (PC88A i.e. EHEHPA) concentration inside the bead on Y(III) 

extraction. (EHEHPA diluted by petrofin, weight of PES/PVA/MWCNT/ EHEHPA beads: 10g, 

aqueous phase of 0.3N concentration of the acid used: 100 mL, Y(III) concentration:2.1g/L, 

stirring speed: 250rpm, temperature: 30°C) 

Fig.4.5 represents the effect of extractant concentration encapsulated inside the bead on 

the extraction of Y(III) from aqueous phase. The qe values increased from 8 to 43 mg/g with 

increase in the concentration of EHEHPA from 0.5M to 3M inside the polymeric beads. Similar 

behavior was observed during solvent extraction process, where the metal ion distribution ratio 

between organic to aqueous phase also increased with increase in EHEHPA concentration [177]. 

However, continuous operating conditions in solvent extraction process do not allow extractant 
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concentrations beyond 1.5M for EHEHPA due to increase in density and viscosity of extractant 

phase affect the phase separation and mass transfer kinetics. On the contrary, in the present 

investigation 3M EHEHPA encapsulated polymeric beads (as prepared) can be used without any 

practical difficulties (phase separation and third phase formation) making the full utilization of 

concentrated extractant inside the beads. 

4.7 Effect of Yttrium ion concentration  

The experimental results of Y(III) extraction by different types of polymeric beads 

embedded with different additives from chloride medium revealed that 

PES/PVA/MWCNT/EHEHPA (PES-EHEHPA) were best suited for rare earth recovery and 

subsequently employed for further studies to optimize other different experimental variables. 

Effect of metal ion concentration Y(III) on the equilibrium sorption capacity qe of PES-EHEHPA 

beads were evaluated at fixed aqueous/polymer (L/S) beads ratio (100ml/10gram) and acidity 

(0.3M HCl). Results shown in fig. 4.6 indicated that qe values increased (16 to 50 mg/g) with 

increase in Y(III) ion concentration (600 to 3000 mg/L) in aqueous solution. The increase in 

sorption capacity is due to increase in effectively available metal ion in aqueous streams. 

Experimental results reported by Outokesh et al confirm our findings on the effect of metal ion 

concentration on qe values. [148].   
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Fig. 4.6 Effect of Y(III) concentration in feed solution on equilibrium sorption capacity of Y(III) 

by PES/PVA/MWCNT/ EHEHPA beads (Weight of wet PES beads: 10g, 100 mL of 

0.3N HCl solution, stirring speed: 250rpm, temperature: 30°C, contact time: 8 hours). 

4.8 Effect of aqueous phase acidity 

Effect of aqueous solution acidity on the extraction of Y(III) by PES-EHEHPA beads 

was investigated for different concentration of yttrium ion in the aqueous solution ranging from 

150 to 750 mg/L at a fixed L/S ratio (10/1) and temperature (30°C). Sorption capacity of PES-

EHEHPA for Y(III) decreased with increase in acid concentration for all the concentrations of 

Y(III) ion in the solution (Fig. 4.7a). However, the decrease in qe at a particular acidity followed 

a proportional increase with increase in Y(III) concentration in the aqueous solution. In another 

set of experiments, aqueous feed acidity was varied from 0.3M to 3M HCl keeping the 
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concentration of Y(III) fixed at 2500 mg/L to evaluate the effect of feed acidity on equilibrium 

sorption capacity of polymeric beads.  

 

Fig. 4.7(a) Plots of Y(III) uptake as a function of aqueous phase hydrochloric acid 

concentration and Y(III) concentration in aqueous phase by PES/PVA/MWCNT/ EHEHPA 

beads  

Results illustrated in fig 4.7(b) indicate that increase in acidity of aqueous solution, led to 

decrease in qe value for PES-EHEHPA beads. The decrease in qe with increase in acidity is a 

similar phenomenon observed in solvent extraction technique for the extraction of metal ion with 

acidic organophosphoric extractant like EHEHPA due to the ion exchange mechanism, where H
+
 

ion of EHEHPA gets displaced by metal ion of interest [176].  
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Fig. 4.7(b) Effect of aqueous feed acidity in terms of HCl concentration on Y(III) sorption 

capacity by PES/PVA/MWCNT/ EHEHPA beads (Weight of wet PES beads: 10g, Y(III) 

concentration in Feed: 2.5 g/L, stirring speed: 250rpm, temperature: 30°C, contact time: 8 

hours) 

4.9 Y(III) extraction mechanism from aqueous medium 

Literature reports and slope analysis experiments indicate that EHEHPA exists as a dimer 

in paraffinic hydrocarbon based diluents [176]. The liquid liquid extraction of Y(III) from acidic 

medium by EHEHPA results in the formation of extracted species consisting 3 EHEHPA dimers 

shown in equation 4.1.  

 (  )
          (   )

   
⇔   (   )  (   )    (  )

                         (4.1) 
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where H2A2 represents the dimer form of EHEHPA in nonpolar diluents, Kex denoted in 

the equation is the equilibrium constant for the chemical reaction shown in eq. 4.1 while 

subscripts (aq.) and (org.) depicts the aqueous and organic phase respectively. However, in the 

present investigation the EHEHPA encapsulated polymeric beads do not contain any diluent and 

thereby, it is likely that EHEHPA will be present in monomeric form where its hydrogen ion will 

be replaced by yttrium ion from the aqueous solution and the exchange of H
+
 ion with the metal 

ion takes place through the pores of the beads and the formation of [YA3] complex can be 

represented by the following equation: 

 (  )
        (   )

   
⇔      (   )    (  )

                                          (4.2) 

The complex formation initially occurs at the periphery of the polymeric bead at the 

interface between aqueous and organic phase. Then the complexed ion diffuses inside the pore 

through concentration gradient. Similar observations were reported by Kamioet. al., [106], while 

studying the extraction of gallium and indium with extractant-impregnated microcapsule.  

4.10 Influence of temperature  

The effect of temperature on the sorption capacity of PES-EHEHPA beads for Y(III) for 

was studied under similar experimental condition of S/L ratio 1:10, aqueous phase acidity 0.3M 

HCl and concentration of Y(III) 2500 mg/L in the aqueous solution. Fig.4.8 represents the 

variation of qe with change in temperature for PES-EHEHPA beads. Equilibrium sorption values 

for Y(III) sorption by PES-EHEHPA beads were decreased from 54 to 30 mg/g with increase in 

temperature of aqueous feed solution from 30 to 70°C. The decrease in qe values with increase in 

temperature can be ascribed to the exothermic nature of the extraction reaction. In the present 

case effect of temperature beyond 70°C was not investigated for extraction as the glass transition 
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temperature of PVA is approximately 75°C at which chances of distortion in the morphology of 

composites beads are likely to be very high.  

 

Fig. 4.8 Effect of temperature on Y(III) equilibrium sorption capacity by PES/PVA/MWCNT/ 

EHEHPA beads (weight of PES beads: 10g, aqueous phase of 0.3N HCl: 100 mL, Y(III) 

concentration: 2.5 g/L, stirring speed: 250rpm, contact time: 8 hours) 

4.11 Extraction of Y(III) in presence of competing rare earth ions: individual and mixture  

The effect of chemically similar rare earth ions such as Lanthanum: La(III), Neodymium: 

Nd(III), Samarium: Sm(III), Dysprosium: Dy(III) on the extraction of Y(III) by PES-EHEHPA 

beads from aqueous media having different composition in terms of mixture of rare earths or 

individual elements was investigated. The first set of experiments were performed by contacting 
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the known amount PES-EHEHPA beads with 0.3M HCl solutions containing individual rare 

earths (2500 mg/L) i.e. La, Nd, Sm, Dy and Y at an appropriate S/L ratio and temperature.  

 

Fig. 4.9 Equilibrium sorption capacity for different rare earths (La, Nd, Sm, Dy, Y) sorption by 

PES/PVA/MWCNT/ EHEHPA beads (Feed phase:100 mL of 0.3N HCl, Rare Earth 

element concentration: 2.5 g/L, Stirring speed: 250rpm, Contact time: 8 hours)  

The experimental findings are presented in Fig.4.9, where equilibrium sorption capacity 

of PES-EHEHPA for individual rare earth elements is depicted. PES-EHEHPA beads 

equilibrium sorption capacity for rare earths followed the order Y>Dy>Sm>Nd> La respectively. 

Polymeric beads were also tested for individual rare earths extraction from aqueous feed solution 

consisting mixed rare earths i.e. La: 514; Nd: 522; Sm: 558; Dy: 612; Y: 654 mg/L in 0.3M HCL 

aqueous feed phase. 
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Fig. 4.10 Equilibrium sorption capacity(mg/g) for different rare earths (La, Nd, Sm, Dy, Y) 

sorption by PES/PVA/MWCNT/PC88A beads from Mixed RE feed (Feed phase:100 mL 

of 0.3N HCl, Rare Earth concentration in feed: La: 514; Nd: 522; Sm: 558; Dy: 612; Y: 

654 mg/L, Stirring speed: 250rpm, Contact time: 8 hours)  

Results (Fig. 4.10) indicated that PES-EHEHPA beads had higher sorption capacity for 

heavier rare earths (Y and Dy) in the mixture whereas minimum sorption capacity for lighter rare 

earths (La, Nd, Sm). This clearly demonstrated the ability of novel MWCNT embedded PES-

EHEHPA beads for efficient separation of Y(III) and Dy(III) from La(III), Nd(III) and Sm(III).  

4.12 Yttrium recovery from loaded EHEHPA beads 

Subsequent to the optimization of sorption parameters, experiments were carried out to 

evaluate the stripping agents for the recovery of Y(III) from RE loaded EHEHPA/PES beads. 
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Varying concentration of HCl (25%, 40% v/v) were screened for the stripping of rare earths from 

loaded beads.  

 

Fig. 4.11 Effect of stripping agent on Y(III) stripping from loaded beads (weight of PES/PVA/ 

EHEHPA beads: 10g, strip phase: 100 mL, Y(III) loading in beads with aqueous phase: 

1.9 g/L Y(III) 0.3 N HCl, stirring speed: 250rpm, contact time: 14 hours)  

Fig. 4.11 shows that increase in concentration of HCl from 25 to 40% (v/v) resulted 

enhancement in Y(III) stripping from EHEHPA polymeric beads loaded with yttrium from feed 

solution containing 1850 mg/L. In the case of stripping by sulphuric acid, 30% H2SO4 was found 

to optimum for Y(III) extraction from loaded beads as further increase in concentration decreases 

the stripping efficiency due to increase in viscosity of stripping agent. The above observation led 

to the conclusion that both 30% H2SO4 and 40% HCl were suitable for stripping of rare earths 
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from polymeric beads. HNO3 was not explored as a medium for extraction due to its oxidative 

nature towards polymeric material (PVA).  

4.13 Reusability and stability of EHEHPA composite beads 

The effect of reuse and recycling of EHEHPA encapsulating polymeric beads on the 

sorption of Y(III) from aqueous streams and subsequent loss of encapsulated extractant 

EHEHPA from the beads during the reuse was evaluated.  

 

Fig. 4.12 Effect of sorption and desorption of Y(III) from PES/ EHEHPA beads on cumulative 

percentage loss of encapsulated EHEHPA and on equilibrium sorption capacity(qe).   

To investigate the cyclic stability of polymeric beads, the Y(III) sorption was investigated 

with EHEHPA/PES beads from (0.3M HCl containing 1000 mg/L of yttrium) at an appropriate 

1: 10:: S:L ratio and temperature (30°C) followed by the stripping of Y(III) with 6M HCl, 
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subsequently the same beads were reused for 30 cycles of extraction and stripping in a similar 

way. The results shown in Fig. 4.12 indicate that the EHEHPA/PVA/MWCNT/PES beads show 

little deviation from their qe values (56 to 49mg/g) for Y extraction even after reused for 30 

cycles. 

Fig. 4.12 also represents the cumulative loss of EHEHPA after repeated use of these 

EHEHPA/PES beads. EHEHPA loss in aqueous medium during extraction of Y(III) was 

monitored after each extraction and stripping cycle upto 30 cycles following the procedure 

reported by Pullianen et. al [153]. Leaching out of EHEHPA in the aqueous solution through the 

pores of the beads was found to be in the range of < 2.1% (Fig.4.12). This loss of EHEHPA from 

the pores of polymeric beads is significantly less (< 2.1% after 30 cycles) when compared with 

other XAD based solvent impregnated resins (5-25% after 10 cycles)[179]. This can be attributed 

to the presence of nanoporous dense surface layer and presence of water and NMP solvent 

(section 3.2 and 3.3) near the peripheral pores of polymeric bead. This presence of aqueous layer 

around the organic phase in polymeric beads prevent the loss of viscous organic extractants[154]. 

The reduced loss or non-leachability of EHEHPA from EHEHPA/PES beads indicate its 

employability in the field of hydrometallurgy for the separation and concentration of metal ions 

from aqueous solutions. 

4.14. Conclusions 

Polyethersulfone beads encapsulating EHEHPA and were prepared by phase inversion 

method. The synthesized EHEHPA-PES beads morphology and internal microstructure is 

modified and optimized by introducing suitable additives namely, multiwall carbon nanotube 

(MWCNT), polyvinyl alcohol (PVA) in polymeric beads matrix. The developed polymeric beads 

consisting PES/EHEHPA/PVA/MWCNT found to be most efficient to recover yttrium along 
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with rare earths from aqueous solution with minimum loss of encapsulated extractants. The 

developed 3 M EHEHPA-PES beads not only recovers rare earths values (with Qe values as high 

as 56 mg/g) from aqueous phase but also addresses to the problems of environmental hazards 

originating from the use of organic diluents in conventional solvent extraction process. 

Moreover, these developed EHEHPA-PES beads offers added benefit of extraordinary stability 

and recyclability of beads as compared to the other conventional methods. 
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5 Transport studies on rare earths by Hollow Fibre Liquid membrane 

Rare earth metals (REMs) consist of fourteen lanthanides and three elements which are 

Sc, Y and La. Thus, the total number of REMs is 17. In the last decade, these rare earths 

elements which have unique physical and chemical properties have been highly in demand for 

their application in almost all walks of life. Rare earth metals have been also widely used in 

petrochemical, glass, ceramics, fluorescent materials, electronic material, medicine, agriculture 

department, a lot of modern science and technology field [180]. In China, there are abundant rare 

earth resources. With the development of rare earth industry, the application of rare earth 

elements widely for transport and enrichment has become more and more necessary 

[181].Various methods can be used to recover these metals from aqueous solutions. Traditional 

methods, such as ion exchange, precipitation and solvent extraction also have been some 

inherent disadvantages along with their ineffectiveness to recover a very low concentration of 

contaminated metal ions [182, 183].In earlier chapters; I have elaborated the importance of 

alternative methods for the separation and purification of rare earths. Chapter 3 and 4 of the 

present thesis elaborate the development and application of polyethersulfone based solvent 

encapsulated beads for this purpose. In this regard, another important technique i.e. liquid 

membrane methods offers separation schemes, this combines the characteristics of solvent 

extraction with solid membrane separation. Membrane separation processes are used in a wide 

variety of industrial and medical applications for separation of ions, macromolecules, colloids, 

and cells. The most important advantages of membrane processes are their unique separation 

capabilities and ability to adapt in diversified conditions including easy scale-up. In some fields 

membranes are already proven technology and are incorporated in various production lines or 

purification processes [184-187]. Membrane technology dealing with various applications has 
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generated businesses totaling more than one billion U.S. dollars annually [188]. Systems based 

on hollow fiber membrane contactors can make chemical plants more compact, more energy 

efficient, cleaner, and safer by providing a lower equipment size-to-production capacity ratio, by 

reducing energy requirements, by improving efficiency, and by lessening waste generation, with 

the correct choice of membrane material. The loss of organic from the membrane (by 

entrainment) can be reduced to levels lower than those expected in other type of contactors. In 

addition, traditional stripping, scrubbing, absorption, and liquid–liquid extraction processes can 

be carried out in this new configuration. It has several potential advantages compared to the 

conventional methods of solvent extraction technique. Liquid membrane transport of rare earth 

metals is characterized by a short process, high speed, great enrichment ratio, little reagent 

consuming and low cost, which has extensive industrial application prospect. 

In particular, a hollow fiber liquid membrane (HFLM) contactor is an excellent system 

for the extraction of metal ions at very low concentration from various solutions. This method 

allows for both simultaneous extraction and stripping of target ions in one single-step operation 

or non-dispersive mode of metal extraction which is similar to conventional liquid-liquid 

extraction[189]. Many advantages of HFLM over traditional methods include lower energy 

consumption, lower capital and operating costs, and less solvent use. It also offers a higher mass 

transfer rate per unit surface area [190]. The application of HFLM was considered for rare earths 

separation studies due to the previous success of radioactive, alkali metal and lanthanide metal 

separation by various research groups [191–194]. In this chapter the transport behavior of rare 

earths (Dy, La, Sm etc) in Hollow Fibre Membrane is evaluated.  

The Non-dispersive solvent extraction (NDSX) and supported liquid membrane 

(HFSLM) are the two mode of operation evaluated for these transport studies. In the NDSX 
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method, an organic phase passing through one side of the membrane wets the microporous 

hydrophobic membrane. A non- wetting aqueous phase is passed through other side of the 

membrane at a pressure higher than that of the organic phase, but lower than that needed for the 

aqueous phase to displace the organic phase in the pores of the membrane. The aqueous–organic 

(aqueous–membrane) interface is essentially immobilized at the pore mouth of the hydrophobic 

membrane support through which the solute mass transfer takes place. Here, the membrane 

support does not function as a size selective sieve, but it merely prevents the dispersion of one 

phase into the other. Moreover, with hollow fiber based NDSX, the limitations of hollow fiber 

supported liquid membrane based methods such as membrane stability are largely overcome.The 

batch solvent extraction experiments suggested that PC88A in petrofin is a suitable carrier 

solvent for polypropylene hollow fibre membrane. Various experiments were carried out to 

evaluate the effect of feed acidity, metal ion concentration, carrier concentration, feed 

composition, flow rates and phase ratio on the transport of rare earths metal ions across the 

membrane. The experimental findings discussed in this chapter revealed that in non-dispersive 

mode of operation with 0.5M EHEHPA as carrier solvent, ~98% of Dy(III) in aqueous feed has 

been transported across the membrane. Similarly, in the case of stripping of loaded carrier by this 

mode resulted in ~96% recovery in 1hour under optimized condition. In another set of 

experiments Dy(III) transport has been investigated by Hollow fibre supported liquid membrane 

containing EHEHPA as carrier solvent. Various process variables such as feed acidity, metal ion 

concentration, carrier concentration, feed composition, flow rates and phase ratio were altered to 

achieve an optimized experimental conditions to achieve maximum Dy(III) recovery. Under 

optimized experimental condition >94% recovery of Dy(III) from aqueous feed solution can be 

attained in 2 hours of operation. Quantitative transport of rare earths was also achieved during 
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non-dispersive as well as supported liquid membrane mode of operation, when EHEHPA was 

used as a carrier. Studies on the effect of interfering rare earth ions on the transport of Dy(III) 

has been also discussed in this chapter.  

5.1 Batch Extraction of Dy(III) by EHEHPA 

 Literature reports and slope analysis experiments indicate that EHEHPA exists as a 

dimer in paraffinic hydrocarbon based diluents [195]. The liquid liquid extraction of Dy(III) 

from nitric acid medium by EHEHPA results in the formation of extracted species consisting 3 

EHEHPA dimers shown in equation 1.  

  (  )
          (   )

   
⇔    (   )  (   )    (  )

                         (5.1) 

Where H2A2 shows the dimer form of EHEHPA in nonpolar diluents, Kex denoted in 

equation 5.2 is the equilibrium constant for the chemical reaction shown in eq. 5.1 while 

subscripts (aq.) and (org.) depicts the aqueous and organic phase respectively.  

     
   (   )  (   )  

  (  )
 

      (  )      (   )
                                                        (5.2)   

The distribution coefficient of the metal ion (D) is the ratio of Dy(III) concentration in 

the organic phase to that of in the aqueous phase as represented in equation 5.3. 

   
   (   )  (   )

      (  )
                                                                  (5.3)    

The distribution coefficient values for Dy(III) extraction by 0.5M PC88A as function of 

nitric acid concentration were evaluated and shown in table 1. Results indicated that with 

increase in aqueous phase acidity from 0.1 to 0.75M HNO3 distribution ratio for Dy extraction 

by PC88A decreases from 53 to 0.3. It is reported that increase in feed acidity decreases the D 

value because of the protonation of EHEHPA. The distribution data indicated that the extraction 

of Dy(III) can only be performed below the acidity value of 0.3 M HNO3 . 
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Table 5.1: Distribution Coefficient (D) for Dy(III) extraction by EHEHPA from different 

aqueous phase acidities: Organic Phase: 0.5 M EHEHPA in petrofin, aqueous phase: 1089 mg/L 

Dy 

 

 

 

 

 

 

5.2 Membrane based transport studies 

 In view of various advantages of Holow Fibre Membrane based liquid membranes over 

other methods, the aim of the present study was to develop suitable liquid membrane technique 

for the recovery of rare earth values from aqueous acidic solutions. In the present work, transport 

behaviour of Dy(III) by employing hollow fibre membrane contactor in both NDSX and HFSLM 

mode was investigated. Subsequently various system parameters were studied to optimize the 

experimental conditions. 

5.2.1 Non-dispersive solvent extraction by hollow fibre membrane 

 A commercial module measuring 2.5″×8″ described in section 2.2.7 of chapter 2 with 

about 10,000 microporous hydrophobic hollow fiber of polypropylene lumens was used in the 

present work. During the experiment aqueous and organic phases were contacted in counter-

current mode in the hollow fibre module in recycling mode. Since the membrane is hydrophobic 

and the organic phase easily wets the polypropylene fibers, to prevent the dispersion of the 

organic phase into the aqueous feed phase a trans-membrane pressure of 3 psi in the lumen side 

[HNO3], M D 

0.1 53.48 

0.3 3.91 

0.5 1.15 

0.75 0.35 
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is applied [196].The aqueous and organic solutions in the reservoir were agitated continuously to 

provide uniform concentration of metal ion. Samples from aqueous feed and organic phase were 

removed from bulk of the reservoir at different time intervals for analysis.  

5.2.1.1 Effect of aqueous phase acidity on Dy extraction 

 In the case solvent extraction by organophosphorus based acidic extractants, aqueous 

phase acidity plays key role in extraction as well as stripping of metal ion. Effect of aqueous 

phase acidity was investigated for Dy (III) extraction by 0.5M PC88A organic extractant at phase 

ratio of 1:1 in non-dispersive mode of operation. Results indicated in Figure 5.1 illustrates that 

increase in acidity from 0.1 to 0.5 M HNO3 decreases percentage extraction of Dy(III) from 99.5 

to 45.2 when extracted by 0.5M PC88A across the membrane in non-dispersive mode of 

operation. Increase in acidity also affects the equilibration time required from 30 to 60 minutes to 

achieve the quantitative transport of Dy(III) from aqueous phase to organic phase. The loaded 

organic phase of 0.5M PC88A with Dy(III) resulted from this experiment was quantitatively 

stripped by equilibrating the organic phase with 3.5 M HNO3 in separating funnel. The 

regenerated 0.5M PC88A was reused for the repeat experiments and results obtained showed 

excellent reproducibility in terms of Dy(III) extraction and no degradation of solvent 

system/membrane. 
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Fig. 5.1 Effect of Aqueous phase acidity on the extraction of Dy(III) by 0.5 M PC88A; aqueous 

phase: 1000mg/l; flow rate: 100mL/min, Phase ratio: 1:1 

5.2.1.2 Effect of flow rate 

 In order to study the mechanism of mass transfer in NDSX mode of operation in HFM 

and determinate the rate determining part of part of total mass transfer resistance, it is necessary 

to investigate the hydrodynamic characteristics of current system. The flow rates in both feed 

phase and extractant phase play a vital role in the transport of metal ion from the feed side to the 

organic side. Flow rates of both organic and aqueous phases in non-dispersive solvent extraction 

carried out in hollow fibre membrane affects the contact time of organic and aqueous phase at 

the interface. In the case of Dy(III) extraction by 0.5M PC88A effect of organic phase flow rate 

was examined by varying them in the range of 50 to 200 mL/min while keeping aqueous phase 

flow rate constant at 100 mL/min. Results shown in fig 5. 2. indicates that though the extraction 
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of Dy(III) in organic phase was quicker at lower flow rate in the initial stages of the experiment 

(< 10 min of run) but after 30 min of contact time extraction Dy(III) was almost unaffected by 

the flow rate.  

 

Fig. 5.2 Effect of organic phase flow rate on the percentage extraction of Dy(III) at fixed 

aqueous phase flow rate (100ml/min);  organic phase: 0.5 M PC88A; aqueous phase: 1000mg/l 

of Dy(III) at 0.1M HNO3; Phase ratio: 1:1 

The result indicated that >99.1% Dy(III) could be transported in the organic phase i.e. 

0.5M PC88A in 35 min at the differing flow rates. Similar kind of results were also observed 

when aqueous phase flow rate was varied between 50 to 200 mL/min keeping organic phase flow 

rate at 100 mL/min. Due to the insignificant effect of aqueous and organic phase flow rates on 



153 
 

equilibrium extraction of Dy(III), all subsequent experiments were performed at 100 mL/min 

flow rate of both the phases.          

5.2.1.3 Effect of Dy(III) concentration 

 Effect of Dy(III) concentration in aqueous feed phase on its transport across the 

membrane and extraction by 0.5 M PC88A organic phase was evaluated in NDSX mode by 

employing HFM contactor.  

 

 

Fig. 5.3 Effect of Dy(III) concentration on its extraction by 0.5M PC88A organic phase and 

0.1M HNO3 aqueous phase at flow rates of 100 mL/min for both the phases 

Figure 5.3 represent that increase in Dy(III) concentration from 250 to 2000 mg/L 

increases the time required for the quantitative (99%) transport across the membrane. However, 
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in all the cases >98% extraction of Dy(III) from aqueous phase was observed in 60 minutes even 

with 2000 mg/L Dy (III) in the feed phase. The loaded organic phase of 0.5M PC88A with 

Dy(III) resulted from this experiment was quantitatively stripped by equilibrating the organic 

phase with 3.5 M HNO3 in separating funnel. The strippent was later analyzed for Dy(III) 

content by ICP AES and subsequently stripping results were used to ascertain the mass balance 

of extraction by NDSX experiment.  

5.2.1.4 Influence of organic extraction on Dy(III) extraction 

PC88A concentration in the organic phase plays a significantly important role in transport 

of Dy(III) from feed to organic side. Effect of PC88A concentration on percentage transport of 

Dy(III) was studied in the extractant concentration range from 0.2 mol/L to 0.83 mol/L.  

 

Fig. 5.4 Effect of Dy(III) concentration on its extraction by 0.5M PC88A organic phase and 

0.1M HNO3 aqueous phase at flow rates of 100 mL/min for both the phases 
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The results of percentage Dy(III) transport obtained from varying concentration of 

PC88A are shown in Fig. 5.4. With the increasing of concentration of carrier in the organic phase 

from 0.2 mol/L to 0.45 mol/L, the % transport of Dy(III) after 90 minutes of equilibration, 

increased from 82 to 99, however, when PC-88A concentration increased from 0.45 mol/L to 

0.83 mol/L, the increase in % extraction of Dy(III) was not obvious. Within this concentration of 

PC-88A range from 0.2 mol/L to 0.45 mol/L, the availability of PC88A at the feed–membrane–

organic interfaces increased with the increasing of concentration of carrier. The chemical 

equilibrium moved toward left, vice versa, when concentration of PC88A became low, the 

equilibrium moved toward the right [190]. When the PC-88A concentrations were 0.2, 0.45, 0.6, 

0.75 and 0.83 mol/L, the percentage extraction values were 82.49, 99.60, 99.65, 99.81 and 99.80, 

respectively. The optimum concentration of PC88A to perform further experiments was chosen 

to be 0.5mole/L in petrofin. 

5.2.1.5 Effect of phase ratio 

 Loading of Dy(III) in the organic solvent phase i.e. 0.5M PC88A were performed 

by varying phase ratio of organic to aqueous phase in the range of 0.25 to 1. Experimental results 

depicted in figure 5.5 suggest that the time required to achieve quantitative recovery of Dy(III) 

from aqueous to organic phase increased with decrease in organic to aqueous phase volume ratio. 

At organic to aqueous phase ratio of 1, about 25 min were required for the quantitative extraction 

of Dy(III) from a feed phase containing 1.0 g/L Dy(III) in 0.3 M HNO3. Under the comparable 

experimental conditions with only variation in phase ratio (O/A) of 0.5 and 0.25, quantitative 

extraction of Dy from aqueous phase to organic took around 80 and 130 minutes respectively. It 

is also observed that ~96% extraction of Dy(III) could be achieved in the case O/A of 0.25 which 

is relatively less than the recovery obtained in phase ratios of 0.5 or 1. 
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Fig. 5.5 Extraction of Dy(III) at different organic to aqueous phase volume ratios; organic 

phase:0.5M PC88A; aqueous phase: 1.0 g/L Dy(III) at 0.3M HNO3; flow rate:100 mL/min.  

5.2.1.6 Effect of competing metal ions 

 To evaluate the transport phenomenon of Dy(III) in presence of other rare earths such as 

La and Sm, an aqueous feed solution consisting 1 g/L each of La, Sm, Dy in 0.3 M HNO3 was 

equilibrated in HFM module with 0.5 M PC88A. Experimental results depicted in figure 5.6 

indicates the possibility of separating as well as purifying Dy from the mixture of other lighter 

and middle rare earths by employing hollow fibre membrane contactor. Dysprosium purification 

from the mixture of Sm and La by using PC88A in hollow fibre membrane was found to be time 

dependent. Fig 5.6 shows that initially % extraction of Dy(III) in organic phase increased and 
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rose upto 74 % in 10 minutes of contact time, however competing ions La and Smwere 

extracted<1.7 and <2.8 % respectively in same amount of time. This finding leads the way to 

recover high pure Dy from the mixture of light and middle rare earths. After complete 

equilibration, % extraction of Dy, La and Sm by 0.5 M PC88A in HFM contactor in NDSX 

mode were found to be 98.88, 54.13 and 9.28 respectively. 

 

Fig. 5.6 Extraction of Dy(III) in presence of competing rare earths ions; organic phase:0.5M 

PC88A; aqueous phase: 1.0 g/L of Dy(III), La(III) and Sm(III) each in 0.3M HNO3; flow 

rate:100 mL/min.  

5.2.1.7 Stripping of Dy(III) from loaded PC88A by HFM 

 Stripping investigations were also performed to establish the viability of non-dispersive 

mode of operation by employing hollow fibre contactor to separate Dy from aqueous phase in 
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continuous mode operation.   Furthermore, the effect of contact time at a definite flow rate of 

strip phase i.e. 1.5M HNO3 on the transport of Dy(III) from loaded organic phase i.e. 0.5M 

PC88A  was evaluated. Figure 5.7 depicts the stripping of 0.5 M PC88A loaded with 3.3 g/L 

Dy(III) with 1.5 M HNO3 phase. It is evident from the results that complete stripping could be 

achieved with 150 minutes of equilibration through the pores of HFM.   

 

Fig. 5.7 Stripping of Dy(III) from loaded 0.5 M PC88A phase; strip phase: 1.5 M HNO3; flow 

rate:100 mL/min, phase ratio 1:1, organic phase 0.5 M PC88A having 3.3g/L Dy(III) 

5.2.2 Hollow Fibre supported liquid membrane studies 

 After standardizing the process to recover Dy by employing hollow fibre membrane in 

Non-dispersive mode of operation which require more organic phase for loading as its being run 
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through shell side, I have evaluated Dy(III) separation via hollow fiber supported liquid 

membrane (HFSLM). In this technique carrier-mediated transport through HFSLM takes place 

with extraction and stripping process of target ions occurs in a single step operation. Relatively 

higher selectivity is obtainable from this technique by controlling (1) the extraction and stripping 

equilibrium at the interfaces and (2) the kinetics of transported species under non equilibrium 

mass transfer process [197, 198]. One of the most important advantages of such a system and 

possibility to use this for rare earths separation is the possibility for selectivity and its ability to 

tune the transport by controlling the pH of the aqueous feed and/or receiving phases. The 

HFSLM process has several advantages, such as low energy consumption and a lower amount of 

extractant solution used, when compared with non-dispersive solvent extraction [199]. It also has 

a larger mass transfer per unit surface area [200]. HFSLM offers unique simultaneous extraction 

and recovery applications [201]. This method is suggested as a viable technique for achieving 

metal extraction at very low concentrations [202]. A commercial module measuring 2.5″×8″ 

described in section 2.2.7 of chapter 2 with about 10,000 microporous hydrophobic hollow fiber 

of polypropylene lumens was used in the present work.  

The hollow fiber supported liquid membrane (HFSLM) was prepared by pumping 

organic extractant 0.5M PC88A solution through the lumen side of module at a pressure of 5 kPa 

in recirculation mode. To ensure the complete soaking of the membrane pores, the extractant 

phase was circulated for ∼15 min when the solution started percolating from lumen side to the 

shell side. The excess of organic phase was washed out completely with sufficient distilled 

water, prior to the introduction of the feed and strip solutions. For all the experiments, the feed 

solution was passed through the lumen side while strip solution was passed through the shell side 

of the module in recirculation mode. Both feed and receiver phases were contacted inside the 
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hollow-fiber module in counter-current flow for the effective transport of metal ions. 

 

Fig. 5.8 Simultaneous extraction and stripping of Dy by PC88A as carrier in HFSLM mode 

Carrier: 0.5 M PC88A in petroffin; feed, 1 g/L Dy (400 mL); strippant, 3M HNO3 (400 mL); 

flow rate, 100 mL/min; temperature, 25 °C. 

The flow rates of the feed and strip solutions were maintained constant at 100 mL/min 

with the help of gear pumps equipped with precise flow controllers. A schematic diagram of 

hollow fiber unit is shown in Figure 2a. The transport behavior of Dy (III) was evaluated by 

varying experimental parameters. Initial studies performed to optimize the minimum 

experimental conditions revealed that flow rate of 100 ml/min along with 1 g/L Dy(III) in 

aqueous nitrate media may be employed for the experiments. PC88A was chosen as an carrier 

solvent in the present studies. Fig. 5.8 represents the extraction and stripping against time scale 

when 1 g/L of Dy solution having 0.1 M HNO3 was equilibrated against the carrier concentration 
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of 0.5 M PC88A and 3 M HNO3 on the strip side of the HFSLM setup. As evident from fig 5.8 

quantitative transport of Dy from aqueous feed side to carrier side is attained around 30 in 

minute whereas at least 60-90 minutes of recirculation is required to completely strip the loaded 

carrier phase. 

5.2.2.1Effect of aqueous Feed Acidity 

The effect of aqueous feed acidity on the transport of Dy(III) was investigated from a 

feed solution containing 1 g/L Dy(III) and the results are shown in Figure 5.9.  

 

Fig. 5.9 Influence of feed acidity on the permeation of Dy(III) by HFSLM. Carrier, 0.5 M 

PC88A in petroffin; feed, 1 g/L Dy (400 mL); strippant, 3M HNO3 (400 mL); flow rate, 100 

mL/min; temperature, 25 °C. 
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The results revealed decrease in permeation of Dy(III) with the feed acidity being 

increased up to 0.5 M HNO3. With increased nitric acid concentration, the H
+
 concentration is 

also increased and, therefore, equilibrium reaction 5.1 is favored toward the reverse side. Higher 

concentration of HNO3 in strip side assured the complete transport of Dy metal ions loaded in 

the carrier phase. Results depicted in figure 5.9 shows that >98% of Dy is being transported from 

the feed phase to strip side when the feed acidity was kept at 0.1 M HNO3. On the other hand 

increase in the feed acidity to 0.5 M HNO3 resulted in reduction (45 %) of Dy transport into the 

strip phase. 

5.2.2.2 Effect of Carrier Concentration 

Solvent extraction studies on Dy(III) partitioning is shown in section 5.1 by employing 

PC88A as the extractant. The similar study was also performed and depicted in 5.2.1.4 to 

evaluate the effect of organic extractant on Dy transport in non-dispersive mode of operation by 

HFM module. In the same context effect of PC88A concentration on Dy transport from feed side 

to strip side has been investigated in HFSLM mode (Fig. 5.10). Feed composition is 0.3 M 

HNO3 along with 1 g/L Dy and strip side aqueous phase was fixed at 3M HNO3. It was 

observed that the transport of Nd increased significantly with increase in PC88A concentration. 

Results shown in figure shows that increase in PC88A concentration from 0.25 M to 1.5 M 

enhanced the Dy metal ion transport from 85 to 98%.Interestingly the equilibration time required 

for quantitative transport of metal ion also increased with decrease in extractant concentration. In 

the case of organic extractant concentration > 0.5 M PC88A the equilibration time was 30 

minutes whereas for 0.25M PC88A equilibration time was found to be > 60min. 
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Fig. 5.10 Effect of extractant concentration on the permeation of Dy(III) by HFSLM. Aqueous 

feed: 0.1 M HNO3 consisting 1 g/L Dy (400 mL); strippant, 3M HNO3 (400 mL); flow rate, 100 

mL/min; temperature, 25 °C. 

5.2.2.3 Effect of competing metal ions on Dy transport in HFSLM mode 

 The main objective of these investigations is to achieve a reasonable separation and 

purification of rare earths from other competing ions. Section 5.2.1.6 represented the Dy 

separation from the mixture of La and Sm by employing non dispersive mode of solvent 

extraction in hollow fibre membrane module. The similar set of experiments has been performed 

to see the effect of competing ion when PC88A has been used as carrier solvent in HFSLM 

mode. Figure 5.11 shows the results obtained from the study, which indicate that in the case of 

hollow fibre supported liquid membrane the separation of Dy from the mixture is even easier 

when compared with the non-dispersive method. 



164 
 

 

 

Fig. 5.11 Transport of Dy(III) in presence of competing rare earths ions; organic carrier 

phase:0.5M PC88A; aqueous feed phase: 1.0 g/L of Dy(III), La(III) and Sm(III) each in 0.3M 

HNO3; flow rate:100 mL/min, strip phase 3 M HNO3 

Quantitative transport (~70%) of Dy has been achieved after 30 minutes of recirculating the feed 

phase which also consisted Sm and La. After 20 minute of equilibration the strip phase 

composition revealed that >90% pure Dy(III) with almost 65 % recovery could be achieved from 

the HFSLM mode of operation. Complete equilibration and quantitative transport could only be 

achieved after 120 minutes of contact among aqueous feed, carrier phase and strip phase in the 

module. 
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5.2.2.4 Evaluation of permeation coefficient for Dy transport 

 The permeability coefficient is calculated by using the following equation 5.4 as suggested 

by Danesi[203-205], 

  
  

  
     (

 

 
)(

 

   
)t     ------- 5.4 

where, P is the overall permeability coefficient of the transported species, Ct and Co are the 

respective concentrations of the metal ions in the feed solution at an elapsed time t (min) and at zero 

time, and V is the total volume of the feed solution (mL). Here, the parameter A represents the total 

effective surface area of the hollow fibre (cm2) which is calculated from the following equation: 

                                       5.5 

where, riis the internal radius of the fibre (cm), L is the length of the fibre (cm), N is the 

number of fibres and εis the membrane porosity. The parameter, φfor a module containing N number 

of fibres is expressed as follows, 

   
  

        
                                 5.6 

where, QT is the total flow rate of the feed solution (mL/min). By plotting ln(Ct/Co) as a 

function of time t a straight line is expected, and according to Eqs. (5.5) and (5.6), the P value for the 

given system can be obtained from the fitted slope of Eq. (5.4). Fig. 5.12 represents evaluation of 

permeation constant for Dy transport across the membrane. For the sake of comparison data for the 

evaluation of P values for Erbium transport has also been depicted in the fig. 5.12 and Table 5.2 

depicts percentage transport in 30 minutes along with permeability coefficient across the membrane 

for both the metal ions. 
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Fig. 5.12 Evaluation of P values for Erbium and Dy transport 

 

Table 5.2 Permeability Coefficient (P) of Dy(III) and Er(III) by HFSLM System 

Metal ion-PC88A  P (cm/min) % transport in 30 minutes 

Dy
3+

 2.84 × 10
-3

 75.3% 

Er
3+

 5.43 × 10
-3

 88.1% 

 

5.3 Conclusions 

 Transport behavior of lanthanides (La, Sm, Dy and Er) across the hollow fibre membrane 

pores with PC88A as an extractant have been studied by employing two types of transport 

methodologies i.e. non-dispersive solvent extraction and hollow fibre supported liquid 



167 
 

membrane. In the case of NDSX mode of operation, the extraction of Dy(III) was found to be 

affected by various experimental variables such as aqueous phase acidity, organic phase 

concentration, metal ion concentration and presence of competing ions. Successful stripping of 

loaded organic phase in non-dispersive mode of solvent extraction indicate the possibility of 

using this method in continuous operation mode even at large scale for rare earth separation. The 

recycling of the organic phase 0.5M PC88A resulted in excellent reproducibility of the extraction 

results. Under optimized conditions dysprosium could be successfully separated by using NDSX 

method from the mixed rare earth feed upto 95% purity and >75% recovery. While in the case of 

HFSLM mode 0.5 M PCC88A in petrofin was optimized as a suitable carrier for maximum 

transport and separation of rare earth elements from aqueous feed solution. The permeability of 

Dy(III) was found to be 2.84 × 10
-3

 cm/min with >75 % transport in 30 minutes of contact time. 

The % transport achieved quantitative value of 98% after 60 minutes of recirculation. The 

stability of the HFSLM was found to be good even after 5 successive runs. 

The results obtained with the present study indicate that hollow fibre membrane module 

not only offers a better separation method but also have the potential to be up scaled for rare 

earth separation and purification. 



 

 

Chapter 6 

SUMMARY AND 

CONCLUSIONS 
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6 Summary and Conclusions 

The aim of the present thesis work was to develop alternative techniques which require 

minimal amount of organic extractant, offers simultaneous extraction and stripping of rare earths 

and also eliminate the use of organic diluents in the process of recovering rare earths from 

aqueous phase. The rare-earth elements (REEs) are becoming increasingly important due to their 

essential role in permanent magnets, lamp phosphors, catalysts, rechargeable batteries etc. 

Careful examination of the current scenario in the field of rare earths separation and purification 

including environmental concerns, there is an urgent need to develop effective and efficient 

processes which not only maximizes the separation but also minimizes the environmental hazard 

associated with the conventional processes [22]. Presently, the most commonly used 

hydrometallurgical concentration and purification methods in the mining industry for rare earths 

separation are precipitation, liquid- liquid extraction and ion exchange [23]. However, the 

traditional solvent extraction process has limitations such as requirement of large volumes of 

organic solvents, diluents and saponification agent. Solvent extraction is a complex process and 

creates environmental concerns due to the use of hazardous diluents [64]. Another drawback of 

this process lies with the difficulty in automationas the liquid phases may form emulsions which 

at times leads to delay in phase separation. The work summarized in this thesis consist 

development of two environment benign separation techniques i.e. solvent encapsulated 

polymeric beads and application of hollow fibre membrane module for the recovery of rare 

earths (La, Sm, Dy, Y) from various aqueous streams. The brief summary of the results is given 

below. 

This thesis reports development of novel polymeric composite beads encapsulating 

organic extractant (di-2-ethyl hexyl phosphoric acid (D2EHPA) and 2-ethyl hexyl phosphonic 
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acid (PC88A)) to separate and purify rare earths (Yttrium, Dysprosium) from lean and secondary 

sources. The polymeric beads were synthesized by non-solvent phase inversion technique. This 

one step synthesis method consists of both preparations of porous polymeric matrix and 

encapsulation of desired organic solvent inside the porous matrix, in one-step.  The developed 

D2EHPA encapsulated polymeric beads act as a better alternative to the ion exchange process in 

terms of kinetics and mass transfer with >97% Y(III) and Dy(III) recovery. These beads can also 

recover rare earths from lean sources and secondary sources having rare earths concentration in 

ppm range. The developed beads have shown higher loading capacity (100mg of Dy / gram of 

dry beads) in comparison to conventional solvent extraction process. These polymeric beads also 

have excellent stability and reusability under harsh experimental conditions (vigorous mixing, 

strong acidity >50% HCl/H2SO4 and 100 cycle application) with minimal loss of encapsulated 

extractant (<2%). 

This thesis also describes optimized experimental details of a stable, semipermeable, 

reusable and leak proof porous solvent encapsulated beads made by modifying the internal 

microstructure and surface morphology. The modifications were carried out with suitable 

additives such as polyvinyl alcohol and carbon nanotube (CNT). The modified extractant 

encapsulated beads have shown better separation of Yttrium and Dysprosium from aqueous 

streams over conventional methods. The polymeric beads have the dual advantage of liquid–

liquid extraction and conventional ion exchange in terms of comparatively faster mass transfer 

rates and better selectivity for rare earths recovery from aqueous phase. Based on the batch 

experimental results, the developed polymeric beads were successfully deployed for the recovery 

of rare earths in continuous column operation mode, to establish its potential to industrial level 

scale up. 
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The work reported in this thesis also concludes the critical significance of optimization of 

various variables i.e. system compositions (polymer, additive, extractants etc.), preparatory 

parameters and process variables (aqueous media, metal ion, temperature, solid to liquid ratio 

etc.) to obtain the best suited beads by design of experiments. Taguchi, which is a multi-

parameter optimization procedure, was successfully employed in the present developmental 

work to identify and optimize process parameters with a minimum number of experiments. The 

analysis of variance predicted the optimum conditions where the performance was enhanced with 

minimum standard deviation. Experiments carried out at optimum conditions verified the 

predicted data. The effects of various operational and structural parameters were analyzed by 

Taguchi method using L18 orthogonal array. Feed concentration of Dy(III) has been found to be 

the most influential factor for equilibrium sorption capacity, whereas aqueous phase acidity 

influences the percentage recovery most. 

The work carried out in this thesis has led to the development of a process for rare earths 

recovery (Dy from La and Sm) by employing hollow fibre membrane (HFM) contactor module 

having organophosphorus type of extractant. The results obtained indicate successful 

optimization of conditions for dysprosium purification by using HFM module from the mixed 

rare earths feed upto 98% purity and >85% recovery. Rare earths separation from aqueous phase 

was obtained by employing HFM module in two different mode of operation i.e. non-disperive 

solvent extraction and hollow fibre supported membrane. The stability and reusability of the 

HFSLM was found to be good even after 5 successive runs. 

The studies on the synthesis, characterization, evaluation and application of polymeric 

beads for the recovery of REEs have promising potential to be harnessed in the fields like toxic 

metal removal, concentration of metal ions from lean sources and removal of entrained 
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impurities. HFM technique has been explored as an emerging technique for the separation of 

valuable rare earths from acidic feed solutions. All the above developed process and materials 

have the potential to be up scaled for industrial level applications. 

Future direction drawn from the present work 

 The developed method reported in this thesis can be employed to prepare PES 

based beads encapsulating wide class of organic extractants for use in vast spectrum 

of separation science. 

 PES based matrix may find use in encapsulating ionic liquid inside the polymeric 

beads; this can lead to development of environmental friendly process for metal ion 

recovery. 

 Hollow fibre membrane based work can be further fine-tuned and scaled up for 

continuous operation which include extraction, scrubbing and stripping for 

individual rare earths separation and purification. 
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