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SYNOPSIS 

1. Introduction 

Nuclear energy is highly promising due to the high energy output and cost-

competitiveness as compared to fossil fuel resources and other renewable sources such as 

wind, solar, hydel power etc [1].  Nuclear energy is essentially the power produced due to 

fission of super heavy elements such as uranium or plutonium. The amount of energy 

released per gram of uranium is 8000 times more than per gram of fossil fuel based plants 

[2]. In the present situation, nuclear power plants contribute 11 % of the total energy 

production in the world and 3 % of the total energy production in India. Though, nuclear 

energy has several advantages such as minimal emission of green house gases, high 

energy output etc., the radiotoxicity risk associated with the radioactive waste produced 

during reactor operation is a major challenge to the nuclear energy based power 

production.   

Reprocessing and re-use of reactor produced plutonium and depleted uranium in 

future reactor facilitates the maximum utilization for the fissile content of natural uranium 

[3].  Recovery of plutonium and depleted uranium from spent fuel is generally performed 

by an industrially well-established PUREX (Plutonium Uranium Recovery by EXtraction) 

process. PUREX process is essentially an aqueous reprocessing method, involving 

dissolution of spent nuclear fuel in nitric acid medium and the recovery of fissile elements 

such as uranium and plutonium by the liquid-liquid extraction by a solution of 1.1 M 

tributyl phosphate (TBP) in n-dodecane. The aqueous product (PUREX raffinate) 

discarded after this process, known as “high-active waste” (HAW), is a complex mixture 

of several alpha-emitters such as americium, curium and neptunium, fission products, 

corrosion products of structural materials and the additives etc. Among the radionuclides 
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present in HAW, long living alpha emitters such as americium, curium and neptunium, 

which are known as minor actinides, contribute to the maximum level of radiotoxicity.  

Partitioning and Transmutation (P&T) is being considered as a viable strategy for 

the safe management of HAW [4]. It is based on the separation of minor actinides and 

long-lived radiotoxic fission products from HAW and transmutation into stable or 

innocuous products in advanced fast reactors. Partitioning of minor actinides from HAW 

by the current practice, liquid-liquid extraction, usually results in the co-extraction of 

trivalent lanthanides due to the similarity in chemical and extraction properties of 

lanthanides and minor actinides [5]. Since lanthanides act as neutron poisons that reduce 

the efficacy of transmutation process, the separation of lanthanide from minor actinides or 

vice-versa is necessary prior to transmutation. However, mutual separation of lanthanides 

and actinides is the most challenging task at the back end of fuel cycle due to the identical 

extraction chemistry of these elements in reprocessing streams [6, 7]. Moreover, the high 

concentration of nitric acid (3–4 M) prevailing in HAW also complicates the separation 

procedure to a great extent. However, some studies have been reported in the literature for 

the separation of 
241

Am and 
243

Cm actinides directly from PUREX raffinate. The methods 

include 1-cycle SANEX (Selective ActiNide Extraction), GANEX (Group ActiNide 

Extraction), TRUSPEAK (Trans-Uranic extraction + trivalent lanthanide actinide 

extraction by Phosphorous based Extractants and Aqueous Komplexing agents) 

approaches and SMART (Single-cycle method for partitioning of trivalent actinides using 

completely incinerable reagents from nitric acid medium) [5].  

Another possible option for trivalent actinide partitioning is a two-cycle approach 

[6-8] which involves the separation of trivalent actinides and lanthanides together from the 

PUREX raffinate in the first cycle followed by lanthanide (Ln)-actinide (An) separation. 

The nitric acid concentration in the product stream varies from 0.1 M to 0.001 M. Several 
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methods based on solvent extraction have been reported in literature for the separation of 

lanthanides (Ln) from actinides (An) in the aqueous raffinate obtained after the separation 

of americium and curium [6-8]. Kolarik et al. [6] studied the selective separation of 

Am(III) from Eu(III) using triazines such as 2,6-ditriazolyl- and 2,6-ditriazinylpyridines, 

from 1- 2 M nitric acid medium. Dithiophosphinic acid (DPAH), commercially available 

as cyanex 301, and their derivaties are explored for lanthanide-actinide separation [7]. 

Among the various DPAH investigated orthotrifluoromethylphenyl dithiophosphinic acid, 

was shown to exhibit a separation factor (=DAm/DEu) of 105 from 0.005 M nitric acid 

medium containing 1 M sodium nitrate.  TALSPEAK [8] is another promising technique 

exploits differential complexing abilities of bis-2-ethylhexyl phosphoric acid (HDEHP), 

present in organic phase and diethylenetriamine-N,N,N’,N’’,N’’’-pentaacetic acid (DTPA) 

present in aqueous phase towards lanthanides and actinides. However, each process has its 

own limitations. For example, phosphorous and sulfur based reagents are not completely 

incinerable, whereas nitriazine based reagents are poorly soluble in paraffinic solvents. In 

view of this, the development of advanced reagents and simplified process for the mutual 

separation of lanthanides and actinides are desirable.  

2. Scope of the present study 

The present work involves the synthesis of various diglycolamic acid based 

extractants and their evaluation for the mutual separation of lanthanides and actinides. 

Diglycolamic acid is acid derivative of diglycolamide. Diglycolamides are the popular 

reagents for the separation of trivalent lanthanides and actinides from concentrated nitric 

acid medium (3-4 M nitric acid). A couple of alkyldiglycolamic acids have been 

developed and studied the feasibility of using them for the mutual separation of 

lanthanides and actinides. The features that make diglycolamic acids unique among the 

class of extractants used for the mutual separation of lanthanides and actinides are (a) 
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diglycolamic acids are CHON based. and (b) high solubility of diglycolamic acid based 

extractants in n-dodecane or paraffinic diluents. Third-phase formation, extractant diluent 

non-compatibility etc are the major limitations of liquid-liquid extraction. In contrast to 

the liquid-liquid extraction methods, the studies on the mutual separation of lanthanides 

and actinides using solid phase extraction methods are very limited. This is essentially due 

to the lack of availability of adsorbents suitable for lanthanide-actinide separation. Solid 

phase extraction is a promising technique for the separation of metal ions from aqueous 

solution owing to its simplicity, robustness, regenerating ability and can be easily 

engineered into plant scale levels and technologically demonstrated [9]. In fact, solid 

phase extraction is suitable for the separation of micro-quantities of radionuclides present 

in a large volume of feed solution, as in the present case. Initially ligand impregnated 

resins were used for variety of applications. Wide variety of ligands can be impregnated in 

the form of solid phase extractants (SPE). In connection with this, diglycolamic acids were 

impregnated on polymeric resins and studied the feasibility of using them for the mutual 

separation of lanthanides and actinides. These diglycolamic acid impregnated resin offered 

high extraction of Eu(III) with superior Eu(III)/Am(III) separation. However, due to the 

poor chemical stability of these impregnated resins, ligand-chemically linked solid phase 

extractants (SPEs) (or also known as anchored resins) have been used at later stage.  

The anchored resins have several advantages such as (i) wide variety of functional 

groups can be incorporated in polymer matrix using organic reactions, (ii) physical 

properties of polymer matrix can be finely tuned to suit particular applications, and (iii) 

they can withstand normal experimental conditions such as feed acidity, radiation 

environment etc. In this context, a polyamine resin modified diglycolamic acid, PA-

DGAH was synthesized and used for the mutual separation of lanthanides and actinides.  

Employment of this organic solid support for the treatment of radioactive liquid solutions 
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suffers from drawbacks of swelling and the chemical and radiolytic degradation [10]. Also 

the contaminated spent ion exchange resins require further treatment for final disposal. To 

overcome the problems associated with radiolytic degradation and disposal of spent 

organic resins, chemically inert inorganic solid supports such as silica grafted with various 

organic compounds have been studied for the efficient removal of metal ions from waste 

streams. The advantage of utilizing the inorganic solid support is that it can be vitrified or 

ceramized to an unleachable solid form for final disposal [11, 12]. In view of this, a silica 

anchored diglycolamic acid, Si-DGAH was developed for the mutual separation of 

lanthanides and actinides. However, these functionalized materials also have some 

drawbacks such as small particle size, choking of the column during engineering-scale 

operation, etc. These problems can be easily avoided by the use of magnetic solid-phase 

separation (MSPS) methodology [13].  

MSPS is emerging as a promising technique for the separation of toxic and 

radiotoxic metal ions from various aqueous streams. In the MSPS technique, the magnetic 

particles (MPs) are added to the waste solution to extract the target metal ion and the MPs 

are then separated from the solution by means of an external magnetic force. Since this 

method uses the application of an external magnetic field, the particle size of the adsorbent 

can be lowered considerably for efficient and rapid extraction of metal ions from waste 

solution. In this context, an iron oxide (Fe3O4) particle functionalized with diglycolamic 

acid (Fe-DGAH) was developed for the mutual separation of Am(III) and Eu(III). 

 

3. Organization of the thesis 
 

This thesis is divided into eight chapters.  

Chapter 1 deals with a brief introduction to reprocessing of spent nuclear fuel, the 

safe management of HAW, partitioning and transmutation and need of lanthanide-actinide 
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separation. This chapter provides a detailed literature survey on various strategies 

proposed for the safe management of HAW. This chapter also provides introduction to 

various class of extractants, methodology for separations of metal ions and the scope for 

further developments. 

Chapter 2 details the various chemicals and reagents used for the synthesis of 

various diglycolamic acids, impregnation of diglycolamic acids on to polymeric resins, 

anchored resins, silica diglycolamics acid based adsorbents and magnetic adsorbents. This 

includes synthesis purification and characterization of these organic solvents and 

adsorbents by various spectroscopic techniques such as NMR, FT-IR, mass spectrometry, 

TG-DTA, elemental analysis, XRD, SEM-EDX, Raman etc.  An introduction to 

description of various experimental tools used for characterization such as NMR, FT-IR, 

mass spectrometry, TG-DTA, elemental analysis, XRD, SEM-EDX, Raman are discussed. 

Methodologies adopted for the measurement of radioactivity of various radioisotopes 

using sodium iodide thalium (NaI(Tl)) detector, high purity germanium detector (HpGe) 

are discussed. Usage of inductively coupled plasma-optical emission spectroscopy (ICP-

OES) for the determination of concentration of various metal ions presents in HAW, and 

thereby the distribution ratio measurements etc., are also explained.  

 Chapter 3 deals with the evaluation of two diglycolamic acid based extractants 

bis(2-ethylhexyl)diglycolamic acid (HDEHDGA) and the thio-derivative bis(2-

ethylhexyl)thiodiglycolamic acid (HDEHSDGA) for the mutual separation  of Ln(III) and 

An(III). The mutual separation of Eu(III) and Am(III) was demonstrated in a counter-

current mixer-settler by employing the optimized conditions. The extractants, bis(2-

ethylhexyl)diglycolamicacid (HDEHDGA) and bis(2-ethylhexy)thiodiglycolamic acid 

(HDEHSDGA) were synthesized and characterized by 
1
H and 

13
C nmr, mass and IR 

spectroscopy. The extraction behaviour of 
(152+154)

Eu(III) and 
241

Am(III) from nitric acid 



Synopsis 

 

xiv 

 

medium by a solution of HDEHDGA (or HDEHSDGA) in n-dodecane(n-DD) was studied 

for the mutual separation of actinides and lanthanides. The effect of various parameters 

such as the pH, concentrations of HDEHDGA, HDEHSDGA, sodium nitrate, N,N,N’,N’-

tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) and diethylenetriaminepentaacetic acid 

(DTPA) on the separation factor (SF) of americium(III) over europium(III) and vice versa 

was studied, and the conditions needed for the preferential separation were optimised. The 

results show that HDEHDGA exhibits higher extraction for 
(152+154)

Eu(III) and 

HDEHSDGA shows the superior selectivity for 
241

Am(III). In order to develop a large 

scale separation method for the mutual separation of lanthanides and actinides, a mixer 

setller demonstration run was performed with HDEHDGA. Though, HDEHSDGA offered 

high separation factors of the order of ~3000, HDEHDGA was chosen for the mixer-settler 

demonstration runs owing to the fact that sulfur containing extractants are less stable 

towards high radiation background. Based on the optimized conditions, the feasibility of 

separating Am(III) from Eu(III) present in simulated feed solution was investigated in a 

20- stage mixer-settler. Quantitative extraction of Eu(III) and Am(III) in 0.1 M 

HDEHDGA/n-DD was achieved in 3-4 stages, whereas the selective back extraction of 

Am(III) was achieved in ~20 stages upon contacting the loaded organic phase with a 

stripping  formulation composed of DTPA-citric acid at pH 1.5. The results confirmed the 

possibility of using diglycolamic acid for the separation of trivalent actinides from the 

chemically similar lanthanides, which is indeed necessary for transmutation of minor 

actinides present in HAW.  

Chapter 4 describes the development of the extraction chromatographic method 

developed for clean and mutual separation of Eu(III) and Am(III) present in dilute nitric 

acid medium. For this purpose, we synthesized some new alkyl diglycolamic acid 

derivates with alkyl group varied from butyl to decyl and impregnated in a PS-DVB resin 
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(Tulsion ADS 400).  The alkyl derivatives of diglycolamic acid (alkyl = butyl to decyl) 

were synthesized and characterized by 
1
H and 

13
C nmr, and IR spectroscopy. The 

diglycolamic acids were impregnated in Tulsion ADS 400 for the chromatographic 

separation of hazardous Am(III) and Eu(III). The extraction behaviour of Am(III) and 

Eu(III) in the impregnated resin was studied as a function of various parameters such as 

aqueous phase pH, concentration of diglycolamic acid, and diethylenetriaminepentaacetic 

acid (DTPA) etc. The distribution coefficient (Kd) of Am(III) and Eu(III) in the resin 

phase increased with increase in pH of aqueous phase and loading of DGAA in the resin. 

The concentration of DTPA needed for efficient separation of Am(III) from Eu(III) was 

optimized and the performance of the resin under dynamic extraction conditions was 

assessed by following the breakthrough curve in the column study using octyl derivative 

of diglycolamic acid.  The conditions needed for the elution of Am(III) alone from the 

column was performed using 0.001 M DTPA solution at pH 2.5.  The study confirmed the 

feasibility of separating Am(III) from Eu(III) using HDODGA by extraction 

chromatography.   

Chapter 5 describes the development of a polymeric resin prepared by anchoring of 

diglycolamic acid to an organic polyamine matrix and studies on the extraction behavior 

of Am(III) and Eu(III) from dilute nitric acid medium. Diglycolamic acid was anchored 

on a polyamine matrix and the product (PA-DGAH) was characterized by ion-exchange 

capacity measurement, TG-DTA and FT-IR spectroscopy. The extraction behavior of 

Am(III) and Eu(III) in PA-DGAH was studied from dilute nitric acid medium to examine 

the feasibility using the anchored adsorbent for their mutual separation. The effect of 

various parameters such as the duration of equilibration, concentration of europium, nitric 

acid and diethylenetriaminepentaacetic acid (DTPA) in aqueous phase on the distribution 

coefficient (Kd) of Am(III) and Eu(III) was studied. The distribution coefficient decreased 
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with increase in the concentration of nitric acid. Rapid extraction of metal ions in the 

initial stages of equilibration followed by the establishment of equilibrium occurred within 

4 hours. The data on the rate of uptake of Am(III) and Eu(III) were fitted into pseudo-first 

order and pseudo-second order rate equation. The extraction isotherm was fitted to 

Langmuir and Freundlich adsorption models and the apparent europium extraction 

capacity was determined. The mechanism of extraction was elucidated and the conditions 

needed for efficient separation of Am(III) from Eu(III) was optimized using DTPA. The 

study indicated the possibility of using PA-DGAH for the separation of Eu(III) from 

Am(III) with high separation factors.   

Chapter 6 describes the development of diglycolamic acid functionalized silica gel 

(Si-DGAH) for the separation of Am(III) and Eu(III) from aqueous nitric acid medium. 

The surface of the silica gel was modified with diglycolamic acid moieties and the product 

(Si-DGAH) was characterized by elemental analysis, TG-DTA, 
1
H and 

29
Si NMR and 

scanning electron microscopy (SEM). The adsorption behavior of hazardous americium 

(III) and europium (III) in Si-DGAH was studied from aqueous nitric acid medium to 

examine the feasibility using the modified silica for the separation of Am(III) and Eu(III) 

from aqueous wastes. In this context, the effect of various parameters such as the duration 

of equilibration, and concentrations of europium, nitric acid, sodium nitrate and 

diethylenetriaminepentaacetic acid (DTPA) in aqueous phase, on the distribution 

coefficient (Kd) of Am(III) and Eu(III) was investigated. The distribution coefficient of 

~103 mL.g
-1

 (>99.9% extraction) was obtained for both Am(III) and Eu(III) at pH 3, and 

the Kd values decreased with increase in the concentration of nitric acid. Rapid kinetics of 

extraction in the initial stages of equilibration, followed by the establishment of 

equilibrium occurred within 30 minutes.  The extraction data were fitted in to Langmuir 

adsorption model and the apparent europium extraction capacity was determined. 
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Europium loading capacity of the sorbent was determined at various feed pH by column 

method. The study indicated the possibility of using diglycolamic acid-modified silica for 

the separation of Eu(III) and Am(III) from aqueous wastes.   

Chapter 7 deals with the development of two magnetic solid phase adsorbents Fe-

DGAH and Fe-SDGAH. Fe-DGAH and Fe-SDGAH were synthesized and characterized 

by TG-DTA, X-Ray diffraction, 
1
H NMR, and scanning electron microscopy (SEM). The 

extraction behavior of Am(III) and Eu(III) in Fe-DGAH (or Fe-SDGAH) was studied from 

dilute nitric acid medium to examine the feasibility using Fe-DGAH (Fe-SDGAH) for the 

mutual separation of trivalent actinides and lanthanides. For this purpose, the effect of 

various parameters such as the duration of equilibration, concentrations of europium, nitric 

acid and diethylenetriaminepentaacetic acid (DTPA) in the aqueous phase on the 

distribution ratio (Kd) of Am(III) and Eu(III) was studied. The distribution ratio of ~104 

mL.g
-1

 was obtained for both Am(III) and Eu(III) at pH 3 by using Fe-DGAH, and it 

decreased with an increase in the concentration of nitric acid. A separation factor of Eu(III) 

over Am(III) of ~150 was achieved in the presence of DTPA. However, Fe-SDGAH 

showed selectivity towards Am(III) with a Am(III)/Eu(III) separation factor of ~3. Rapid 

sorption of metal ions in the initial stages of equilibration followed by the establishment of 

equilibrium occurred within 2h. The sorption data were fitted to the Langmuir adsorption 

model, and the apparent europium sorption capacity was determined to be ~50 mg.g
-1

 for 

Fe-DGAH and ~11 mg.g
-1

 for Fe-SDGAH. The study indicated the feasibility of using Fe-

DGAH particles for magnetic separation of Eu(III) from Am(III) with high separation 

factors.  

Chapter 8 summarizes the results and conclusions obtained in the present work. 

This chapter also discusses about scope for the future work in this field.  
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Chapter 1: Introduction 
 

Electricity plays its pivotal role in the development of a country and it serves as 

one of the basic requirements of everyday life [1]. Being the fourth largest economy in 

Asia, the electricity requirement of India has been catered so far predominantly by the 

coal-fired thermal power plants [2]. India has more than 200 GWatt installed electricity-

plants, mainly coal-fired power plants and few hydel power plants [2]. However, the 

demand for energy by the year 2050 is estimated to be roughly 1000 GWe [2-4]. Though, 

India shares fourth largest coal reserves in the world, and also hold its position among the 

top petroleum importing countries, it requires additional sources of energy to meet this 

target [2, 3]. The use of fossil fuels (coal and petroleum products) pose several 

environmental concerns such as generation of green house gas, carbon particulates etc. 

Moreover, the fossil fuel reserves are declining at a faster pace with increase of energy 

demand. Other renewable energy resources such as wind, solar, tidal powers etc. also 

contribute to the energy requirement to some extent. However, there is always uncertainity 

in the development of renewable energy technologies. Therefore, the nuclear energy 

option for meeting the future energy demand is inevitable. Nuclear energy has got several 

advantages such as minimal green house gas production and enhanced energy production 

as compared to fossil based fuels. At present, nuclear power plants contribute only 3 % of 

the total energy demand in India [2, 3]. The contribution of nuclear energy needs to be 

increased from the present 3 % to at least 25% in coming years for a sustained 

development of our nation. 
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1.1. Nuclear fuel cycle and types of nuclear reactors  

All the nuclear power plants currently operating in the world are based on nuclear 

fission* reaction. Many types of nuclear reactors have been designed and built to convert 

the heat produced from a nuclear fission to electrical energy [5]. Several process steps, 

starting from mining of uranium to final waste disposal, are associated with the production 

of electricity in nuclear reactors. They are collectively known as nuclear fuel cycle [6]. 

The process steps starting from mining of uranium to fuel loading into nuclear reactor is 

collectively called as “front end of the nuclear fuel cycle” and from discharging of spent 

fuel to waste management is called as “back end of the nuclear fuel cycle”. The fuel that is 

discharged from a nuclear reactor, known as ‘spent nuclear fuel (SNF)’. It contains un-

used (or depleted) uranium (U), plutonium (Pu) and several radionuclides known as 

“fission products”(FPs), formed by fission reaction. The uranium and plutonium can be 

recovered from the spent fuel and reused as fuel in future reactors. World-wide two 

different management strategies have been employed for the management of spent nuclear 

fuel [6-8]. (1) The SNF is either reprocessed to recover uranium and plutonium for fueling 

future reactors, known as ‘closed fuel cycle option’, or (2) simply considered as waste and 

stored in geological repositories, called as the ‘open fuel cycle option’. Figure 1.1 

illustrates the various stages involved in closed fuel cycle option. 

The major advantages of closed fuel cycle option are given below. 

1. Maximum utilization of fissile element through the recyling of uranium and 

plutonium (produced from thermal reactors) in fast reactors. 

2. Reduction of radioactive waste volume and radiotoxicity by reprocessing and 

P&T. 

3. A reduction in the proliferation of nuclear materials. 
                                                             

* Nuclear fission is the process in which a large nucleus splits into two or more smaller nuclei with the release of energy 
(200 MeV) along with the release of few neutrons. 
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Figure 1.1. Illustration of closed nuclear fuel cycle 

Envisaging the potential of utilizing available uranium in India to its maximum 

level and to utilize the massive thorium reserve, Dr. Homi Jehangeer Bhabha, father of 

Indian nuclear programme, charted a three stage nuclear power programme to meet the 

nation’s energy demand [9]. The first stage came on track with the building up of natural 

uranium fueled Pressurized Heavy Water Reactors (PHWRs). The second stage is based 

on setting up of Fast Breeder Reactors (FBRs) that utilizes the plutonium recovered from 

the reprocessing of spent fuel of PHWRs. A 40 MWt Fast Breeder Test Reactor (FBTR) is 

in operation at Kalpakkam since 1985[10] to demonstrate the second stage. In fast reactors 

it is proposed to use thorium as blanket. The fissile 233U produced from fertile element 

thorium (Th) is then utilized in the third stage of Indian power programme. A 30 kWt 

Indian reactor, KAlpakkam MINI reactor (KAMINI) uses 233U as fuel [11]. In addition to 

this, Advanced Heavy Water Reactors (AHWRs) are also conceptualized to employ 233U 

as fuel [12]. 
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1.2. Nuclear reactions in the reactor 

Uranium (235U, natural abundance 0.7 %) is used as fuel in thermal reactors such as 

PHWR, pressurized water reactor (PWR), boiling water reactor (BWR) and light water 

reactor (LWR) etc, whereas combination of uranium and plutonium (239Pu,) is used as fuel 

in fast breeder reactors (FBR). In thermal reactors, fission is caused by thermal neutrons 

(neutrons having energy of the order of ~0.025 keV) and in fast reactors, fission is caused 

by fast neutrons (neutrons having energy of the order of 1 to 2 MeV). In addition, another 

fissile element of uranium, 233U, (obtained from activation of 232Th, a naturally occurring 

fertile element) also undergoes fission reaction in the presence of thermal neutrons. When 

the fissile element captures neutrons, fission takes place and the nuclei divide usually into 

smaller nuclei. The amount of energy released per unit mass of fissile material is known as 

burn-up of the fuel. Depending upon the type of nuclear reactor and composition of fuel, 

the burn-up and fission products formed would vary. It is observed that for the fission of 

235U or 239Pu results in the generation of fission products with mass ranging from 80-110 

and 120-160. Among them, the FP that are having mass numbers around 90 and 140 has 

particularly high fission yields. Major FPs and their half-life are shown in table 1.1 [13, 

14]. 
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Table 1.1. Major long-lived fission products produced by fission of 
235

U fission and 

their half-life 

 

FP Half life/ years 

147Pm 2.6 
135Cs 2.3 x 106 
137Cs 30 
90Sr 28 
99Tc 211 x 103 
93Zr 1.5 x 106 

126Sn 1 x 105 
79Se 6.5 x 104 

106Ru 1 
129I 15.7 x 106 

 

 
Fission is also accompanied by the emission of two or three neutrons which results 

in the formation of several activation products such as plutonium (238Pu, 239Pu, 240Pu, 241Pu 

etc), americium (241Am, 243Am etc), curium (242Cm, 244Cm, 245Cm etc.), and neptunium 

(237Np, 239Np) as shown in figure 1.2. A list of such activation (or transmutation) products 

and their half-life is showed in table 1.2 [13, 15]. Among these activation products Np, 

Am, and Cm are called minor actinides (MA) as their concentration in the fuel is very less.  



  Chapter 1 

6 
 

 

Figure 1.2. Major activation reactions of uranium and plutonium 
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Table 1.2. Major transmutation products produced from uranium and plutonium 

and their half-life and specific activity
†
 

 

Transmutation 
product 

Half-life 
Energies of primary 

Emission/ MeV 
Specific activity 

/Ci/g 
237Np 2.14 x 106 y α, 4.78 7 x 10-4 

238Np 2.1 d β, 0.25, 1.24, 0.332,  2.6 x 105 

239Np 2.3 d β, 0.427 2.3 x 105 

238Pu 87.4 y α, 5.49 17.2 

239Pu 2.4 x 104 y α, 5.15 6.13 x 10-2 

240Pu 6580 y α, 5.16 0.227 

241Pu 14.9 y β, 4.9 99 

242Pu 3.87 x 105 y α, 4.9 3.82 x 10-3 

241Am 433 y α, 5.48 3.43 

242Am 16 h β, 0.63-0.67 8.11 x 105 

242mAm 144 y α, 5.2 & I.T. 10.3 

243Am 7370 y α, 5.27 0.2 

242Cm 162 d α, 6.11 3.32 x 103 

243Cm 32 y α, 5.79 45.9 

244Cm 18 y α, 5.8 80.9 

245Cm 8265 y α, 5.36 0.177 

246Cm 4655 y α, 5.39 0.312 

247Cm 1.56 x 107 y α, 4.87 9.28 x 10-5 

248Cm 3.39 x 105 y α, 5.05 4.24 x 10-3 

249Cm 64 m β, 0.9 1.18 x 107 

250Cm 1.74 x 104 y α 8.2 x 10-2 

                                                             
† Specific activity: Specific activity is the activity per quantity of a radionuclide and is a physical property of that 
radionuclide. Activity is a quantity related to radioactivity. The SI unit of activity is the Becquerel (Bq). 
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1.3. Radiotoxicity
‡
 of spent nuclear fuel 

The radioactive wastes, even in low concentrations, are hazardous and its disposal 

requires isolation into stable form [16]. The long term radiotoxicity associated with the 

spent fuel is predominantly due to the presence of long-lived alpha emitting actinides such 

as: plutonium, neptunium, americium, curium etc. and fission products such as: Cs (133Cs, 

137Cs), I (131I, 135I), Sr (90Sr), Zr (93Zr), Mo (99Mo), Ru (103Ru, 106Ru), Xe, Kr, 147Pm etc 

(see table 1.1). Figure 1.3 shows the variation in the relative radiotoxicity of different 

components of spent nuclear fuel with time [17]. The radioactivity due to natural level 

(uranium ore) is represented as reference level in this figure. The idea of waste 

management is aimed at reducing the radioactivity of spent nuclear waste to the reference 

level. Radiotoxicity of the spent fuel discharged immediately from the reactor is 

dominated by various short lived radionuclides such as I, Zr, Cs, Pd, Ru etc [13]. After the 

decay of short-lived isotopes, the major contributors of radiotoxicity are long lived 137Cs 

and 90Sr, which contributes the radiotoxicity for 300 years [13, 14]. After 300 years, the 

major contribution of radiotoxicity could be due to the presence of alpha nuclides such as 

Pu (238Pu, 239Pu, 240Pu, 242Pu), Am (241Am, 243Am), Np (237Np), Cm (243Cm, 244Cm) etc 

[13, 15]. If plutonium and depleted (un-used) uranium is recovered by reprocessing, the 

major radiotoxity of the resultant radioactive waste could be due to minor actinides (MAs) 

and fission products (FPs), 137Cs and 90Sr.  

Plutonium and depleted uranium are chemically separated from spent nuclear fuel 

by a process known as reprocessing. This process involves several steps such as cutting 

and chopping of fuel pin, dissolution of spent fuel in concentrated nitric acid, followed by 

recovery of uranium and plutonium from the aqueous solution by a using liquid-liquid 

                                                             
‡
 Radiotoxicity is a measure of how nocuous a radionuclide is to health. It is depending up on the type and energy of 

rays, absorption in the organism, residence time in the body, etc. Radiotoxicity of spent fuel is expressed in terms of 
mSv/tonne of fuel. Relative radiotoxicity is defined as ratio of the radiotoxicity of the spent fuel to radiotoxicity due to 
uranium ore. 
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separation process. Details about reprocessing are described in section 1.5. The aqueous 

radioactive waste (also known as raffinate) rejected after the extraction of uranium and 

plutonium is known as high-active waste (HAW) [13], which contains significant 

quantities of lanthanides and minor actinides (Am, Cm and Np, please see table 1.2). The 

radiotoxicity of HAW obtained after reprocessing is due to americium, curium, and 

neptunium. Partitioning and transmutation (P&T) [18, 19] strategy is an accepted method 

to remediate the radiotoxicity of HAW. P&T involves the separation of minor actinides 

from HAW, followed by transmutation of them in to short-lived or stable isotopes. Details 

of P&T are explained in section 1.7 

 

 

Figure 1.3. Relative radiotoxicity of different components in the spent nuclear fuel 

from a light water reactor irradiated to 60GWd/Te natural U with respect to the 

radiotoxicity of the corresponding uranium ore [15].  

1.4. Classification of waste. 

Radioactive wastes are categorized into various classes according to the physical, 

chemical, radiological and biological properties as well as origin of waste. According to 
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the origin and physical form, it is primarily classified into various forms like solid, liquid 

or gaseous. Reprocessing of spent fuel often results in liquid form of radioactive wastes. 

According to the concentration of radioactive elements present in the liquid waste streams, 

the waste is commonly classified as exempt waste (<37 Bq/L), low-level waste (37–

3.7×106 Bq/L), intermediate-level waste (3.7×106–3.7×1011 Bq/L) and high-level waste 

(above 3.7×1011 Bq/L) [20].  

1.5. Reprocessing of spent nuclear fuel  

The spent nuclear fuel discharged from nuclear power reactors contains substantial 

amounts of fissile element, plutonium and un-used uranium. The purpose of reprocessing 

is to recover plutonium and un-used uranium and use them in fast reactors. The spent 

nuclear fuel can be reprocessed in two ways: aqueous reprocessing method (Plutonium 

Uranium Reduction EXtraction (PUREX)) or non-aqueous reprocessing (pyrochemical 

process) methods [21]. Though, Pyrochemical process has attractive features such as less 

number of process steps, lower volumes of waste generated and easier waste management 

etc, it has several limitations compared to aqueous reprocessing such as lower separation 

factors for fission products, need for remote operation, need for sophisticated equipment, 

need for high purity inert atmosphere to enable handling of hygroscopic salts and reactive 

metals, high temperature operation etc [21, 22]. 

Due to the simplicity in the operation and several years of operational experience, 

aqueous reprocessing methods (PUREX process) have been followed for reprocessing of 

spent fuel. This process involves the chemical separation of plutonium and uranium from 

spent nuclear fuel by a liquid-liquid separation process.  
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1.6. Plutonium Uranium Reduction EXtraction (PUREX) process  

Plutonium Uranium Reduction EXtraction (PUREX) process is a liquid-liquid 

extraction process which uses tri-n-butyl phosphate (TBP) diluted with n-dodecane as 

solvent to extract uranium and plutonium. Because of the the ability of actinides in 

tetravalent states and hexa valent states to form strong solvation type complexes with TBP 

resulted in the separation of actinides from fission products. PUREX process consisting of 

the following steps [23]. 

1. Initial cooling of the spent fuel to remove short-lived fission products such as Zr, 

Nb, Ru, I, etc. 

2. Decladding of the fuel§, dissolution in nitric acid and adjustment of the valance 

state of Pu to Pu(IV) and U to U(VI) making it amenable for solvent extraction.  

3. Solvent extraction of U(VI) and Pu(IV) by 1.1 M TBP in n-dodecane. 

4. Scrubbing of loaded organic phase once or twice with different concentration of 

nitric acid to remove the unwanted fission products. 

5. Partitioning of Pu(IV)  by selective reduction in organic phase to Pu(III), which 

goes with aqueous phase and subsequent stripping of U(VI) with dilute nitric acid.  

6. Final purification of U and Pu and to use the fuel in future (fast reactors) reactors. 

7. Treatment of the solvent for its reuse in the process. 

PUREX process thus provides fissile element plutonium and un-used uranium, 

which can be further employed in fast reactors.  

 

                                                             
§ Decladding: Process meant to separate the clad material. Clad is the solid support material for the nuclear fuel. 
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Figure 1.4. Reprocessing and waste management of spent nuclear fuel 

 

1.7. P&T strategy. 

The aqueous waste (also known as high active waste: HAW) resulted from the 

aqueous reprocessing of spent nuclear fuel poses long term challenges to the environment 

and mankind due to the presence of long-lived alpha emitters such as MAs (americium, 

curium and neptunium) [24-28]. This is because radiotoxicity due to MA is very high. 

Currently, HAW is vitrified in the form of borosilicate glass and stored in deep geological 

repositories [26, 28-31]. However, this practice needs long term surveillance as the half-

lives of MA are very high. On the other hand, the partitioning (P) of MAs from HAW, and 

their subsequent transmutation (T) into stable or short-lived products by using fast reactors 

or accelerated driven systems (ADS) reduces the radiotoxicity of HAW to a large extent, 
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and simplifies the management of HAW [18,19]. Details of transmutation reactions are 

explained in section 1.11.  

1.8. Partitioning of minor actinides 

 The partitioning of MAs** from HAW involves the separation of trivalent actinides 

from their chemically similar trivalent lanthanides present in HAW. These lanthanides are 

formed as fission products in significant quantities as compared to trivalent actinides [13, 

14]. Moreover, the high concentration of nitric acid (3-4 M) prevailing in HAW also 

complicates the separation procedure to a great extent.  However, some studies have been 

reported in the literature for the separation of 241Am and 243Cm actinides directly from 

PUREX raffinate. The methods include 1-cycle selective actinide extraction (SANEX), 

group actinide extraction (GANEX) and transuranic extraction-transuranium elements 

extraction by phosphours based reagents and aqueous Komplexing agents (TRUSPEAK) 

approaches [32-35]. These methods employ combination of neutral extractants such as 

N,N,N’,N’-tetra-octyldiglycolamide (TODGA), triazine derivatives, 

carbomylmethylphosphine oxide (CMPO) and acidic extractants such as N,N-

diethylhexylphosphoric acid (HDEHP), di-isodecylphosphoric acid (DIDPA) etc. [32-35] 

for the selective separation of trivalent actinides directly from PUREX raffinate. 

 The current practice of trivalent actinide partitioning is a two cycle approach [36-

39]. It involves the separation of trivalent actinides and lanthanides together from the 

PUREX raffinate in the first cycle by using neutral extractants such as CMPO, TODGA, 

N,N,N’,N’-tetra-2-ethylhexyldiglycolamide (TEHDGA), and tri-octylphosphine oxide 

(TOPO) etc, followed by lanthanide (Ln)-actinide (An) separation [36-39]. The product 

                                                             
** Though MAs refers to americium, curium and neptunium, minor actinide partitioning refers to partitioning of 
americium and curium only. Neptunium, due to its complicated chemistry and it does not exist in trivalent state; it is 
generally being separated along with plutonium in PUREX process, or discarded along with various short-lived fission 
products.  
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obtained in the first cycle serves as feed solution for the mutual separation of An(III) and 

Ln(III) [40]. The nitric acid concentration of the above aqueous product varies from 0.1 M 

to 0.001 M.  

Several methods based on solvent extraction have been reported in literature for 

the separation of lanthanides (Ln) from actinides (An) from the TRUEX product [40-42]. 

Methods reported so far for the separation of lanthanides from actinides are discussed in 

section 1.10.  

1.9. Need of mutual separation of lanthanides and actinides
††

 

 HAW contains large amount of fission products and minor actinides at 3-4 M nitric 

acid medium [13]. Since MAs exists in trivalent state, it is in-extractable by TBP. It it 

require a multi-dentate ligand for effective complexation [13]. This is because TBP 

contains only one donating site (P=O) for complexing with the metal ion. Therefore, 

neutral ligands such as carbomylmethylphosphine oxide (CMPO), malonamides, 

diglycolamides etc have been identified as popular candidates for the complexation of 

Am(III) and Cm(III) [36-39]. Majority of the lanthanides formed as fission products also 

exhibit +3 oxidation state and posses similar chemical and extraction behavior as that of 

trivalent actinides (An(III)) [13, 43, 44]. However, the presence of trivalent lanthanides 

(Ln(III)) pose problems during transmutation process because lanthanides act as neutron 

poisons [45]. Further, Ln(III) do not form solid solutions in metal alloys or in mixed oxide 

transmutation targets, and as a result they segregate in separate phases with the tendency 

to grow under thermal treatment [45].   

                                                             
†† The ‘actinide, An’ term in mutual separation of lanthanides and actinides refer to minor actinides, Am and Cm  
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1.10. Mutual separation of lanthanides and actinides 

The separation of lanthanides(III) from  actinide(III) or vice versa is a challenging 

task due to the similarity in chemical and extraction behavior of  4f- and 5f- elements [45-

47]. The feed solution for lanthanide-actinide (Ln-An) separation is composed of dilute 

nitric acid solution (0.1 M to 0.001 M) containing minor actinides and lanthanides [40]. 

Moreover, both minor actinides and lanthanides exist in trivalent oxidation state in the 

feed solution [40, 48-50]. The methods developed so far [40, 48-59], for the Ln-An 

separation usually exploits the finer differences in the chemical behavior of lanthanides 

and actinides towards various ligands. According to HSAB‡‡ concept, the lanthanides are 

classified as hard acids as compared to the trivalent actinides [45]. Therefore, the ligands 

having O-donor atoms preferentially complexes with lanthanides; whereas the ligands 

with S- or N- donor atoms complexes with trivalent actinides [45, 46]. In addition, the 

valence 5f- orbitals of actinides are spatially extended more as compared to the 4f-orbitals 

of lanthnides and thus the trivalent actinides have a greater tendency to form covalent 

bonding as compared to the lanthanides [45, 46].  Several methods and materials have 

been reported in literature for lanthanide-actinide separation [48-59]. Kolarik et al. [51] 

studied the selective separation of Am(III) from Eu(III) using triazine based resin, 2,6-

ditriazolyl- and 2,6-ditriazinylpyridines, from 1-2 M nitric acid medium. Dithiophosphinic 

acid (DPAH), commerically available as cyanex 301, and their derivatives are explored for 

lanthanide-actinide separation [52-53]. Among the various DPAH investigated, 

orthotrifluoromethylphenyl dithiophosphinic acid, was shown to exhibit a separation 

factor (americium/europium) of 105 from 0.005 M nitric acid medium containing 1 M 

sodium nitrate.  Smith et al. [57] employed 4-benzoyl-2,4-dihydro-5-methyl-2-phenyl-3H-

pyrazol-3-thione,  and trioctylphosphine oxide for separations.   

                                                             
‡‡ Hard and Soft Acids and Bases (HSAB) theory is a qualitative concept introduced by Ralph Pearson to explain the 
stability of metal complexes 
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Among the various methods reported so far [48-59], TALSPEAK (Trivalent 

Actinide Lanthanide Separation by Phosphorus Extractants Aqueous Komplexes) method 

has been widely used for the mutual separation of Ln-An [58]. The TALSPEAK process 

[58] involves the use of bis(2-ethylhexyl)phosphoric acid (HDEHP) as lanthanide 

selective reagent present in organic phase, and diethylenetriamine-N,N,N’,N’’,N’’’-

pentaacetic acid (DTPA) as the actinide selective complexing agent present in aqueous 

phase.  

1.11. Transmuation of minor actinides 

The rationale of transmutation of minor actinides is to transform them via fission 

or spallation§§ reaction into much shorter-lived or stable FPs [60-62]. This process might 

involve one or several neutron capture reactions followed by fission or spallation 

reactions. Two methods proposed for the transmutation of minor actinides: (i) use of fast 

reactors [60, 61] (ii) use of accelerated driven subcritical systems (ADSs) [62]. In fast 

reactors, the neutron field required for transmutation is provided by the fission reaction. 

Fast reactors offer high fission/absorption neutron cross sections as compared to thermal 

neutron reactors. Therefore, fast reactors are more efficient in transmution of MAs [61]. 

Such a reactor often employs different mixtures of Pu and MAs.  

Recently, accelerator driven subcritical reactors (ADSR or ADS), are also 

employed for the transmutation of MAs [62]. ADS appear to be a promising way to 

incinerate MAs. Due to the improved neutron economy of ADS as compared to classical 

critical reactors, makes them attractive for the purpose of transmutation. Subcritical 

reactors emerged to be a substitute to fast breeder and fusion reactors. 

                                                             
§§ Spallation reaction is a process in which a light projectile (proton, neutron, or light nucleus) with the kinetic energy 
from several hundreds of MeV to several GeV interacts with a heavy nucleus and causes the emission of a large number 
of mostly neutrons and small fragments. 
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1.12. Solvent extraction for aqueous reprocessing and waste management 

 Solvent extraction is considered as the most efficient method for the separation of 

desired products from a complex mixture, and plays a very important role in various 

industries such as nuclear, metallurgical, pharmaceutical, food and beverage, chemical, 

petrochemical, biochemical, catalysis, polymers, etc, [63]. 

Solvent extraction essentially depends on the distribution of a solute (for example a 

desired metal ion, M) between two immiscible/partially miscible liquids generally aqueous 

and organic liquids in contact with each other. The metal ion M, dissolved in one liquid 

distributes into another immiscible liquid until its chemical potential becomes equal in 

both the phases. This condition is referred as equilibrium. The distribution of metal ion to 

the organic phase depends up on the complexing ability of the reagent (also known as 

extractant) present in organic phase. The distribution ratio of a solute M (DM) is defined as 

the ratio of its concentration in the organic phase ([M]org) to that in the aqueous phase 

([M]aq) at equilibrium as shown in equation 1.5. 

DM = [M]org / [M]aq                                                          (1.5) 

The distribution ratio of a solute is constant for a given pair of liquids at constant 

temperature. In metal recovery operations, the valuable component is a metal ion or a 

metal complex contained in aqueous solution. This aqueous solution is mixed with an 

immiscible organic phase containing the extractant. The extractant transfers metal ion 

from aqueous phase into organic phase by a series of chemical reactions. This process is 

refered as “extraction”. The organic phase loaded with the metal ion is separated from the 

aqueous phase. The metal ion present in the organic phase is recycled back to aqueous 

phase by treating with suitable reagent required for the metal recovery. This process is 

refered as “stripping”. The “stripped organic” is called lean organic phase and is recycled 
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and reused subseqeuent extractions and the aqueous phase containing metal now goes to 

final metal recovery.  

1.13. Extractant for the metal ion recovery 

Extractants are organic ligands used for the recovery of metal ions from an 

aqueous phase [63]. The ligand of interest should be selective for the metal ion and it 

should be immisible in the aqueous phase. In solvent extractions, the extractant is usually 

dissolved in organic diluents.  

Following are the characteristic features of a ligand to be used as extractant.  

1. It should have high selectivity for the metal ions. 

2. The ligands should be immisible in aqueous phase 

3. It should be soluble in the organic diluents for solvent extraction and should have 

optimum viscocity and surface tension and no third phase formation. 

4. High chemical and radiochemical stability. 

1.14. Types of extractants 

Extraction (also known as metal ion recovery from aqueous phase) involves the 

transfer of metal ion from aqueous phase to organic phase. The metal ion selective 

functional group present in the extractant complex with the metal ion and transfers it to 

organic phase. Metal ion transfer requires the charge neutralization of the metal species 

and replacement of some or all of its water of hydration by extractants. The metal ion 

transfer, therefore, depends up on the complexation characteristics of the extractant. Based 

on the nature of complexation mechanisms involved, the extractant can be classified as (a) 
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cation exchangers (b) anion exchangers (c) neutral extractants and (d) chelating type of 

extractants.   

1.14.1. Cation exchangers 

Cation exchangers are those extractants in which the cations or metal ions present 

in the extractant is used for exchanging with the metal ion to be recovered from aqueous 

phase [63]. A typical cation exchanger is represented as follows. The metal ion of interest 

Mn+ exchanges with the metal present in the ligand, N+. 

( ) ( ) +−++ +⇔+ aqorgn

n

aqorgn Nn         RCOOM        M         NRCOO ,
-

   (1.1) 

Acidic extractants or acidic cation exchangers are another class of cation 

exchangers popularly used in nuclear industry. They generally posses functional groups 

such as -COOH, >P(O)OH and -SO3H and they extract metal ions by cation exchange 

reactions involving metal ion and H+ present in the extractant. For example, a typical 

acidic extractant can be represented in equation 1.2.  

Mn+
(aq) +     n HA(org) ⇔ M(A)n(org) + n H+

(aq)                                             (1.2) 

Since the extraction takes place with the release of hydrogen ions, usually the 

extraction of metal ions by acidic extractants takes place at pH ranges and the extracted 

metal ions can be recovered at higher acidity. Wide varieties of acidic cation exchangers 

are available in literature. For example, bis(2ethylhexyl)phosphoric acid (HDEHP) is one 

of the popular extractant used for the separation of trivalent lathanides [58]. Similarly, all 

the phosphinic acids [64] and phosphonic acids [65] are found use as extractant in variety 

of applications. 
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1.14.2. Anion exchangers   

In anion exchange based separations, the metal ion is existed as an anionic species 

and it get exchanged with an anion present in the extractant [63]. A typical anion exchange 

reaction is showed in equation 1.3. A metal ion, (MY-), exchange with the anionic site (X-) 

of the extractant, R3NH+X-.    

R3NH+ X-
(org) + MY-

(aq) ⇔ R3NH+MY-
(org) + X-

(aq)  (1.3) 

Several quaternary ammonium salts also have been explored for various anion 

exchange applications. For eg., tri-n-octylamine (Alamine 336) [66, 67] and tri-

octylmethylammonium chloride (Aliquat 336) [68] are the two important basic extractants 

used for several applications. Several anion exchangers are reported in literature for 

variety of applications in reprocessing related applications. Anion exchange procedure is 

reported for the purification of plutonium from nitric acid medium. It is based on the 

selective extraction of the anionic plutonium(IV) nitrate species of the type [Pu(NO3)5]
- 

and [Pu(NO3)6]
2- formed at high concentrations of nitric acid [69] by anion exchange 

resins. The main advantage of anion exchange method for plutonium purification is due to 

the fact that plutonium forms anionic species at high nitric acid concentrations, whereas 

the other interfering elements and fission products do not form such anionic complexes.  

1.14.3. Neutral extractants 

Neutral extractants are reagents containing donor atoms with lone pair of electrons 

for the solvation of neutral inorganic species [63]. The metal ion exists as neutral species 

and it complexes with the extractant.  

Extraction of a metal ion (M+) by a neutral extractant (L) can be illustred by 

equation 1.4. 

( )LXM                L             XM  - - ++ ⇔+
    (1.4) 
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The metal ion exists as a neutral species, M+X-. Neutral extractants generally 

posses functional groups such as P=O, C=O, N-H etc as the lone pair electrons donating 

sites. The lone pair electrons are charge-polarized in acidic medium, donates its electron 

density to the vacant orbitals of the metal ions. The solvating power depends strongly on 

the basicity of the reagent. Several neutral extractants such as phosphates, phosphinates, 

phosphonates, amides, diamides, diglycolamides [13, 36-39] etc. have been reported in 

literature.  

1.14.4. Chelating extractants 

The essential feature of chelating extractants is that they show chelation behaviour, 

the formation of ring structures involving the extractant molecule as a ligand to the metal 

ion. Reagents such as hydroxyoximes and diketones especially 5,8-diethyl-7-hydroxy-6-

dodecanone oxime (LIX 63) [70], 2-hydroxy-5-dodecylbenzophenone oxime (LIX 64) 

[71], thenoyltrifluoro acetone (TTA) etc., belong to this family of extractants [72].  

1.15. Introduction to Solid-phase extractants 

Solvent extraction has been widely used in various reprocessing applications. 

Solid-phase extraction methods have not been explored due to the lack of availability of 

adsorbents. Separations based on solid phase extractants (SPE) are promising because of 

the following advantages (a) any ligand can be immobilized into the form of a solid phase 

extractant (b) no issue of third phase formation*** (c) less waste generation (d) disposal of 

the extractant is relatively easier as compared to solvent extraction techniques [73, 74]. 

Based on the inert support used for immobilizing the extractant, solid phase extractants 

can be broadly classified as (i) SPE with organic support (ii) SPE with inorganic support. 

                                                             
*** Third phase: Third phase formation is the splitting of organic phase into two phases with the heavier one, rich in 
metal–solvate and the lighter phase rich in diluent. Usually it happens due to poor solubility of metal–solvate in non-
polar diluent phase at metal loadings beyond a particular value referred as limiting organic concentration (LOC) 
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If the metal ion separation involved in SPEs is by stoichiometric chemical exchange of 

metal ions, it can be called as ‘ion exchangers’. The ion exchanger is defined as a solid or 

liquid, inorganic or organic substance containing ions exchangeable with others of the 

same charge, present in a solution in which the ion exchanger is considered to be insoluble 

[75]. In the ion exchanger, the exchangeable ions are called counter ions and the ions of 

opposite charge to the counter ions are called co-ions. In cation exchange process, 

redistribution of cations occurs whereas in anion exchange process redistribution of anions 

occurs between the ion exchanger and a solution. If the metal ion extraction is non-

stoichiometric then the metal ion exchange is known as sorption or adsorption. 

Initially solvent impregnated solid phase extractants (or solvent impregnated 

resins, SIRs) were used for the recovery of metal ions [75, 76]. The SIRs offer advantage 

that any metal ion selective ligand can be immobilized. SIRs are composed of an “inert 

“polymeric matrix impregnated with readily available extractants [75, 76]. Therefore, SIRs 

can be easily prepared and they possess the features and advantages exhibited by both 

liquid-liquid extraction and solid-liquid extraction. Moreover, the dispersion of the 

extractant over the surface of the polymer is so large, that the distribution coefficients of 

metal ions achieved with the use of SIRs are usually very high as compared to those 

achieved by the same extractant in solvent extraction mode. However, the poor chemical 

stability of SIRs leads to the development of chemically modified solid phase extractants 

(or also known as anchored resins). These anchored resins posses enhance the selectivity 

towards metal ions [77]. However, the synthesis of such chelating type ligands on the 

surface of the polymer is cumbersome and the operations at intense radiation flux and 

elevated temperatures limit the use of organic resins.  
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1.15.1. Organic ion exchangers 

Organic ion exchanger is a cross-linked polymer matrix, made up of hydrocarbon 

chains, which carries functional groups [77]. Generally, the polymer matrix of the resins is 

hydrophobic. The ion exchange resin becomes hydrophilic only after the incorporation of 

functional (exchangeable) groups. The nature of functional groups can be acidic, basic or 

chelating. Thus, the synthesis of ion exchange resins involves two steps (i) preparation of 

polymer matrix, and (ii) incorporation of functional groups. The polymer matrix can be 

prepared either by condensation or addition polymerization. The first synthesis of organic 

exchanger was based on polycondensation reaction of phenol and formaldehyde [78]. 

Addition polymers are chemically more stable than condensation polymers. The addition 

polymers can be prepared conveniently using suspension polymerization technique. The 

addition polymer based on styrene and divinylbenzene (DVB) is being widely used in all 

applications. The degree of cross-linking can be controlled by the ratio of DVB to styrene. 

Pure DVB is not easily available, and hence commercial DVB consisting of a mixture of 

isomers, i.e., 55-60% of pure isomer, and 40-45% of ethylstyrene can also be used. The 

concept of tailoring the metal ion-specific ligands grafted on organic solid supports existed 

since the very early development of ion exchange resins [78-81]. The advantage of linking 

the metal ion specific ligands on to the polymer matrix is to avoid the loss of extractant 

normally encountered in extraction chromatography and solvent extraction procedures. 

Nevertheless, the employment of these organic solid supports for the treatment of 

radioactive liquid solutions suffer from a drawback of swelling and the chemical and 

radiolytic degradation [82, 83]. Also the contaminated spent ion exchange resins require 

further treatment for final disposal [84]. 
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1.15.2. Inorganic adsorbents for metal ion separation 

Inorganic adsorbents are extremely proven candidates for the selective separation 

of toxic and radiotoxic metal ions [85-90]. Extensive research in this area over few 

decades have fetched few potential adsorbents, that are also commercially available, for 

separating long lived fission products such as 90Sr and 137Cs from aqueous wastes [89]. 

The attraction over this material is further augmented by the surface modification of 

inorganic matrix with organic complexing moieties. The driving force for this 

development of organofunctionalized adsorbents (OFS) stems from the fact that it can be 

tuned to task specific adsorbent by proper selection of complexing moieties. These 

inorganic materials possess the desirable properties such as high selectivity, chemical and 

radiation stability for treating radioactive wastes. Moreover, these spent inorganic 

adsorbents can be immobilized in the form of glass or ceramic for final disposal [91]. 

Among the various OFS, organo functionalized silica gel based adsorbents have been 

studied extensively for the separation of metal ions from various feeds. Surface hydroxyl 

(SOH) groups present on hydrous silicon dioxide are responsible for the surface 

modification of the adsorbent. Organo modified silica based adsorbents have been 

explored for wide variety of applications such as removal of uranium from sea water [92], 

removal of cesium [93], removal of arsenic [94] etc. 

1.15.3. Magnetic Solid phase Separation (MSPS). 

MSPS is emerging as a promising technique for the separation of toxic and 

radiotoxic metal ions from various aqueous streams [95-103]. In MSPS technique, the 

magnetic particles (MPs) are added to the waste solution to extract the target metal ion. 

The MPs are then separated from the solution by means of an external magnetic force. The 

separated MPs are then immersed in a stripping solution for recovery of metal ions from 

the adsorbed surface. The use of MSPS offers several advantages especially for the 
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treatment of nuclear wastes as compared to conventional solid phase extraction.  Since this 

method uses the application of external magnetic field, the particle size of the adsorbent 

can be lowered to as low as nano-size for efficient and rapid extraction of metal ions from 

waste solution. In addition, there is no need for packing of MPs in column as it is usually 

operated in batch mode and the phase separation is quickly achieved by external magnetic 

field [95, 96]. In this context, Chen et al. [101] prepared bentonite-iron oxide composite 

materials for the removal of cobalt ions from radioactive waste water. Towler et al. [102] 

reported the extraction behavior of radium and polonium from sea water by the use of 

magnetic adsorbents. Recently, Wu et al. [103] has studied the separation behavior of 

lanthanum by using MSPS technique. 

1.16. Scope of the present work 

The present work involves the synthesis of various diglycolamic acid based 

extractants and their evaluation for the mutual separation of lanthanides and actinides. 

Diglycolamic acid is an acid derivative of diglycolamide. Diglycolamides are the popular 

reagents for the separation of trivalent lanthanides and actinides from concentrated nitric 

acid medium (3-4 M nitric acid). A pictorial representation of various extraction methods 

adopted for the mutual separation Ln(III)-An(III) separation by using diglycolamic acid 

ligand in the present study is shown in figure 1.5. Conventionally liquid-liquid extraction 

method is widely used in nuclear industry. A couple of diglycolamic acid based 

extractants such as bis(2-ethylhexyl)diglycolamic acid (HDEHDGA), bis(2-

ethylhexyl)thiodiglycolamic acid (HDEHSDGA) etc. have been developed. The features 

that make diglycolamic acids unique among the class of extractants used for the mutual 

separation of lanthanides and actinides are given below. 

1. Diglycolamic acids are CHON based. 
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2. High solubility of diglycolamic acid based extractants in n-dodecane or 

paraffinic diluents. 

Third-phase formation, extractant diluent non-compatibility etc are the major 

limitations of liquid-liquid extraction. In contrast to the liquid-liquid extraction methods, 

the studies on the mutual separation of lanthanides and actinides using solid phase 

extraction methods are very limited. This is essentially due to the lack of availability of 

adsorbents suitable for lanthanide-actinide separation. Solid phase extraction is a 

promising technique for the separation of metal ions from aqueous solution owing to its 

simplicity, robustness, regenerating ability and can be easily engineered into plant scale 

levels and technologically demonstrated. In fact, solid phase extraction is suitable for the 

separation of micro-quantities of radionuclides present in a large volume of feed solution, 

as in the present case. Initially ligand impregnated resins were used for variety of 

applications. Wide variety of ligands can be impregnated in the form of solid phase 

extractants (SPE). In connection with this, alkyldiglycolamic acids such as N,N-di 

butyldiglycolamic acid (HDBDGA), N,N-di hexyldiglycolamic acid (HDHDGA), N,N-di 

octyldiglycolamic acid (HDODGA) and N,N-didecyldiglycolamic acid (HDDDGA) have 

been impregnated on resins. These diglycolamic acid impregnated resin offered high 

extraction of Eu(III) with superior Eu(III)/Am(III) separation. However, due to the poor 

chemical stability of these impregnated resins, ligand-chemically linked solid phase 

extractants (SPEs) (or also known as anchored resins) have been used at later stage.  
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Figure 1.5. Different types of extractants with glycolamic acid 

 

The concept of tailoring the metal ion-specific ligands grafted on organic solid 

supports existed since the very early development of ion exchange resins.  The advantage 

of linking the metal ion specific ligands on to the polymer matrix is to avoid the loss of 

extractant normally encountered in extraction chromatography and solvent extraction 

procedures. The anchored resins have several advantages such as (i) wide variety of 

functional groups can be incorporated in polymer matrix using organic reactions, (ii) 

physical properties of polymer matrix can be finely tuned to suit particular applications, 

and (iii) they can withstand in normal operating conditions. In this context, a polyamine 

resin modified diglycolamic acid, PA-DGAH was synthesized and used for the mutual 

separation of lanthanides and actinides.  Employment of this organic solid support for the 

treatment of radioactive liquid solutions suffers from drawbacks of swelling and the 
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chemical and radiolytic degradation. Also the contaminated spent ion exchange resins 

require further treatment for final disposal. To overcome the problems associated with 

radiolytic degradation and disposal of spent organic resins, chemically inert inorganic 

solid supports such as silica grafted with various organic compounds have been studied for 

the efficient removal of metal ions from waste streams. The advantage of utilizing the 

inorganic solid support is that it can be vitrified or ceramized to an unleachable solid form 

for final disposal. In view of this, a silica anchored diglycolamic acid, Si-DGAH was 

developed for the mutual separation of lanthanides and actinides. However, these 

functionalized materials also have some drawbacks such as small particle size, choking of 

the column during engineering-scale operation, etc. These problems can be easily avoided 

by the use of magnetic solid-phase separation (MSPS) methodology.  

MSPS is emerging as a promising technique for the separation of toxic and 

radiotoxic metal ions from various aqueous streams. In the MSPS technique, the magnetic 

particles (MPs) are added to the waste solution to extract the target metal ion. The MPs are 

then separated from the solution by means of an external magnetic force. The separated 

MPs are then immersed in a stripping solution for recovery of metal ions from the 

adsorbed surface. The use of MSPS offers several advantages especially for the treatment 

of nuclear wastes as compared to conventional solid phase extraction. Since this method 

uses the application of an external magnetic field, the particle size of the adsorbent can be 

lowered considerably for efficient and rapid extraction of metal ions from waste solution. 

In addition, there is no need for packing of the MPs in a column, as it is usually operated 

in batch mode and the phase separation is quickly achieved by the external magnetic field. 

In this context, an iron oxide (Fe3O4) particle functionalized with diglycolamic acid (Fe-

DGAH) was developed for the mutual separation of Am(III) and Eu(III). 
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In nutshell, studies reported in this thesis aimed at the development of 

diglycolamic acid class of extractants having desirable properties for the mutual separation 

of trivalent actinides from trivalent lanthanides and vice-versa. Several alkyldiglycolamic 

acids have been synthesized and studied to examine the feasibility of using them for the 

mutual separation of trivalent lanthanides and actinides by liquid-liquid extraction as well 

as solid-liquid extraction route.  
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Chapter 2: Experimental 
 

This chapter deals with the synthesis of various extractants used for the mutual 

separation of Am(III) and Eu(III) from dilute nitric acid solutions. The analytical 

techniques such as FT-IR, 1H & 13C-NMR, SEM-EDX, XRD, Raman Spectroscopy and 

TG-DTA etc. used for the characterization of the extractants are presented in this chapter. 

The experimental methods adopted for the mutual separation of Eu(III) and Am(III) using 

methods such as liquid-liquid extraction, mixer-settler demonstration, impregnated resin, 

polymeric ion exchange resin, inorganic adsorbent and magnetic separation etc. are 

discussed. Methods and materials employed for the analysis of radioactive and non-

radioactive samples along with instruments such as NaI(Tl) detector, gamma-

spectrometer, inductively coupled plasma-optically emission spectrometry (ICP-OES) etc. 

employed for the above studies have been explained in detail. Experimental details on the 

mixer-settler demonstration, column chromatographic demonstration and magnetic 

separation etc. are also presented in this chapter. 

2.1. Chemicals and reagents 

All the chemicals and reagents used in this study were of analytical grade and were 

used as received unless otherwise mentioned.  

2.1.1. Radioactive tracers 

The radioisotopes (152+154)Eu, 241Am were obtained from Bhabha Atomic Research 

Centre, Mumbai. Approximately 10-4 M of these tracers has been used for the experiments 

involving distribution ratio measurements. 

2.1.2. Organic materials and solvents  

Diglycolic anhydride  

Diglycolic anhydride (97 %), obtained from Alfa Aesar was used.  
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Dichloromethane 

Dichloromethane was obtained from Fischer Inorganics and Aromatics Limited, 

Chennai, India. 

Silica-gel 

Silica-gel of mesh 60-120, used for synthesizing the silica functionalized 

adsorbents, was obtained from Sisco Research Lab Private Limited, Mumbai, India and 

was dried at 373 K for one hour prior to use.  

Dialkylamines 

Dibutylamine, dihexylamine, dioctylamine, didecylamine and di-2-

ethylhexylamine were procured from Sigma Aldrich Chemie GmbH, Steinheim, Germany. 

Didodecylamine was obtained from Fluka. 

Tetraethoxysilane(TEOS) 

 TEOS (purity) was procured from Sigma Aldrich Chemie GmbH, Steinheim, 

Germany. 

Triethoxytriaminopropylsilane (APTS) 

 Triethoxytriaminopropylsilane (97 %) was procured from Sigma Aldrich Chemie 

GmbH, Steinheim, Germany. 

Resins used for the studies 

Tulsion ADS 400 resin used for the impregnation of the alkyldiglycolamic acid 

was procured from M/s. Thermax Pvt. Ltd., Pune, India. Similarly, polyamine resin, 

Tulsion 10X-MP was also obtained from M/s. Thermax Pvt. Ltd., Pune, India. 

2.1.3. Aqueous solutions and complexing agents 

Diethylenetriaminepentaaceticacid(DTPA) 

Diethylene triaminepentaacetic acid (DTPA) was procured from Acros Organics, 

Germany. DTPA was poorly soluble in water. Therefore, aqueous solutions of DTPA were 
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prepared in demineralized water with the addition of few drops of concentrated NaOH (2 

M). The solution was later adjusted to desired pH by adding few drops of concentrated 

HNO3 (5 M).  

Acid solutions 

The acid solutions (HNO3, HCl, GR grade, Merck Specialties Private Limited, 

Mumbai, India) were prepared by the dilution of concentrated acids, and were 

standardized by standard acid-base titration methods using standard NaOH solution using 

phenolphthalein as indicator. 

Sodium hydroxide solution 

Sodium hydroxide (AR grade) was obtained from Ranbaxy Fine Chemicals 

Limited, New Delhi, India. 

Phenolpthalein 

Phenolpthalein (Merck Specialities Private Limited, Mumbai, India) solution was 

prepared by dissolving ~ 500 mg of solid in 100 mL of 1:1 mixture of distilled water and 

ethanol. 

Sodium Nitrate 

Sodium Nitrate was obtained from S.D. fine Chemicals, Mumbai, India. 

Citric acid 

Citric acid, anhydrous was obtained from Otto Chemie, Mumbai, India. 

Bis(ethylenediaminetetraacetic acid (EDTA) 

Bis(ethylenediaminetetraacetic acid) (EDTA) was obtained from Sigma Aldrich 

Chemie GmbH, Steinheim, Germany. 

Europium nitrate 

Europium nitrate hexahydrate was purchased from Sigma Aldrich, India. 
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2.2. Instrumentation 

2.2.1. Sodium Iodide thalium (NaI (Tl) gamma counter  

The activity of 241Am, (152+154)Eu and other gamma emitting radioisotopes were 

measured using a gamma counter. The gamma counter constitutes a well type NaI(Tl) 

detector associate with photomultiplier unit, single channel analyzer and a counter time 

unit. The NaI(Tl)-photomultiplier integral assembly was procured from M/s. Harshaw, 

U.S.A and other electronic modules were obtained from M/s. ECIL (Electronic 

Corporation of India Limited), Hyderabad, India.  

For the measurement of radioactivity by NaI (Tl) counter, approximately 10-4 M of 

the tracer spiked aqueous solutions has been used for the equilibration experiments. In 

(152+154)Eu tracer, 154Eu decays predominantly by beta mode with predominant gamma 

energies (keV) 1274, 1004 and 996 and 152Eu isotop (half life = 13 year and specific 

activity =180 Ci/g) decays both by beta (28%) and electron capture (72%) modes by 

predominant gamma energies (keV) 1112, 1085.8 and 1408. 241Am having a half life of 

433 years with predominant gamma energy of 60 keV. 

2.2.2. High Pure Gamma Spectrometer (HpGe Detector) 

The activities of gamma emitting radioisotopes present in simulated and actual 

high active waste were measured by Gamma Spectrometry. In this technique, a planar high 

pure germanium (HpGe) crystal semiconductor obtained from OXFORD Instruments, 

USA was used as the detector.  

2.2.3. Rotary evaporator 

A rotary evaporator (model R-3000 from M/s. Buchi Laboratory Technique AG, 

Switzerland) was used for distilling off volatile solvents from the reaction mixture and 

from fractions collected during the column chromatography.  
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2.2.4. pH meter 

All pH measurements were made with Cyberscan 500 pH, Metrohm. The meter 

was calibrated at 298 K with standard buffers of pH 4, 7 and 10.  

2.2.5. Thermostatted rotary water bath shaker 

A JULABO (F33-HE) refrigerated circulator with a temperature controlling 

accuracy of + 0.010 K and a heating immersion circulator with a temperature controlling 

accuracy of + 0.010 K were also used for the experiments. 

2.2.6. FT-IR spectrometer  

A BOMEM MB-100 FT-IR spectrometer with a range of 4000-650 cm-1 with a 

resolution of 4 cm-1 was used for the measurement of IR spectra. The samples to be 

scanned were sandwiched between two zinc-selenide windows. The sample compartment 

was purged with nitrogen for a sufficient period prior to scan. For solid sample analysis, a 

thin pellet of sample was prepared in dry KBr salt and recorded. 

2.2.7. Mass spectrometer   

A home built reflectron time of flight mass spectrometer was used for the mass 

analysis. Nicotinic acid was used as a matrix and a fourth harmonic of Nd-YAG laser 

(266 nm) was used for the desorption/ionization. Fine graphite powder mixed uniformly as 

the matrix for the mass analysis of organic compounds to enhance the absorption of 

laser [1]. 

Some of the mass spectra were also obtained by Thermofisher Scientific make GC-

(qudrupole) MS with electron impact ionizer. A 15 m long silica capillary column was 

used for GC separations during these experiments.   
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2.2.8. NMR spectrometer  

A Brucker Avance III 500 MHz (AV 500) multi nuclei solution nmr spectrometer 

was used the structure analysis of synthesized diglycolamic acids and diglycolamides. 

CDCl3 was used as the solvent. 

2.2.9. Inductively coupled plasma-optical emission spectrometer 

Ultima C spectroanalyser (Jobin Yvon, France) equipped with Inductively Coupled 

Plasma excitation source was used for several non-radioactive elemental analysis. The 

spectrometer provides a resolution of 0.015 nm with a polyscan facility of ± 2 nm. RF 

generator of 40.68 MHz with a maximum output power of 1550 W was used for plasma 

generation. Samples were injected by the in-built peristaltic pump with the flow rate of 

1mL/min. The emission lines chosen for the given metal analysis were the most sensitive 

lines having no interference from other elements in the group. 

2.2.10. SEM-EDX 

Field Emission Gun-Scanning Electron Microscopy (FEG-SEM) images were 

obtained using TESCAN MIRA 3 model at 15 kV. Energy Dispersive X-ray spectral 

analysis (EDX) image was recorded with an Oxford instrument to examine the surface 

morphology and elemental composition of the adsorbent. 

2.2.11. XRD 

The X-ray diffraction pattern of the adsorbent was obtained using a Philips 1011 

X-ray diffractometer (operating with 40 KV and 45 mA) with Cu Kα (1.5406 Å) radiation. 

2.2.12. Raman 

Raman spectra were measured by using a Renishaw Raman imaging microscope, 

including a spectrometer connected to a CCD detector. 
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2.2.13. TG-DTA 

The TG-DTA pattern was recorded by subjecting the sample at a heating rate of 10 

°C/minute for the temperature range of 25-600 °C using a thermogravimetric analyzer, 

Mettler Toledo (TGA/SDTA 851e). 

2.2.14. CHNS 

Microelemental CHNS analysis of the samples was carried out by using Elementer 

Vario-EL. 

2.2.15. Particle analyzer 

Particle size was measured by Zeta sizer, Malvern Instruments model ZS-90. 

2.2.16. Surface area analyzer 

The surface area of the magnetic adsorbents were determined by the BET method 

using Quantachrome Monosorb surface area analyzer. 

2.2.17. Electronic single pan balance 

A calibrated electronic single pan balance with a sensitivity of 0.01 mg was used to 

weigh chemicals and solutions. 

2.3. Preparation of reagents and their characterization 

2.3.1. Synthesis of N,N-dialkyldiglycolamic acids 

The synthesis and characterization of dialkyldiglycolamic acids such as N,N-bis(2-

ethylhexyl)diglycolamic acid (HDEHDGA), N,N-dibutyldiglycolamic acid (HDBDGA), 

N,N-dihexyldiglycolamic acid (HDHDGA), N,N-dioctyldiglycolamic acid (HDODGA), 

N,N-didecyldiglycolamic acid (HDDDGA) were synthesized by condensation reaction 

between diglycolic anhydride and corresponding N,N-dialkylamines by the method 

discussed elsewhere [2]. Briefly, the procedure is described below. Diglycolic anhydride 

(0.03 mol) was mixed with 30 ml of dichloromethane and stirred in a round bottom flask 
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equipped with a CaCl2 guard tube for about 10 minutes.  The desired N,N-dialkylamine 

(0.033 mol) was added drop-wise to the solution of diglycolic anhydride and the reaction 

mixture was stirred at room temperature for about 6 hours. The crude reaction mixture was 

washed with 1M hydrochloric acid (20 mL x 5 times). The organic phase was separated 

out and washed with distilled water (20 mL x 5 times). The separated organic phase was 

dried in a rotary evaporator at 353 K to remove the solvent. HDEHSDGA was also 

synthesized by a similar procedure by reacting thiodiglycolic anhydride (0.03 mol) and 

N,N-bis (2-ethylhexyl)amine (0.03 mol) in presence of dichloromethane as solvent. An 

illustration of the synthetic scheme is showed in figure 2.1.  

 

O

X

O

O

+ R2NH

RT

CH2Cl2, 12 h

Diglycolamic acid

X

O

N

OH

OR

R

R=butyl, hexyl, octyl, decyl, bis(2-ethylhexyl)

X=O for HDBDGA, HDHDGA, HDODGA, HDDDGA, HDEHDGA and X=S for HDEHSDGA

N,N-dialkylamineDiglycolic anhydride

 

Figure 2.1. Scheme for the synthesis of alkyldiglycolamic acids 

 

2.3.2. Characterization of N,N-dialkyldiglycolamic acids 

The NMR spectra (1H and 13C) of the samples were characterized using Bruker 

Avance III 500 MHz (AV500) and FTIR spectra were obtained using Bomem FTIR 

spectrometer model-103. The results are given below. 

 



  Chapter 2 

49 

 

HDEHDGA 

FTIR υ/cm-1: 3454 (COOH), 1739 (-CO in COOH), 1622(-CO in –CON), 1226. 1H 

NMR (CDCl3, δ/ppm relative to TMS): 10.67 (s, 1H, COOH), 4.32 (s, 2H, -OCH2-), 

4.11(s, 2H, -CH2O-), 3.17-3.31 (m, 4H, 2 x CH2 - N ), 2.96-2.98 (m, 2H, 2 x CH ), 1.15-

1.24 (m, 16H, 8 x CH2 of alkyl chain), 0.77- 0.84(m, 12H, 4 x CH3 ). 
13C NMR (CDCl3, 

δ/ppm relative to TMS): 172.22 (CO), 172.14 (CO), 77.21(-OCH2), 71.1(-CH2O -), 49.34 

(2 x -CH2-N), 37.16 (2 x CH), 30.35 (2 x -CH2), 28.47(2 x CH2), 23.58 (2 x CH2), 22.86 (2 

x CH2), 13.93 (2 x CH3), 10.47 (2 x CH3). The Electron ionization mass spectrum shows a 

peak corresponding to the mass of 356.5. Mass spectrum of HDEHDGA is showed in 

figure 2.2. 

 

Figure 2.2. Mass spectrum of HDEHDGA recorded using GC-MS 
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HDEHSDGA 

FTIR υ/cm-1: 3637.6 (COOH), 1724(-CO in COOH), 1598 (-CO in –CON), 1H 

NMR: (CDCl3, δ/ppm relative to TMS: 9.37 (s,1H, COOH), 3.54(s, 2H, -OCH2-), 3.50(s, 

2H, -CH2O-), 3.38-3.27(m, 4H, 2 x –CH2-N-), 2.89-2.87(m, 2H, 2 x –CH- ),1.74-1.69(m, 

4H, 2 x –CH2),1.62-1.59(m, 4H, 2 x –CH2),1.40-1.22(m, 8H, alkyl chain ), 0.92-0.86(m, 

12H, 4 x –CH3). 
13C NMR: (CDCl3, δ/ppm relative to TMS): 171.5 (CO), 170.6(CO), 

77.3(-O-CH2-, 76.8(-CH2O-), 49.5 (2 x –CH2-N-), 37.8(2 x CH), 30.5(2 X –CH2), 28.7(2 x 

–CH2-), 23.8 (2 x -CH2), 22.9 (2 x –CH2-), 13.9 (2 x CH3), 10.5(2 x CH3-). Electron 

ionization mass spectrum shows the peak at 373.5. 

Bis-butyldiglycolamic acid 

1H NMR: (CDCl3, δ/ppm relative to TMS): 9.65(s, 1H, COOH), 3.28-3.06 (m, 

4H,2 x -CH2-N), 1.59-1.47 (m, 4H), 1.23(s, 10H). 13C NMR: (CDCl3, δ/ppm relative to 

TMS):172 (C=O), 169(C=O), 77(-O-CH2-), 69(-CH2O-), 47(2 x –CH2-N-), 31(2 x CH2-), 

26(2 x CH2), 22(2 x CH2), 13(2 x CH3). The FT-IR spectrum showed the transmittance 

(cm-1) bands at the following frequencies 3389 (O–H stretching), 2901 (–CH3-stretching), 

1701 (C=O-stretching), 1602 (C=O-stretching), 1439 (CH2-bending), 1400 (–C–N- 

stretching), 1379 (–CH3-bending), 1125 (C–O-stretching). The molecular ion peak in the 

mass spectrum was found at m/z of 245.3. 

Bis-hexyldiglycolamic acid 

1H NMR: (CDCl3, δ/ppm relative to TMS): 3.36-3.33(d, 4H), 3.14-3.10(m, 3H), 

4.36-4.18(s, 2H). 13C NMR: (CDCl3, δ/ppm relative to TMS): 172(C=O), 170(C=O), 77(-

O-CH2-), 70(-CH2O-), 47(2 x –CH2-N-), 30(2 x CH2-), 27(2 x CH2-), 20(4 x CH2-), 13(2 x 

CH3). The FT-IR spectrum showed the transmittance (cm-1) bands at the following 

frequencies 3400 (O–H stretching), 2911 (–CH3-stretching), 1704 (C=O-stretching), 1654 
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(C=O-stretching), 1436 (CH2-bending), 1394 (–C–N- stretching), 1388 (–CH3-bending), 

1095 (C–O-stretching). The molecular ion peak in the mass spectrum was found at m/z of 

301.4. 

Bis-octyldiglycolamic acid 

1H NMR: (CDCl3, δ/ppm relative to TMS): 9.34(s, 1H, COOH),3.28-3.06 (m, 4H, 

2 x -CH2-N),1.59-1.47 (m, 4H), 1.23(s, 10H). 13C NMR: (CDCl3, δ/ppm relative to TMS): 

172(C=O), 170(C=O), 77(-O-CH2-), 70(-CH2O-), 46(2 x –CH2-N-), 31(2 x CH2-), 28(2 x 

CH2-), 22(8 x CH2-), 14(2 x CH3). The FT-IR spectrum showed the transmittance (cm-1) 

bands at the following frequencies 3413 (O–H stretching), 2926 (–CH3-stretching), 1713 

(C=O-stretching), 1628 (C=O-stretching), 1466 (CH2-bending), 1400 (–C–N- stretching), 

1375 (–CH3-bending), 1120 (C–O-stretching). The molecular ion peak in the mass 

spectrum was found at m/z of 357.4. 

Bis-decyldiglycolamic acid 

1H NMR: (CDCl3, δ/ppm relative to TMS): 9.34(s, 1H, COOH),3.28-3.06 (m, 4H, 

2 x -CH2-N),1.59-1.47 (m, 4H), 1.23(s, 10H). 13C NMR: (CDCl3, δ/ppm relative to TMS): 

172(C=O), 170(C=O), 77(-O-CH2-), 70(-CH2O-), 47(2 x –CH2-N-), 30(2 x CH2-), 27(2 x 

CH2-), 20(4 x CH2-), 13(2 x CH3). The FT-IR spectrum showed the transmittance (cm-1) 

bands at the following frequencies 3426 (O–H stretching), 2932 (–CH3-stretching), 1716 

(C=O-stretching), 1614 (C=O-stretching), 1445 (CH2-bending), 1394 (–C–N- stretching), 

1382 (–CH3-bending), 1106 (C–O-stretching). The molecular ion peak in the mass 

spectrum was found at m/z of 413.6. 

2.3.3. Impregnation of N, N-diglycolamic acids on Tulsion ADS 400 resin 

Alkyldiglycolamic acids with straight chain alkyl group such as N,N-

dibutyldiglycolamic acid, N,N-dihexyldiglycolamic acid, N,N-dioctyldiglycolamic acid, 
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N,N-didecyldiglycolamic acid etc. were impregnated on to Tulsion ADS 400 resin. 

Tulsion ADS 400 is an aryclic copolymer having average particle size of 800 µm. The 

polymer was purified by washing the resin sequentially with water, methanol, and acetone. 

The washed product was dried at 353 K in a rotary evaporator.  The alkyl diglycolamic 

acids impregnated into Tulsion ADS-400 by contacting the dried resin with a solution of 

diglycolamic acid in dicholoromethane. The mixture was shaken vigorously for about 8 

hours. The dicholormethane was then removed by rotary evaporation at 353 K. The dried 

resin was used for all studies.  

2.3.4. Synthesis and characterization of PA-DGAH 

2.3.4.1. Synthesis of PA-DGAH 

PA-DGAH was synthesized by the condensation reaction between diglycolic 

anhydride (10 g) present in chloroform (100 mL) and Tulsion A-10X-MP resin (320 g). 

The reaction scheme is shown in figure 2.3.  The reagents were taken in a round bottom 

flask equipped with a CaCl2 guard tube.  The mixture was refluxed at 440 K for 18 hours. 

The resin beads were separated by filteration and washed several times with water, 

isopropanol and acetone. The anchored resin was air-dried and used for equilibration 

studies. 
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Figure 2.3. Reaction scheme for the preparation of PA-DGAH 
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2.3.4.2. Characterization of PA-DGAH 

The IR spectrum of the product (PA-DGAH) is compared with the polyamine 

matrix in figure 2.4. It can be seen that PA-DGAH contains the transmittance bands at 

1643 cm-1 and 1743 cm-1. They are responsible for the C=O stretching of amidic (-NH-

C=O) and terminal carboxylic acid (-C=O(OH)) groups respectively. In addition, the PA-

DGAH also shows the bands responsible for C-H stretching at 2800 cm-1 and C-H bending 

at 1100 cm-1. The IR pattern obtained in PA-DGAH confirms the anchoring of 

diglycolamic acid on polyamine resin beads. The amount of diglycolamic acid present in a 

gram of resin was determined to be 2.5 mmol/g (section 2.6), which is in reasonable 

agreement with the amount of amine moieties (3 mmol/g), present in polyamine beads. 
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Figure 2.4. FT-IR spectra of PA-DGAH and polyamine resin. 

 

The TG, derivative of TG (DTG) and DTA curves for polyamine resin and PA-

DGAH are shown in figure 2.5 and figure 2.6 respectively. The loss of weight occurring 
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below 373 K in both cases is attributed to the loss of water molecules adsorbed on the 

surface of the adsorbent. A prominent weight loss occurring in the temperature range 373-

550 K in PA-DGAH (figure 2.6) could be attributed to the dehydration reaction occurring 

between the two adjacent carboxylic acid groups, leading to the elimination of water. This 

reaction essentially occurs in PA-DGAH due to the presence of terminal carboxylic acid. 

This is also reflected as an endothermic peak at 474 K in DTA curve in figure 2.5. The 

decomposition of organics occurs in the temperature range 550-1000 K. An exothermic 

peak occurring in the DTA pattern above 550 K results in a peak at ~990 K is due to 

combustion of organics present in both polymers.  
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Figure 2.5. TG-DTA pattern obtained for polyamine. 
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Figure 2.6. TG-DTA pattern obtained for PA-DGAH.  

 

2.3.5. Preparation of silica adsorbent, Si-DGAH 

Synthetic scheme involved in the synthesis of the silica-diglycolamic acid, Si-

DGAH is shown in figure 2.7. The procedures involved in the synthesis and 

characterization of Si-DGAH and the intermediate products are described below.  

2.3.5.1. Synthesis of silane-diglycolamic acid (Silane-DGAH) 

Silane-DGAH was synthesized by the condensation reaction between diglycolic 

anhydride (0.03 mol.) present in dichloromethane (30 mL) and 3-

aminopropyltriethoxysilane (APTS, 0.03 mol.). The diglycolic anhydride was taken in a 

round bottom flask equipped with a CaCl2 guard tube and APTS was added drop-wise to 

the solution.  The mixture was stirred at room temperature for about 6 hours. The reaction 

mixture was dried in a rotary evaporator at 353 K to remove the solvent. The product 

obtained after drying (Silane-DGAH) was characterized by 1H NMR (Bruker Avance III 

500 MHz (AV500)). 1H NMR (CDCl3, δ/ppm relative to TMS): 9.65 (s, 1H, COOH), 

3.28-3.06 (m, 4H, 2 x -CH2-N), 1.59-1.47 (m, 4H), 1.23(s, 10H). 
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Figure 2.7. Scheme for the synthesis of diglycolamic acid functionalized silica gel 

 

 

2.3.5.2. Preparation of Si-DGAH 

The final product, Si-DGAH, was prepared by refluxing the silica gel and Silane-

DGAH in toluene medium for 6 hrs. During this reaction the surface silanol groups present 

on silica gel reacts with Silane-DGAH to form diglycolamic acid functionalized silica gel, 

as shown by the reaction scheme in figure 2.7.  The functionalized adsorbent was collected 

and washed several times with toluene, isopropanol, acetone, water and acetone. The 

product Si-DGAH was dried in air overnight and characterized by FT-IR, 29Si NMR and 

SEM techniques.  FT-IR shows the following peaks (υ/ cm-1) 3451 (O-H in COOH), 1741 

(C=O in COOH), 1627 (C=O in –CON). 

 

2.3.6. Characterization of Si-DGAH 

The synthesized adsorbent was characterized by elemental analysis, TG-DTA, SEM-

EDX and 29Si-NMR studies. The elemental analysis of Si-DGAH shows the presence of 

10.2 % carbon and 1.5 % nitrogen. Based on the nitrogen content, the degree of 

functionalization was determined to be 1.2 mmol/g. The TG, DTG and DTA curves for Si-
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DGAH are shown in figure 2.8. The loss of weight occurring below 373 K is attributed to 

the loss of water molecules adsorbed on the surface of the adsorbent.  The weight loss 

occurring in the temperature range 373–518 K could be attributed to the dehydration 

reaction occurring between the two adjacent carboxylic acid groups, leading to the 

formation of anhydrate.  The decomposition of organics present in Si-DGAH occurs in the 

temperature range 523-873 K.  An exothermic excursion occurring in the DTA pattern 

above 523 K leading to a peak at ~873 K is due to the combustion of organics present in 

Si-DGAH. 
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Figure 2.8. TG-DTA pattern obtained for Si-DGAH. 

 

 The 29Si NMR (figure 2.9) shows a couple peaks at -99 ppm and -110 ppm, 

indicating two types of silicon environments are present in the adsorbent, perhaps, due to 

terminal and cross-linked silicon in silica gel [3,4].  The SEM image of silica gel is shown 

in figure 2.10.  The corresponding EDX pattern shows the presence of silicon and oxygen.   

However, the surface morphology of final product, Si-DGAH, differs significantly from 



 

silica gel, clearly indicating the modification of silica surface by diglycolamic acid. 

EDX analysis of Si-DGAH surface shows the presence of carbon in addition to silicon and 

oxygen.  This confirms the functionalization of diglycolamic acid on the surface of silica 

gel. 

Figure 2.9

 

 

 

 

 

 

 

silica gel, clearly indicating the modification of silica surface by diglycolamic acid. 

DGAH surface shows the presence of carbon in addition to silicon and 

oxygen.  This confirms the functionalization of diglycolamic acid on the surface of silica 
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Si NMR obtained for Si-DGAH. 
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silica gel, clearly indicating the modification of silica surface by diglycolamic acid.  The 

DGAH surface shows the presence of carbon in addition to silicon and 

oxygen.  This confirms the functionalization of diglycolamic acid on the surface of silica 
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Figure 2.10. SEM and EDX images of silica gel and Si-DGAH  

2.3.7. Synthesis of magnetic adsorbents 

2.3.7.1. Synthesis of Fe3O4 

 The magnetite (Fe3O4) particles were prepared by the co-precipitation method 

described elsewhere [5-7]. Briefly, it involved hydrolysis of a mixture of FeCl3 (0.8 M) 

and FeSO4 (0.4 M) present in distilled water (100 mL) with ammonia (1000 mL) solution 

at 80–90°C under argon atmosphere. The mixture was stirred vigorously for about 2 h, and 

the Fe3O4 particles thus obtained were repeatedly washed with deionized water to remove 

the residual chloride and sulphate ions. The particles were separated from the aqueous 
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solution by using a permanent magnet and the particles were dried in air, overnight. The 

reaction scheme is shown in Fig. 2.11.  

 

3 FeCl3 + 3 FeSO 4+ 9 NH4OH 2 Fe3O4 + 3 NH 4Cl + 3 (NH 4)2SO4 + 9 H 2O
Distilled water

353-363 K  

Figure 2.11. Reaction scheme for the preparation of Fe3O4 

 

2.3.7.2. Silylation of iron oxide particles (Fe-Si) 

Silylation of iron oxide was carried out by the procedure described elsewhere [7-

9]. The reaction scheme is shown in Fig. 2.12. The Fe3O4 magnetic particles (1 g) were 

initially dispersed in HCl (5 mL, 2 M). The mixture was subjected to sonication and 

washed extensively with deionized water. The aqueous phase was removed and the Fe3O4 

particles were mixed with a solution of ethanol (40 mL) and deionized water (10 mL), 

which was under stirring in a round bottom flask. The aqueous ammonia solution (1 mL, 

28 wt %) was added to this mixture followed by the drop-wise addition of 

tetraethoxysilane (TEOS, 2 mL). The mixture stirred for about 10 h. During this mixing, 

the surface hydroxyl groups present on iron oxide react with TEOS to form a coating of 

siloxane over the surface of iron oxide. The silylated iron oxide (Fe-Si) was collected and 

washed with ethanol (50 mL x 6 times) and water (50 mL x 6 times). The Fe-Si was 

separated from the aqueous phase using a permanent magnet, and the particles were dried 

in air, overnight.  
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Figure 2.12. Reaction scheme for the preparation of silica coated iron oxide (Fe-Si). 

 

2.3.7.3. Synthesis of silane-thiodiglycolamic acid (Silane-SDGAH) 

Si-SDGAH was synthesized by the condensation reaction between thiodiglycolic 

anhydride (0.03 mol.) present in dichloromethane (30 mL) and 3-

aminopropyltriethoxysilane (APTS, 0.03 mol.). The reaction scheme is shown in figure 

2.13.  The thiodiglycolic anhydride solution was taken in a round bottom flask equipped 

with a CaCl2 guard tube and APTS was added drop-wise to the solution.  The mixture was 

stirred at room temperature for about 6 hours. The reaction mixture was dried in a rotary 

evaporator at 353 K to remove the solvent. The product obtained after drying was 

characterized by 1H NMR (Bruker Avance III 500 MHz (AV500)). 1H NMR (CDCl3, 

δ/ppm relative to TMS): 9.42 (s, 1H, COOH), 3.07-3.02 (m, 4H, 2 x -CH2-N), 1.47-1.39 

(m, 4H), 1.20(s, 10H). 
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Figure 2.13. Reaction scheme for the synthesis of Silane-SDGAH 

 

2.3.7.4. Preparation of Fe-DGAH 

The magnetic adsorbent, Fe-DGAH was prepared by refluxing (80-90°C) the 

silylated iron oxide (Fe-Si) and Silane-DGAH in toluene medium for 6 h. During this 

reaction the surface silanol groups present on Fe-Si reacts with Si-DGAH to form 

diglycolamic acid functionalized iron oxide as shown by the reaction scheme in Fig. 2.14. 

The functionalized adsorbent was collected using a permanent magnet and washed several 

times with toluene, isopropanol, acetone, water, and acetone. The product Fe-DGAH was 

dried in air, overnight and characterized by FT-IR, XRD, and SEM techniques. FT-IR 

shows the following peaks (υ/cm–1) 3454 (O–H in COOH), 1739 (C=O in COOH), 1622 

(C=O in –CON).  
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Figure 2.14. Reaction scheme for the synthesis of Fe-DGAH 

 

2.3.7.5. Preparation of Fe-SDGAH 

The adsorbent, thioglycolamic acid functionalized iron oxide   particles (Fe-

SDGAH) was prepared by refluxing (353-363°K) the silylated iron oxide (Fe-Si, 10g) and 

Si-SDGAH (17 g) in toluene medium for 6 hr. During this reaction the surface silanol 

groups present on Fe-Si reacts with Si-SDGAH to form thiodiglycolamic acid 

functionalized iron oxide as shown by the reaction scheme in figure 2.15.  The 

functionalized adsorbent was collected using a permanent magnet and washed several 

times with toluene, isopropanol, acetone, water and acetone. The product Fe-SDGAH was 

dried in air, overnight and characterized by TG-DTA, XRD and SEM techniques.   
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Figure 2.15. Reaction scheme for the synthesis of Fe-SDGAH 

 

2.3.8. XRD patterns of Fe-DGAH and Fe-SDGAH.  

The X-ray diffraction pattern of the adsorbent was obtained using a Philips 1011 

X-ray diffractometer (operating with 40 KV and 45 mA) with Cu Kα (1.5406 Å) radiation. 

X-ray diffraction patterns of Fe3O4, Fe-Si, Fe-DGAH are shown in Fig.2.16. The XRD 

pattern compares well with the pattern of standard Fe3O4 (JCPDS No. 65-3107). The 

characteristic peaks at (2θ) 30.17°, 35.46°, 43.38°, 53.69°, 57.23°, and 62.77° correspond 

to (220), (311), (400), (422), (511), and (440) planes of Fe3O4 structure. The crystallite 

size of iron oxide was determined using Sherrer’s relation, shown in equation 2.1. The 

error in the measurement of crystalline size using Sherrer’s equation was ~10 %. 

     
θβ

λ

cos
k

D =
 

    (2.1) 
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where λ is the wavelength of CuKα radiation (1.54 Å), k is the shape factor which can be 

assigned a value of 0.89 for unknown shapes, θ is the Bragg angle, and β is the full width 

at half maximum in radians. The peak at 2θ = 35.46° was chosen to determine the 

crystallite size. Using equation 2.1, the average crystallite size of iron oxide particles is 

determined to be 20.6 nm for Fe3O4, 21.2 nm for Fe-Si, and 24.6 nm for Fe-DGAH, 23.2 

for Fe-SDGAH. Similar values of crystalline size were obtained by considering 2θ = 

57.23°, and 62.77°.  
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Figure 2.16. Powder X-ray diffraction pattern of Fe3O4, Fe-Si, Fe-DGAH and Fe-

SDGAH 

2.3.9. Surface morphology of Fe-DGAH and Fe-SDGAH 

The SEM-EDX images of Fe3O4 and Fe-Si are showed in figure 2.17 and that of 

Fe-DGAH and Fe-SDGAH are showed in figure 2.18. It is observed that the particles are 

very fine and dense.  The EDX pattern shows the presence of iron and oxygen.   In 
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contrast to this, the images of silica coated iron oxide (Fe-Si) and diglycolamic acid 

functionalized iron oxide (Fe-SDGAH) differs significantly from Fe3O4 due to bonding of 

siloxane and diglycolamic acid on the surface of iron oxide   particles.  The EDX analysis 

of Fe-Si surface shows the presence of carbon and silicon in addition to iron and oxygen. 

Similarly, EDX analysis of Fe-SDGAH surface shows the presence of carbon, silicon, 

nitrogen, iron and oxygen and EDX analysis of Fe-SDGAH shows the presence of sulfur 

in addition to carbon, silicon, iron and oxygen. All these observation indicate the 

functionalization of diglycolamic acid on the surface of iron oxide. A gradual change in 

the surface morphology is observed in the SEM images of Fe3O4, Fe-Si and Fe-DGAH. A 

similar morphological change is observed for the formation of Fe-SDGAH. EDX images 

of the Fe3O4, Fe-Si and the adsorbents Fe-DGAH and Fe-SDGAH shows the presence of 

the constituent elements [11].  

 

SEM images EDX graph 

  

 
 

 

Figure 2.17. SEM and EDX images of Fe3O4 and Fe-Si. 
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Figure 2.18. SEM and EDX images of Fe-DGAH and Fe-SDGAH 

2.3.10. TG-DTA patterns of Fe-DGAH and Fe-SDGAH 

The TG-DTA curves for Fe-DGAH are shown in Fig. 2.19. The loss of weight 

occurring below 373 K is attributed to the loss of water molecules adsorbed on the surface 

of the adsorbent. The decomposition of organics present in Fe-DGAH occurs in the 

temperature range 523-873 K. An exothermic excursion occurring in the DTA pattern 

above 523 K leading to the peak at ~873 K is due to the combustion of organics present in 

Fe-DGAH. A similar pattern was observed for Fe-SDGAH also, as seen in figure 2.20. 
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Figure 2.19. TG-DTA patterns of Fe-DGAH 
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Figure 2.20. TG-DTA patterns of Fe-SDGAH 
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2.3.11. Particle size and Surface area of Fe-DGAH 

The average particle size determined (by using Zeta-sizer) to be ~50 µm for both 

Fe-DGAH and Fe-SDGAH respectively. The BET surface area was found to be ~120 m2/g 

for Fe-DGAH and ~110 m2/g for Fe-SDGAH. 

2.3.12. Raman spectroscopy of Fe-DGAH 

The iron oxide and Fe-DGAH were characterized by Raman spectroscopy, shown 

in figure 2.21. The various phases of iron oxide can be easily distinguished by the 

characteristic traces in Raman spectrum.  It can be seen from trace A (as prepared 

sample) that a very small peak observed at 670 cm-1 at the laser power of 2.5 mW, is due 

to the characteristic magnetite (Fe3O4). The XRD-pattern of the as prepared iron oxide 

also confirmed the presence of magnetite phase.  Upon increasing the duration exposure 

the pattern changes to that shown in traces B, C and D.  These are significantly different 

from trace A. The characteristic bands observed at 704, 499 and 360cm-1 in traces B, C 

and D are due to maghemite (γ-Fe2O3). Trace E is obtained only when the power of the 

laser and exposure time are increased to 25mW and 10 minutes respectively.   The peaks 

observed at 604, 487, 398, 283, 240 and 219cm-1 are characteristic to hematite (α-

Fe2O3).  The study thus shows that laser irradiation could cause the transformation of 

magnetite into maghemite and then to hematite at higher powers. In contrast, the Raman 

spectrum of Fe-DGAH recorded at the higher power of 25 mW, and exposure for 10 

minutes (trace E) is comparable with trace A obtained for magnetite.  The observed trace 

E is in contrast to the expected pattern of hematite, at this laser power.  This indicates 

that the organic moiety present on the surface seems to prevent the conversion of the 

core Fe3O4 into hematite [11]. 
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Figure 2.21. Raman spectrum of iron oxide and Fe-DGAH at various powers and 

exposure time. 
 

2.4. Methods  

2.4.1. For the solvent extraction experiments involving HDEHDGA and HDEHSDGA 

2.4.1.1. Measurement of distribution ratio 

All equilibration experiments were conducted in duplicate at 298 K using an 

aqueous to organic phase ratio of 1:1. The experiments involved equilibration of aqueous 

and organic phases (1 mL each) in a 10 mL capacity test tube immersed in a constant 

temperature water bath and rotated in up-side-down manner for about an hour. The 

concentration of HDEHDGA (or HDEHSDGA) was varied from 0.05 M to 0.5 M. The 

organic phase was pre-equilibrated with desired concentration of nitric acid. Extraction of 

americium(III) and europium(III) as a function of nitric acid was studied by equilibrating 

the organic phase with nitric acid solution spiked with 241Am(III) (or (152+154)Eu(III)) tracer 

(20 mg/L in all experiments). The pH of the aqueous solution was varied from pH 1 to 3.5. 
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After one hour of equilibration, the radioactivity of 241Am(III) and (152+154)Eu(III) in the 

organic and aqueous phases was measured using a well-type NaI(Tl) scintillation detector. 

The pH of the aqueous phase at equilibrium was measured. The distribution ratio (DM) of 

metal ion was determined using equation 2.2. The separation factor was computed using 

equation 2.3. 

 

     (2.2) 

                    

             (2.3) 

                                                                                                  

The effect of [DTPA] and [NO3
-] in aqueous phase on the distribution ratio (DM) 

was studied by varying their concentration from 0.005 M to 0.1 M. Similarly, the effect of 

[HDEHDGA], [HDEHSDGA] and [TPEN] in organic phase was studied by varying their 

concentration from 0.01 M to 0.3 M.  

2.4.1.2. Demonstration of mutual separation of Eu(III) and Am(III) by HDEHDGA 

2.4.1.2.1. Extraction studies 

Batch equilibration was performed to obtain the number of contacts needed for the 

quantitative extraction of Am(III) and Eu(III). The organic phase was a solution of 0.1 M 

HDEHDGA in n-DD and the aqueous phase was 0.1 M CA and 0.1 M HNO3 spiked with 

(152+154)Eu(III) or 241Am(III) tracer.  The pH of aqueous phase was adjusted to 3. The 

organic phase was pre-equilibrated with aqueous phase adjusted to pH 3. The extraction 

experiments involved mixing of equal volumes of organic and aqueous phases for about 

10 minutes. From the radioactivity measurements, the amount of Eu(III) and Am(III) 

extracted into organic phase was determined. The organic phase was discarded and 

aqueous phase was contacted again with equal volume of fresh organic phase for 

Eu(III)or       Am(III) M  ,
[M]

[M] 
  154)(152241
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subsequent extraction. The percentage extraction was determined in each contact from the 

radioactivity measurements. This procedure was repeated until the aqueous phase 

radioactivity was negligible.  

2.4.1.2.2. Stripping studies 

Similarly, the number of contacts needed for the recovery of Am(III) and Eu(III) 

from the loaded organic phase was studied by contacting equal volumes of the loaded 

organic phase with aqueous solution containing 0.01 M DTPA and 0.025 M CA adjusted 

to pH 1.5. The radioactivity present in organic and aqueous phases was measured and the 

amount of Eu(III) or Am(III) back-extracted into aqueous phase was determined. The 

aqueous phase was removed and the organic phase was contacted again with equal volume 

of fresh aqueous phase for subsequent back-extraction. The percentage recovery was 

determined as described above.  

2.4.1.2.3. Mixer-settler studies 

For the mixer-settler studies, the organic phase was a solution of 0.1 M 

HDEHDGA in n-DD and the aqueous phase was 0.1 M CA and 0.1 M HNO3 spiked with 

(152+154)Eu(III) or 241Am(III) tracer.  The pH of aqueous phase was adjusted to 3. The 

extraction of Am(III) and Eu(III) was performed in a counter current mode using a 20-

stage ejector mixer settler. Mixing of the organic and aqueous phases was achieved by air 

pulsing in the column by applying vacuum and pressure alternatively with the help of a 

solenoid valve operated by a cyclic timer. The aqueous and organic solutions (2 L each) 

were fed to the mixer settler at a constant flow rate of 3 mL per minute by means of 

metering pumps equipped with precise flow control.  The system was operated for ~6 hrs. 

Steady state was attained in four hours. The stage samples of organic and aqueous phase 

were collected for analysis. The loaded organic and raffinate were collected separately in a 
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2 L container. The Am(III) was back extracted from the loaded organic phase in a counter 

current mode using the same mixer settler in a separate run. The stripping formulation was 

composed of 0.01 M DTPA and 0.025 M CA at pH 1.5. Extraction and stripping of Eu(III) 

and Am(III) was monitored by the radioactivity of (152+154)Eu(III) and 241Am(III) in various 

streams by using HPGe detector coupled with a multichannel analyzer.  The experimental 

conditions adopted for the mixer-settler run is illustrated in figure 2.22. An image of the 

mixer-settler facility used for the demonstration for the mutual separation of lanthanides 

and actinides is showed in figure 2.23.  
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Figure 2.23. Mixer-settler facility used for the demonstration for the mutual 

separation of Eu(III) and Am(III) 
 

2.4.2. For experiments involving solid-phase reagents 

2.4.2.1. Measurement of distribution coefficient 

Distribution coefficients of the metal ions Eu(III) or Am(III) were determined by 

equilibration experiments.  The method involved equilibration of  0.05 g of the adsorbent 

with 10 mL of the aqueous phase (nitric acid at concentration varied from 0.001 M to 0.5 

M) spiked with the corresponding radiotracers (~10-4 M 241Am tracer was used for Am(III) 

and (152+154)Eu tracer was used for Eu(III)) in 20 mL stoppered test-tubes. The test-tubes 

were rotated with a constant speed of 50 rpm for a specified period of time. The system 

was maintained at constant temperature thermostat (298 K). After equilibration, the 

radioactivities of the radiotracers were determined by radiation counting techniques by 

using NaI(Tl)-Single Channel analyser. The distribution coefficient (Kd) was computed 

from the radioactivity measurement of aqueous phase using equation 2.4. The separation 

factor (SF) was determined using equation 2.5.  
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)III(Am of K

)III(Eu of K
SF

d

d=                             ………(2.5) 

where A0 and Af are the initial and final radioactivity of aqueous phase. V is the volume of 

aqueous phase, and m is the mass of the adsorbent taken for equilibration. To understand 

the extraction behavior of metal ions in the walls of the test-tube (for blank correction), 

experiments were conducted by equilibrating 10 mL of the 0.01 M nitric acid solution (or 

0.001 M) spiked with (152+154)Eu(III) (or 241Am) tracer for about 4-6 hours (depending up 

on the adsorbent). After four hours (some times six hours depending up on the type of 

adsorbent) of equilibration, the radioactivity of the aqueous solution was measured.   The 

results indicated that the changes in the radioactivities before and after equilibration were 

negligible. This indicates that there was no sorption of Eu(III) and Am(III) by the 

equilibration tube.   

2.4.2.2. Kinetics of adsorption 

Rate of uptake of Am(III) (or Eu(III)) were studied by equilibrating 0.05 g of 

adsorbent with 10 mL of nitric acid (0.001 M to 0.001 M), spiked with241Am(III) tracer (or 

(152+154)Eu(III) in the case of Eu(III) study). Separate experiments were performed for 5 

minutes to 360 minutes.  Aliquots were drawn from the aqueous phase before and after 

equilibration. From the initial activity and the activity measured at various intervals of 

time the percentage of Am(III) (or Eu(III) extracted was calculated.  

The rate of extraction of the metal ion in the resin phase (mmol/g) is directly 

proportional to the concentration of “free” sites, qfree, available for extraction. 

                                            
free1

t q k
dt

dq
=

            (2.6)   

     or  

                                        2
free2

t q k
dt

dq
=                                (2.7) 
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where tq  is the amount of metal ion extracted at time t (in mmol.g-1), freeq is the “free 

sites” available for extraction (in mmol.g-1) and 1k  and 2k are the pseudo-first order and 

pseudo-second order rate constants. The freeq can be tacitly related to the amount of metal 

ions extracted at equilibrium by equation 2.8.  

    tefree qqq −=          (2.8) 

where eq is the amount of metal ion extracted at equilibrium (in mmol/g). Substituting 

equation 2.8 in equation 2.6 results in equation 2.9.  

   ( )te1
t q-q k

dt

dq
=                                                              (2.9)   

Integrating the equation 2.6 between the limits =t 0 to t and =tq 0
 
to tq results in 

the Lagregren equation of the form shown in equation 2.10. 

   ( )tk
et

1e1qq
−−=                                                                  (2.10) 

Similarly, substituting freeq in equation 2.7 and upon integration results in the pseudo-

second order equation of the form shown in equation 2.11. 

   
t k q1

t k q
q

2e

2
2

e
t

+
=                                                        (2.11) 

In the present study, qt, the amount of metal ion extracted at time t, is taken as 

percentage extraction of either Eu(III) or Am(III) at a time t.  The rate constants, k1 and k2 

were obtained by non-linear regressional analysis of the plot of qt versus t. Based on the of 

fitting parameters, χ2 and R2, the kinetics of metal ion extraction was approximated to 

either first order or second order kinetic models. Detailed discussion on non-linear 

regressional analysis with explannations of χ2 and R2 can be seen in section 2.4.2.7. 

2.4.2.3. Capacity of the resin by sorption isotherm 

Batch experiments were conducted at 298 K by equilibrating 0.05 g of the 

adsorbent with 10 mL of nitric acid solution containing various quantities of europium 
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nitrate spiked with (152+154)Eu(III) tracer.  The experiments were carried out for two hours. 

Aliquots were collected from the aqueous phase before and after extraction. The amount 

of Eu(III) sorbed was measured from the initial and final activity values. The amount of 

Eu(III) sorbed was plotted against amount of Eu(III) present in the aqueous phase. These 

values were fitted with Langmuir adsorption model (and Freaundlich adsorption model in 

some experiments). Sorption capacity was obtained from the Langmuir adsorption 

isotherm.  

2.4.2.4. Ion exchange capacity measurements by column method 

Total ion exchange capacity of the adsorbent under dynamic condition was 

measured by column chromatography. About 1 g of the adsorbent was initially immersed 

in water and loaded into a glass column of radius 0.5 cm. The resin was conditioned by 

using 0.1 M of nitric acid (50 mL). An experimental feed solution composed of 0.1 M 

NaOH (100 mL) was passed through the resin and the effluent was collected in a 250 mL 

standard flask. This was followed by passing water through the resin bed and the effluent 

was collected in the same standard flask up to the mark. The flow rate of the effluent was 

maintained at a flow rate of 2 mL/min. Ion exchange capacity of the resin was measured 

from the total amount of sodium exchanged with the resin, which was measured by 

titrating the feed against potassium hydrogen phthalate.  

2.4.2.5. Desorption studies 

Loading of Am(III) in Fe-SDGAH was carried out equilibrating 0.05 g of the 

adsorbent with 10 ml of nitric acid solution at pH 3 spiked with 241Am(III) tracer at 298 K 

for 2 hours. After equilibration, the aqueous phase was removed quantitatively. From the 

measurement of radioactivity of 241Am(III) present in aqueous phase, the amount of 

Am(III) loaded in the adsorbent was determined. The adsorbent was then contacted with 
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10 mL of 0.5 M nitric acid. The equilibration was carried out for 30 minutes. An aliquot 

was taken from aqueous phase and radioactivity of Am(III) present in aqueous phase was 

determined.  The aqueous phase was then removed and contacted again with the fresh 

aqueous phase of 0.5 M nitric acid (10 mL). This procedure was repeated until the Am(III) 

was recovered quantitatively. A similar experiment was performed for Eu(III) recovery.  

2.4.2.6. Adsorbent recycling 

Recycling study was carried out by equilibration procedure.  During extraction 

0.05 g of the adsorbent was equilibrated with 10 ml of nitric acid solution at pH 3 spiked 

with 241Am(III) tracer at 298 K for 2 hours. After the extraction the aqueous phase was 

separated and the distribution coefficient of 241Am(III) was determined as described 

above.  The recovery of Am(III) from the loaded adsorbent phase was studied by 

equilibrating the loaded adsorbent with 10 mL of  0.5 M nitric acid for 30 minutes. After 

equilibration an aliquot was taken from aqueous phase and the distribution coefficient of 

241Am(III) during stripping was determined.  After stripping, the adsorbent was again 

subjected to extraction and stripping. This procedure was repeated for 5 cycles. After each 

equilibration, the distribution coefficient of Am(III) during extraction and stripping was 

measured.   

2.4.2.7. Non-linear regressional analysis 

Non-linear regressional analysis inovoles the fitting of pseudo-first order or 

pseudo-second order kinetic equation to the experimental data points. Non-linear 

regressional analysis finds the curve that minimizes the scatter of points around the curve. 

In the non-linear regressional analysis, the scattering of experimental data from the 

hypothetical fitted equation is expressed as chi-square value, χ2.  If this chi-square value is 

high, then the scatter around the curve is larger than the expected value, which infer that 
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fitting is poor. This test is also known as chi-squre fit for goodness of fit [12, 13]. Chi-

square, χ2, is defined by equation 2.12. 

( )

2

ni

1i

2

curvei
2

SD

YY∑
=

=

−

=χ         (2.12) 

where SD is the standard deviation and Yi are the experimental values and Ycurve are the 

hypothetical fitting curve. 

Statistic parameters, R2, measures how successful the fit is in explaining the 

variation of the data [13]. R-square (R2) is the square of the correlation between the 

response values and the predicted response values. It is also called the square of the 

multiple correlation coefficient and the coefficient of multiple determination. R2 is defined 

as the ratio of the sum of squares of the regression (SSR) and the total sum of squares 

(SST). SSR is defined by equation 2.13. 

      (2.13)                   

                                                                  

where Wi is the weighting applied to each data point, usually wi = 1.  

R-square can also be expressed as 

SST

SSE
1

SST

SSR
R

2 −==  

Value of R2 lies between 0 and 1. Value of R2 closer closer to 1 indicates the 

closeness of the experimental data with fitted equation. SST is the sum of squares about 

the mean, and is defined as
 

 

where SST = SSR + SSE.  SSE is the sum of squares due to error, which is also defined by 

an expression similar to 2.13. A value of SSE closer to 0 indicates that the model has a 

smaller random error component. 
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Chapter 3: Development of materials for Ln(III)-An(III) 

separation by liquid-liquid extraction  
 

This chapter deals with the development of two extractants, bis(2-

ethylhexyl)diglycolamic acid (HDEHDGA) and bis(2-ethylhexyl)thiodiglycolamic acid 

(HDEHDSDGA) for Eu(III)-Am(III) separation. This chapter is divided into two parts. 

Part 1 deals with the synthesis and evaluation of HDEHDGA and HDESDGA for the 

mutual separation of Eu(III) and Am(III) and part 2 deals with the demonstration of 

HDEHDGA for the mutual separation of lanthanides and actinides by using simulated 

and actual feed solutions.  

3.1. Introduction 

Ln-An separation is a challenging task, since both actinides and lanthanides exist 

in trivalent oxidation state in the feed solution.  The methods developed so far, for the Ln-

An separation usually exploits the finer differences in the chemical behavior of 

lanthanides and actinides towards various ligands [1-10]. According to HSAB concept, the 

lanthanides are classified as hard acids as compared to the trivalent actinides. Therefore, 

the ligands having O-donor atoms preferentially complexes with lanthanides; whereas the 

ligands with S- or N- donor atoms complexes with trivalent actinides [1, 2]. In addition, 

the valence 5f- orbitals of actinides are spatially extended more compared to the 4f-

orbitals of lanthnides and thus the trivalent actinides have a greater tendency to form 

covalent bonding as compared to the lanthanides [1, 2].   

Several methods have been proposed for lanthanide-actinide separations by liquid-

liquid extraction mode, by exploiting the presence of spatially extended 5f- orbitals in 

actinides [1-10] for mutual separation of actinides from lanthanides.  Among the various 

process reported till-date, the TALSPEAK (Trivalent Actinide Lanthanide Separation by 

Phosphorus Extractants Aqueous Komplexes) process, is regarded as a promising 
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technique for the mutual separation [4-8]. Basically, the TALSPEAK process exploits the 

differential complexing abilities of bis(2-ethylhexyl)phosphoric acid (HDEHP), present in 

organic phase and diethylenetriamine-N,N,N’,N’’,N’’’pentaacetic acid (DTPA) present in 

aqueous phase towards lanthanides and actinides. TALSPEAK process requires an 

aromatic diluent for the dissolution of HDEHP or it requires an additional phase modifier. 

Sulfur based ligands such as dithiophosphinic acid (DPAH), commercially available as 

cyanex 301, and their derivatives are explored for lanthanide-actinide separation [9, 10]. 

Again, the sulfur based extractants are also not advisable to use as it is more vulnerable to 

chemical and radiation degradtion. 

In the recent past, pyridine and bipyridine based N- donor ligands are being studied 

for lanthanide –actinide separations. In this connection, Ekberg et al. [11] reviewed the 

use of nitrogen based ligands for such purpose. The authors discussed the studies on 

ligands such as Terpy (2,2’,6’,2”-terpyridine), TPTZ (2,4,6-tripyridyl-1,3,5-triazine), BTP 

(2,6-bis-(1,2,4-triazine-3-yl)pyridines), BTBPs (6,6’-bis(5,6-dialkyl- [1,2,4]-triazin-3-yl)-

2,2’-bipyridines, etc. Kolarik et al. [12] proposed 2,6-ditriazolyl- and 2,6-

ditriazinylpyridines for Am(III)-Eu(III) separation from 1-2 M nitric acid medium. 

However, these extractants suffers the disadvantage that they are not completely soluble in 

commonly used reprocessing compatible diluents such as kerosene, paraffine, n-dodecane 

etc, require the use of an additional phase modifiers.  

Alkyl diglycolamides (DGA) are emerging as superior candidates for the 

separation of Ln(III) & An(III), from high-level liquid waste [13-22]. Introduction of an 

etheric oxygen between the two-amide groups, as in DGAs, increases the extraction of 

trivalents due to enhanced tridentate complex formation with them. The acid derivative of 

this family, namely the alkylglycolamic acid is also expected to be an attractive candidate 

for the separation of lanthanides and actinides from aqueous medium. Shimojo et al. [18] 
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studied the extraction behaviour of lanthanides using N,N-dioctyldiglycolamic acid 

(HDODGA) and reported the mutual separation of lighter, middle and heavier lanthanides 

using HDODGA and tetrakis(2-pyridylmethyl)ethylenediamine (TPEN). However, the 

mutual separation of lanthanides and actinides using diglycolamic acid has not been 

reported so far.  

In this context, we synthesized two alkyl diglycolamic acids- bis(2-

ethylhexyl)diglycolamic acid (HDEHDGA) and the thio-derivative of diglycolamic acid, 

bis(2-ethylhexyl)thiodiglycolamic acid (HDEHSDGA), and studied the extraction 

behaviour of (152+154)Eu(III) and 241Am(III) from nitric acid medium. The structures of 

HDEHDGA and HDEHSDGA are shown in figure 3.1. Due to the presence of –COOH 

group and –C=O (hard donating sites) groups present, HDEHDGA is expected to exhibit 

selectivity towards lanthanides (hard acidic) and due to the presence of sulfur atom (soft 

donating sites), HDESDGA is expected to exhibit selectivity towards actinides (soft 

acidic).  Details of the synthesis and characterization of HDEHDGA and HDEHSDGA are 

discussed in section 2.3.1 and 2.3.2 of chapter 2. 

 

Figure 3.1. Structure of HDEHDGA an HDESDGA 
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Part 1. Evaluation of HDEHDGA and HDEHSDGA for the mutual separation of 

Am(III) and Eu(III). 

 

3.2. pKa of the extractants  

Both HDEHDGA and HDEHSDGA are expected to be weak acids. pKa of the 

extractants were determined by pH titrations. The pH titrations were carried out by the 

procedure described elsewhere [19]. It involved the titration of 0.05 M of HDEHDGA in 

ethanol (50mL) with standard 0.1 M NaOH. The pH of the solution was recorded after 

every addition of sodium hydroxide (approximately 100 µL) and the pH of the solution 

was plotted against volume of NaOH. The pH titration curves for HDEHDGA and 

HDEHSDGA are shown in figure 3.2. From the pH titration curves, the pKa of 

HDEHDGA and HDEHSDGA were determined to be 5.08 and 5.83, respectively [23].  
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Figure 3.2. Titration curves of HDEHDGA and HDEHSDGA in ethanol at 298 

K. Titrant: 50 mL of 0.05 M HDEHDGA or HDEHSDGA/ethanol Titrate: 0.1 M 

standard NaOH 
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3.3. Effect of diluents 

Traditionally, n-dodecane (n-DD), NPH or kerosene etc have been used 

extensively as the diluent in nuclear fuel reprocessing applications. However, aromatic 

diluents, fluorinated hydrocarbons, etc., have also been employed in some studies due to 

the compatibility of the extractant with them and to facilitate higher separation. For 

instance, TALSPEAK process employs 1,4-diisopropylbenzene (1,4-DIPB) as the diluent 

[4, 5]. Therefore identification of a compatible diluent is essential for solvent extraction 

applications. In addition, most of the Ln(III)-An(III) mutual separation process reported 

sofar suffers from the limitation that they are not completely soluble in nuclear diluents 

such as n-dodecane or NPH etc. Table 3.1 shows the distribution ratios (please see section 

2.4.1.1 of chapter 2) of Eu(III) and Am(III) as a function of the nature of diluent. Among 

the various diluents investigated, n-dodecane exhibits maximum distribution ratio for 

Eu(III) and Am(III). Since n-DD is the preferred diluent in industrial scale solvent 

extraction processes, and since the extractants, HDEHDGA and HDEHSDGA, are easily 

soluble, in n-dodecane, it was used for all the subsequent studies. Since, the extractant is 

completely soluble in n-dodecane, phase modifiers may not be required.  

Table 3.1. Variation in the distribution ratio of Eu(III) and Am(III) in HDEHDGA 

or HDEHSDGA in various diluents at pH=3, 298 K. Organic: Aq. phase ratio is 1:1. 

For HDEHDGA, Organic phase: 0.1 M HDEHDGA/n-DD, Aq. Phase: [HNO3].  For 

HDEHSDGA, Organic phase: 0.3 M HDEHSDGA/n-DD, Aq. Phase: [HNO3]. 

 

Diluent 
D in 0.1 M HDEHDGA D in 0.3 M HDEHSDGA 

DEu DAm DAm DEu 

Dodecane  439 68 1.7 1.2 x 10-2 

1,4-DIPB  124 27 0.3 4.4 x 10-3 

Xylene  0 0 0.01 7 x 10-4 
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3.4. Effect of pH 

The distribution ratios of europium (III) and americium (III) in 0.01 M 

HDEHDGA and 0.3 M HDEHSDGA, as a function of pHeq, are compared in figure 3.3. It 

is observed that the distribution ratio of Eu(III) and Am(III) increase with increase of pHeq 

in both the cases. The distribution values are much higher in HDEHDGA as compared to 

HDEHSDGA. However, the separation factor (DAm/DEu) remains at < 5 in HDEHDGA/n-

DD, due to the similarity in the distribution ratio of Eu(III) and Am(III). In contrast to this, 

the distribution ratio of americium(III) is much higher than europium(III) in HDEHSDGA. 

This could, perhaps, be attributed to the presence of sulfur in the extractant moiety, which 

is a soft base donor. The trivalent lanthanide and actinide ions are classified as hard acids 

according to hard-soft acid base concept. However, the trivalent actinides are regarded as 

relatively soft as compared to the corresponding lanthanide ions. Thus, the higher 

selectivity of Am(III) over Eu(III) observed in the case of HDEHSDGA could be 

attributed to the efficient interaction between the soft donor and americium(III). It is 

interesting to observe that the separation factor increases from the value of unity at pH 1 to 

~500 at pH 3.5 in this case. Moreover, the distribution ratio of Am(III) at pH > 3 (~10) is 

also significantly higher compared to that of europium(III) (DEu(III) ~10-2), which is indeed 

desirable for lanthanide-actinide separations [23-25].  
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Figure 3.3. Variation in the distribution ratio of Eu(III) and Am(III) in 

HDEHDGA or HDEHSDGA in n-dodecane as a function of pH, at 298 K.  

Organic: Aq. phase ratio is 1:1. For HDEHDGA, Organic phase: 0.01 M 

HDEHDGA/n-DD, Aq. Phase: [HNO3],  For HDEHSDGA, Organic phase: 0.3 M 

HDEHSDGA/n-DD, Aq. Phase: [HNO3]. 

 

3.5. Mechanism of extraction 

Figure 3.4 shows the variation in the distribution ratio of Eu(III) and Am(III) as a 

function of extractant concentration in organic phase at pH ~3. It is observed that the 

distribution ratios of Eu(III) and Am(III) increased with increase in the concentration of 

extractants in both the cases. The extraction trend observed in figure 3.4 as well as that 

observed in figure 3.3 indicates the involvement of cation exchange mechanism, shown in 

equation 2.1, for the extraction of trivalents (M3+) by these acidic extractants (HA).  

(3.1) 

where HA is HDEHDGA or HDEHSDGA and A is the proton dissociated form of 

glycolamic acids.  The equilibrium constant for the above reaction is given by 

 

                 H  x    }{MA     HA x   M  aqorgxorg
3
aq

++ +⇔+
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(3.3) 

where DM  is defined as 

 

 

At a constant pH, the variation of  DM with HDEHDGA is given by equation 2.4.  

log DM = log K1  + x log [HA]org                          (3.4) 

where K1 (= K / [H+]3
aq) is a constant. Thus, a plot of log DM against log [HA]org should 

result in a straight line with slope of 3. At constant pH, the logarithmic variation of DM 

against [HA]org is shown in figure 3.4. Linear regression of the distribution data yields a 

slope of ~2 for both the extractants, indicating the involvement of two molecules of 

HDEHDGA or HDEHSDGA for extraction. The involvement of two molecules of 

HDEHDGA or HDEHSDGA is also supported by slope value of two obtained in the plot 

shown in figure 3.3. 

However, the extraction of trivalent cation by a monobasic acid extractant requires 

one more anion for charge neutralization. This could be compensated by the extraction of 

NO3
- from aqueous phase. Therefore the extraction mechanism of trivalents by HA could 

be represented as  

 

(3.5) 

The equilibrium constant for the above reaction is given by equation 2.6. 

 

(3.6) 

 

                 2H     )}NO({MA    NO  HA 2   M  aqorg32
-

aq3org
3
aq

++ +⇔++

                                             
]HA[])NO([ ]M[

][H ])NO(MA[
  K

org
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aq3aq
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(3.7) 

 

At a fixed concentration of extractant and pH, the variation of DM with [NO3
-] is be given 

by equation 2.8, 

(3.8) 

where K3 (=K2.[HA]2
org/[H

+]2
aq) is a constant. At constant pH and concentration of 

extractant, the variation of DM with [NO3
-] is shown in figure 3.5. Linear regression of 

distribution data yielded a slope of 1 indicating one molecule of NO3
- is involved in the 

extraction step as shown in equation 2.5 [23]. Turanov et al. [20] also reported a similar 

mechanism for the extraction of trivalents by a monobasic phosphorous acid, in which 

NO3
- ion was reported to be involved in the extraction step.  
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Figure 3.4. Variation in the distribution ratio of Eu(III) and Am(III) as a 

function of [HDEHDGA] or [HDEHSDGA] in n-DD at 298 K. Organic: Aq. 

phase ratio is 1:1. For HDEHDGA, Organic phase: HDEHDGA/n-DD, Aq. 

Phase: [HNO3)], pH=1. For HDEHSDGA, Organic phase: HDEHSDGA/n-DD, 

Aq. Phase: [HNO3], pH=3 
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Figure 3.5.  Variation in the of distribution ratio of Eu(III) and Am(III) as a 

function of concentration of NO3
-
 in aqueous phase at 298 K. Organic: Aq. phase 

ratio is 1:1. For HDEHDGA, Organic phase: 0.1 M HDEHDGA/n-DD, Aq. 

phase: [NaNO3] at pH=1, For HDEHSDGA, Organic phase: 0.3 M 

HDEHSDGA/n-DD, Aq. phase: [NaNO3] at pH=3 
 

3.6. Effect of additives 

Co-extractants and aqueous soluble reagents are usually added to organic and 

aqueous phases respectively to augment the separation factor. The aqueous soluble 

organopolycarboxylic acid, such as diethylenetriamine-N,N,N’,N’’,N’’’-pentaacetic acid 

(DTPA) [2,6] and the organic soluble, N, N, N’,N’-tetrakis(2-

methylpyridyl)ethylenediamine (TPEN) [18] have been reported as potential candidates 

for the retention of americium(III) the respective phases. Structures of DTPA and TPEN 

are showed in figure 3.6. In HDEHDGA system, it is desirable to retain the less 

extractable americium(III) in the aqueous phase by the addition of aqueous phase 

modifiers and facilitate the extraction of americium(III) in HDEHSDGA system by the use 

of organic phase coextractants. Table 3.2 shows the distribution ratio of Am(III) and 

Eu(III) in HDEHDGA/n-DD as a function of DTPA concentration in aqueous phase. As 

expected the distribution values of both the metal ions decrease with increase in the 
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concentration of DTPA. It is interesting to observe that a maximum separation factor ~150 

is observed when the concentration of DTPA is 10-5 M. Further increase in the 

concentration of DTPA lowers the extraction of Eu(III) and Am(III) and decreases the 

separation factor thereafter [23, 26]. 

 

Figure 3.6. Structures of TPEN and DTPA 

 

Table 3.2 also shows the distribution ratio of Am(III) and Eu(III) in 0.3 M 

HDEHSDGA/n-DD as a function of TPEN concentration. Interestingly it is observed that 

the distribution ratio of Am(III) increases with the increase of TPEN concentration, 

whereas the distribution ratio of Eu(III) remain constant at 10-3. Therefore the SF increases 

remarkably with increase of TPEN concentrtion. At 0.1 M TPEN, the SF of about 2600 is 

observed, which is indeed promising for the separation of Am(III) from Eu(III) [26]. 
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Table 3.2: Variation in the distribution ratio of Eu(III) and Am(III) in HDEHDGA 

or HDEHSDGA in n-DD as a function of additives at  298 K. Organic: Aq. phase 

ratio is 1:1. For HDEHDGA, Organic phase: 0.1 M HDEHDGA/n-DD, Aq. Phase: 

[DTPA], pH=3.  For HDESHDGA, Organic phase 0.3 M HDEHSDGA+[TPEN]/n-

DD, Aq. Phase: [HNO3], pH=3. 

 

HDEHDGA
 

HDEHSDGA 

[DTPA]/
M DEu

 
DAm SF 

[TPEN]/
M DAm DEu

  
SF 

10-5 27.6 0.19 145 0.005 0.7 4.6 x 10-3 152 

10-4 4.9 6.5 x 10-2 75 0.01 1.0 2.3 x 10-3 440 

0.001 0.8 1.7 x 10-2 45 0.1 9.8 3.7 x 10-3 2648 

0.005 0.2 2.5 x 10-2 10 - - - - 

 

 

3.7. Effect of co-extractants 

Table 3.3 shows the distribution ratio of Eu(III) and Am(III) in glycolamic acid 

(HDEHP) and thioglycolamic acid (HDEHSDGA) as a function of nature of extractant 

(CMPO, TBP and TOPO). The extraction of Eu(III) and Am(III) in both HDEDGA and 

HDEHSDGA increases in the presence of these extractants. However the separation factor 

decreases in the presence of extractants in glycolamic acid/n-DD [23].  
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Table 3.3: Variation in the distribution ratios of Eu(III) and Am(III) in the presence 

of various co-extractants at 298 K. Organic: Aq. phase ratio is 1:1. For HDEHDGA, 

Organic phase: [HDEHDGA] + synergic extractants /n-DD, Aq. Phase: 10
-3

M 

[DTPA], pH=3. For HDEHSDGA, Organic phase: [HDEHSDGA] + co-extractants 

/n-DD, Aq. Phase: [HNO3], pH=3 

 

Co-extractant 
D in 0.1 M HDEHDGA D in 0.3 M HDEHSDGA 

DEu

 
DAm SF DEu

 
DAm SF 

--- 0.8 0.017 47 1.6 0.012 133 

0.005 M CMPO 67.4 12.5 5.4 2.9 1.6 1.8 

0.005 M TBP 64 18.5 3.5 3.7 1.8 2 

0.005 M TOPO 27 14.5 1.9 3.2 1.5 2.1 

 

The study showed that the extractants, HDEHDGA and HDEHSDGA are promising 

candidates for the mutual separation of lanthanides and actinides. Both HDEHDGA and 

HDEHSDGA can be conveniently dissolved in a traditional diluent, n-dodecane, for 

achieving efficient separations. HDEHDGA showed selectivity for europium (III) in the 

presence of DTPA in aqueous phase, whereas, the thio-derivative showed superior 

selectivity for americium(III) in the presence of TPEN in organic phase. Based on the 

slope analysis of extraction data, two molecules of HDEHDGA or HDEHSDGA were 

involved in the extraction of trivalents, with the other charge on the cation compensated by 

nitrate. Among these extractants, HDEHSDGA shows the potential of separating actinides 

from lanthanides in a single contact with a separation factor of ~2600 at pH 3.  
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Part 2. Demonstration of Ln(III)-An(III) separation by using HDEHDGA. 

3.8. Optimization of pH for extraction conditions 

Though, HDEHSDGA offered high separation factors of the order of ~2600, 

HDEHDGA was chosen for the mixer-settler demonstration run owing to the fact that 

sulfur containing extractants are less stable towards high nitric acid and radiation 

background. In order to develop a Ln(III)-An(III) separation by using HDEHDGA, 

various batch studies were performed to optimize the conditions required for mixer-settler 

operation. Experimental details involved in this study are discussed in section 2.4.1.2 of 

chapter 2.  Figure 3.7 shows the variation in the extraction behavior of Am(III) and Eu(III) 

in a solution of 0.1 M HDEHDGA/n-DD as a function of pH. The aqueous phase 

contained 0.1 M citric acid††† spiked with 241Am(III) or (152+154)Eu(III) tracer at a particular 

pH.  It is observed that the distribution ratio of Eu(III) and Am(III) increases with increase 

of pH, reaches a maximum value at pH 2, followed by decrease in distribution values. The 

extraction of Eu(III) is always higher than Am(III) at all pH values, which is characteristic 

to the diglycolamides and diglycolamic acid extractants [14, 16, 18]. Since the extractant 

is a monobasic acid, the initial increase in the distribution ratio with pH could be attributed 

to the enhanced dissociation of HDEHDGA, as seen in equation 2.5. However, the 

decrease in distribution ratio observed above pH 2 could be due to the complexation of 

metal ions by citric acid present in aqueous phase [27, 28].  

                                                           
†††

 Citric acid was added as a pH buffer to maintain constant pH the aqueous phase in experiments involving mixer-
settler. 
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Figure 3.7. Variation in the distribution ratio of different metal ions as a function 

of pH. Organic phase: 0.1 M HDEHDGA/n-DD. Aqueous phase: 0.1 M 

HNO3+0.1 M CA adjusted to various pH values spiked with the corresponding 

radioactive tracer. 

 

It is also observed from figure 3.7 that the distribution ratio of Am(III) and Eu(III) 

reaches a maximum value at pH 2. Therefore, it is desirable to fix the pH of the feed 

solution to 2 for the separation process. However, the real feed solution also contains other 

fission products such as 106Ru(III), 95Zr(IV) etc. in 0.1 M nitric acid medium [21]. It is 

essential to retain these fission products in aqueous phase as much as possible during the 

extraction of Am(III) and Eu(III) for minimizing the contamination.  In view of this, the 

variation in the distribution ratios of 106Ru(III) and 95Zr(IV) as a function of pH was 

studied and the results are also shown in figure 3.7. It is observed that the distribution ratio 

of 106Ru(III) and 95Zr(IV) are quite low and they decrease with increase of pH. This 

indicates that, it is advantageous to fix the pH of feed solution to higher value during 

extraction. However, above pH 4, it is likely that Am(III) and Eu(III) may undergo 
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hydrolysis and complicate the separation process. Therefore, it was decided to maintain 

the pH of the feed solution to the optimum value of 3 for mixer-settler studies [27, 28].  

 

3.9. Stripping studies of Am(III) 

The cumulative extraction of Am(III) and Eu(III) in 0.1 M HDEHDGA/n-DD from 

0.1 M citric acid medium at pH 3 is shown in figure 3.8.  It is observed that more than 

90% of Am(III) and Eu(III) is extracted in one contact and quantitative extraction is 

achieved in 3-4 contacts. The Am(III) and Eu(III) present together in organic phase, need 

to be separated from each other during stripping. The TALSPEAK process developed for 

the mutual separation of lanthanides and actinides exploited the differential complexing 

ability of DTPA present in aqueous phase and bis(2-ethylhexyl)phosphoric acid (HDEHP) 

present in organic phase. The process employed a solution of DTPA or a solution of 

DTPA in citric acid or lactic acid for selective stripping of Am(IIII) from the loaded 

organic phase. Therefore, in the present study also, the DTPA solution was attempted for 

back extraction of Am(III). However, when 0.01 M DTPA at pH 2-3 was used, the time 

required for phase disengagement was more than 3 minutes, which is undesirable for 

counter-current liquid-liquid extraction.  This indicates that the aqueous phase requires 

phase modifier for the efficient phase disengagement. Del Cul et al. [22] developed a citric 

acid based TALSPEAK process for the mutual separation of lanthanides form actinides. 

The citric acid was added to DTPA in this process to enhance the phase disengagement 

and separation factor of Am(III) from Eu(III). Therefore, citric acid could be combined 

with DTPA in the present case also, to study the Am(III)-Eu(III) separation from the 

loaded organic phase [27, 28].  
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Figure 3.8. Cumulative extraction of Eu(III) and Am(III) from CA medium at 

pH 3. Organic phase: 0.1 M HDEHDGA/n-DD. Aqueous phase: 0.1 M CA+ 0.1 

M HNO3 spiked with 
(152+154)

Eu(III) or 
241

Am(III) tracer adjusted to pH 3. Phase 

ratio: 1:1, 298 K. 
 

3.10. Effect of CA on the stripping of Am(III) and Eu(III). 

The effect of citric acid concentration in aqueous phase on stripping of Eu(III) and 

Am(III) from the loaded 0.1 M HDEHDGA/n-DD phase is shown in table 3.4. In this 

experiment, the loaded organic was contacted with a fresh aqueous solution of 0.01 M 

DTPA-citric acid at pH 3 each time. This procedure was repeated until Am(III) was 

completely stripped to aqueous phase. For detailed experimental procedure please refer to 

section 2.4.1.2 of chapter 2. It is observed from table 3.4 that Am(III) and Eu(III) could be 

stripped in 3 and 8 contacts respectively, when the concentration of citric acid in aqueous 

phase is 0.5 M. For mutual separation, it is essential to retain Eu(III) in organic phase as 

much as possible during stripping. Therefore, the concentration of citric acid in aqueous 
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phase was decreased and the experiment was repeated. It is observed that the number of 

contacts required for stripping of metal ion increases with decrease in the concentration of  

citric acid. At 0.025 M citric acid, Am(III) could be recovered quantitatively in seven 

contacts. However, Eu(III) stripping was only 63% at the eighth contact. When the 

concentration of citric acid was further reduced to 0.01 M, the time needed for phase 

disengagement was quite high. In view of this, the concentration of citric acid needed for 

stripping of Am(III) was fixed to 0.025 M [28].  

 

Table 3.4. Cumulative stripping (%) of Am(III) and Eu(III) from the loaded organic 

phase. Loaded organic phase: 0.1 M HDEHDGA/n-DD containing Eu(III) and 

Am(III). Stripping agent: 0.01 M DTPA + CA adjusted to pH 3, Phase ratio: 1:1, 298 

K 

 

 
Cumulative (%) stripping at 

Number 
of 

contacts 

0.5 M CA 0.1 M CA 0.05 M CA 0.025 M CA 

Am(III) Eu(III) Am(III) Eu(III) Am(III) Eu(III) Am(III) Eu(III) 

1 90 29 85 29 48 20 45 14 

2 98 50 98 51 76 41 71 29 

3 100 67 100 68 89 53 86 38 

4 - 79 - 78 96 65 93 44 

5 - 87 - 85 99 71 97 51 

6 - 93 - 89 100 80 99 58 

7 - 96 - 92 - 87 100 63 

8 - 99 - 94 - 90 - 68 
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Table 3.5 shows the comparison in stripping behavior of Am(III) and Eu(III) as a 

function of pH. The aqueous phase contained 0.025 M citric acid and 0.01 M DTPA at 

different pH values. It is observed from table 3.5 that stripping of Eu(III) and Am(III) 

decreases with decrease of pH. The batch studies shown in table 3.5 thus suggests that 

Am(III) could be back extracted quantitatively using a solution of 0.01 M DTPA-0.025 M 

citric acid at pH 1.5. The co-stripping of Eu(III) is less using this formulation. Moreover, 

in a counter-current run, the stripped solution goes for contacting with the organic phase in 

the next stage (figure 2.22 of chapter 2). Since Eu(III) exhibits higher distribution ratio 

than Am(III), it is quite likely that the stripped Eu(III) could be extracted by organic phase 

subsequently. Therefore, it is possible to achieve the mutual separation of Am(III) and 

Eu(III) using this stripping formulation in a mixer-settler [27].  

 

3.11. Mixer-settler studies 

Based on the optimized conditions indicated above for extraction and stripping, the 

counter-current run was performed using a 20- stage ejector mixer-settler. The schematic 

illustration of the mixer-settler run and the conditions employed for the extraction and 

stripping are shown in figure 2.22 of chapter 2. For experimental details please refer to 

section 2.4.1.2.3 of chapter 2. 

The stage-wise extraction profile of Am(III) and Eu(III) obtained in a mixer-settler 

run is shown in figure 3.9. The Eu(III) exhibiting a higher distribution ratio than Am(III), 

is extracted quantitatively in two stages. Complete extraction of Am(III) is achieved in ~3-

4 stages, which is in good agreement with batch studies shown figure 3.8. The 

radioactivity remaining in the raffinate was determined to be negligible. The loaded 

organic phase was collected and stripping of Am(III) from the organic phase was 
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performed by using 0.01 M DTPA-0.025 M citric acid at pH 1.5. The stripping profile in a 

20-stage mixer-settler is shown in figure 3.10. It is observed that the quantity of Am(III) 

remaining in organic phase decreases with increase in number of stages. About 70% of the 

Am(III) remains in organic phase in the first stage. This indicates that 30% of Am(III) is 

back extracted in to aqueous phase. The stripping of Am(III) then increases with number 

of stages. After 20 stages of stripping in a mixer-settler, only 4% of Am(III) is retained by 

the organic phase, indicating that the recovery of Am(III) into aqueous phase is 96%. It is 

worthwhile to note that more than 98% of Eu(III) is retained in the organic phase in all 

stages of a mixer-settler and only ~2% of Eu(III) is stripped to aqueous phase after 20- 

stages. The measurement of radioactivity of Am(III) and Eu(III) in lean organic and 

aqueous product also confirmed that the contamination of Eu(III) in Am(III) product was 

less than 2%, whereas the contamination of Am(III) in the organic phase was ~4% [27, 

28].  
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Figure 3.9. Extraction profile of Am(III) and Eu(III) in a 20 stage mixer-settler. 

Organic phase: 0. 1 M HDEHDGA/n-DD. Aqueous phase: 0.1 M CA+ 0.1 M HNO3 
spiked with 

(152+154)
Eu(III) or 

241
Am(III) tracer, adjusted to pH 3. Flow rate: 

Organic 3 mL/min, aqueous 3 mL/min. 
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Figure 3.10. Back extraction profile of Am(III) and Eu(III) in a 20 stage mixer-

settler. Loaded organic phase: 0. 1 M HDEHDGA/n-DD containing Eu(III) and 

Am(III), stripping aqueous phase: 0.01 M DTPA + 0.025 M CA, adjusted to pH 

1.5. Flow rate: Loaded organic 3 mL/min, stripping aqueous phase 3 mL/min. 

 

 

3.12. Conclusion 

The extractants, HDEHDGA and HDEHSDGA are promising candidates for the 

mutual separation of lanthanides and actinides. HDEHDGA showed selectivity for 

europium (III) in the presence of DTPA in aqueous phase, whereas, the thio-derivative 

showed superior selectivity for americium(III) in the presence of TPEN in organic phase. 

Based on the slope analysis of extraction data, two molecules of HDEHDGA or 

HDEHSDGA were involved in the extraction of trivalents, with the other charge on the 

cation compensated by nitrate. Among these extractants, HDEHSDGA shows the potential 

of separating actinides from lanthanides in a single contact with a separation factor of 

~2600 at pH 3. Though, HDEHSDGA offered high separation factors of the order of 

~2600, HDEHDGA was chosen for the mixer-settler demonstration run owing to the fact 
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that sulfur containing extractants are less stable towards high nitric acid and radiation 

background. Though, HDEHSDGA offered high separation factors of the order of ~2600, 

HDEHDGA was chosen for the mixer-settler demonstration run owing to the fact that 

sulfur containing extractants are less stable towards high nitric acid and radiation 

background 

A method was also developed for the mutual separation of Am(III) and Eu(III) 

from 0.1 M nitric acid medium by using a solution of 0.1 M HDEHDGA/n-DD. Unlike the 

other lanthanide-actinide separating extractants in use, HDEHDGA is made up of CHON- 

atoms and compatible with a nuclear diluent, n-dodecane. Quantitative extraction of 

Am(III) and Eu(III) from dilute nitric acid medium was achieved in 2-3 contacts with the 

use of 0.1 M HDEHDGA/n-DD, at pH 3. Under this condition, the co-extraction of 

unwanted metal ions such as Zr(IV) and Ru(III) was negligible. The conditions needed for 

the selective recovery of Am(III) from the loaded organic phase was optimized. By using 

0.01 M DTPA-0.025 M CA at pH 1.5, more than 96% of Am(III) could be recovered from 

the loaded organic phase after 20-stages in a mixer-settler. However, the stripping of 

Eu(III) was only 2%. The results, therefore, confirmed the feasibility of using 

HDEHDGA/n-DD for the mutual separation of Eu(III) and Am(III) from nitric acid 

medium.  
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Chapter 4: Develpment of diglycolamic acid-impregnated resins 

for the mutual separation of Eu(III) and Am(III) 
 

This chapter deals with the indigenous development of a macroporous 

polyacrylic resin impregnated with diglycolamic acid for the mutual separation of 

lanthanides and actinides. This chapter is divided in to two parts. Part 1 discusses about 

the evaluation of various alkyldiglycolamic acid impregnated resins for the mutual 

separation of Am(III) and Eu(III). Part 2 discusses about the demonstration of Eu(III)-

Am(III) separation by using N,N-dioctyldiglycolamic acid (HDODGA) in column 

chromatographic mode. 

4.1. Introduction. 

The ion exchange technology is a simple and robust method for the separation of 

toxic and radiotoxic metal ions from wide variety of wastes [1]. Conventional organic 

polymer based ion exchange materials are in general suitable for the separation of alkali 

and alkaline earth metal ions from simple waste streams [2-6]. To enhance the selectivity, 

the polymeric material is modified with chelating type organic ligands [7-9]. However, the 

synthesis of such chelating type ligands on the surface of the polymer is difficult, 

cumbersome and uneconomical. Moreover, such chelates would not exhibit the desired 

selectivity from a complex feed solution, as the conformation required for efficient  

complex formation with the metal ion is generally lost during linking of chelating ligands 

on the surface of the polymer, 

In contrast, the solvent impregnated resin (SIRs) is considered as an alternative to 

covalent linking of chelating ligands on a polymeric matrix [10-15]. SIRs are composed of 

an “inert “polymeric matrix impregnated with readily available extractants [10, 17]. 

Therefore, unlike covalent linking of ligands, SIRs can be easily prepared and they possess 
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the features and advantages exhibited by both liquid-liquid extraction and solid-liquid 

extraction. Moreover, the dispersion of the extractant over the surface of the polymer is so 

large, that the distribution coefficients of metal ions achieved with the use of SIRs are 

usually very high as compared to those achieved by the same extractant in solvent 

extraction mode. A number of studies have been reported in literature on SIRs. In this 

context, excellent review by Warshawshy et al. [16] describes the preparation and 

potential application of SIRs for the separation of metal ions from wide variety of feeds. 

More recently, Kabay et al. [10] reported a review on the development of SIRs and their 

applications for the separation of metal ions and organic compounds. 

In view of this, diglycolamic acid derivates (alkyl = butyl to decyl) synthesised 

and were impregnated in Tulsion ADS 400 resin. These impregnated resins were studied 

for the mutual separation of Eu(III) and Am(III). The synthetic procedures for the 

synthesis of alkyldiglycolamic acid and their impregnation procedure are discussed in 

section 2.3.2. of chapter 2. Structure of alkyldiglycolamic acid is showed in figure 4.1. 

Diglycolamic acid

O

O

N

OH

OR

R

R is Butyl, hexyl, octyl, decyl  

Figure 4.1. Structures of diglycolamic acid. 

 

 

Part 1. Evaluation of various alkyldiglycolamic acids for the mutual separation of 

Am(III) and Eu(III) 
 

4.2. Optimization of the extent of impregnation.  

In order to optimize the amount of diglycolamic acid required for impregnation, 

resins having various compositions of diglycolamic acid was synthesized and the 
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extraction behaviour of Am(III) and Eu(III) was determined. Figure 4.2 shows the 

variation in the distribution coefficient of Am(III) and Eu(III) as a function of percentage 

impregnation of diglycolamic acid at a fixed pH of 3.  The loading of extractant (N,N-bis-

octyl diglycolamic acid) in the resin was varied from 10 wt% to 30 wt%.  It is observed 

that the distribution coefficient of both Am(III) and Eu(III) increases with increase in 

loading of extractant in the resin.  The Kd of Eu(III) is twice that of Am(III) leading to the 

separation factor (ratio of distribution coefficients) of about 2 in all cases.  For efficient 

extraction of trivalents, it is desirable to choose the resin containing a minimum of 30 wt% 

loading, where the distribution coefficient of more than 5000 mL/g is obtained for both the 

metal ions.  Therefore, for all subsequent studies, the resin with 30 wt% extractant loading 

was employed.   
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Figure 4.2. Variation in the distribution coefficient of Am(III) and Eu(III) as a 

function of percentage of impregnation of N,N-bis-octyl diglycolamic acid in Tulsion 

ADS 400, at 298 K. Resin phase: N,N-bis-octyl diglycolamic acid (30 wt %) 

impregnated in Tulsion ADS 400 (0.05 g). Aqueous phase: 0.001 M HNO3 spiked with 
241

Am(III) or 
(152+154)

Eu(III) tracer (10 mL). 
 

4.3. Effect of pH. 

Extraction behaviour of Am(III) and Eu(III) by Im-DGAH was studied by 

equilibrating 0.05 g of resin with 10 mL of aquous phase spiked with (152+154)Eu or 241Am 
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tracer at 298 K. The variation in the distribution coefficient of Am(III) and Eu(III) as a 

function  of pH for various alkyl diglycolamic acids is shown in figure 4.3.  It can be seen 

that the distribution coefficient of these metal ions increases with increase in pH of 

aqueous phase.  This is due to the acidic nature of diglycolamic acids. It is important to 

note that the distribution ratio is dependent on the nature of alkyl group attached to amidic 

nitrogen atom.  Increasing the chain length of alkyl group increases the distribution ratio 

of metal ions.  The reason for such behavior is not clear at present.  It is observed that the 

separation factor varies from 1 to 2 in most cases (see table 4.1), which is unsuitable for 

the mutual separation of Eu(III) and Am(III). At pH 1, the SF of ~ 5 is obtained. However, 

the distribution coefficient of both Am(III) and Eu(III) is quite low under this condition, 

which is also unsuitable for efficient extraction. 
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Figure 4.3. Variation in the distribution coefficient of Am(III) and Eu(III) in the 

resin phase as a function of pH at 298 K. Resin phase: N,N-Bis-octyl diglycolamic 

acid (30 wt %) impregnated in Tulsion ADS 400 (0.05 g). Aqueous phase: Aqueous 

solutions at different pH adjusted with dilute HNO3 spiked with 
241

Am or 
(152+154)

Eu 

tracer (10 mL).  
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Table 4.1. Separation factor of Eu(III) over Am(III) achieved in N,N-bis-octyl 

diglycolamic acid impregnated resin as a function of pH. Resin phase: N,N-Bis-octyl 

diglycolamic acid (30 wt %) impregnated in Tulsion ADS 400 (0.05 g). Aqueous 

phase: Aqueous solution at different pH adjusted with dilute HNO3 spiked with 
241

Am or 
(152+154)

Eu tracer (10 mL).  

 

  
Separation factors achieved in alkyl DGAA’s 

with alkyl group 

pH Butyl Hexyl Octyl Decyl 
1 3 3.2 5.7 5.5 

2 1.2 1.2 1 2.3 

3 0.75 1.1 1.4 4.7 

 

4.4. Effect of DTPA. 

To enhance the separation factor and facilitate mutual separation, co-extractants or 

aqueous soluble reagents are usually added to organic and aqueous phases respectively.  In 

the present system, it is desirable to retain less extractable Am(III) in aqueous phase by 

adding aqueous phase modifiers.  As discussed in chapter 3, DTPA was employed for the 

selective retention of Am(III) in aqueous phase as compared to Eu(III).  Therefore, the 

distribution coefficient of Eu(III) and Am(III) in the resin phase was measured in the 

presence of DTPA at pH 3 and the results are shown in figure 4.4.  It is observed that the 

distribution coefficient of both metal ions decrease in the presence of DTPA (compare 

with figure 4.3). At very low concentration of DTPA (10-4 M) the distribution coefficient 

of Eu(III) and Am(III) increases marginally with increase in chain length of alkyl group 

attached to DGAA.  However, at DTPA concentration more than 0.005 M, the Kd 

decreases with increase in alkyl chain length of DGAA.  This differences observed at 

various concentrations of DTPA could be perhaps due to the competition between the 

DTPA and alkyl DGAA for extraction of Eu(III) and Am(III).  It appears that at very low 

concentration (10-4 M) the DTPA seems to be ineffective or insufficient for retaining the 

metal ions in aqueous phase.  Therefore, the distribution trend of Am(III) and Eu(III) 
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observed at 10-4 M DTPA concentration is similar to that observed in the absence of 

DTPA (shown in figure 4.3). 
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Figure 4.4. Variation in the distribution coefficient of Am(III) and Eu(III) in the 

resin phase as a function of DTPA concentration at 298 K. Resin phase: N,N-Bis-

octyl diglycolamic acid (30 wt %) impregnated in Tulsion ADS 400 (0.05 g). Aqueous 

phase: Aqueous solutions at different concentrations of DTPA adjusted to pH 3 

spiked with 
241

Am or 
(152+154)

Eu tracer (10 mL).  
 

Table 4.2. Separation factors of Eu(III) over Am(III) achieved in N,N-bis-octyl 

diglycolamic acid impregnated resin as a function of DTPA at pH 3. Resin phase: 

N,N-Bis-octyl diglycolamic acid (30 wt %) impregnated in Tulsion ADS 400 (0.05 g). 

Aqueous phase: Aqueous solution at various concentrations of DTPA spiked with 
241

Am or 
(152+154)

Eu tracer (10 mL).  

 

DTPA 
Separation factors achieved in alkyl DGAA’s with alkyl 

group 

 
Butyl Hexyl Octyl Decyl 

0.0001 4 2.2 4.4 2.3 

0.001 16 4.8 8.9 4.9 

0.005 10 10.5 15.7 4.2 

0.05 0.5 3.3 12.1 3.8 
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Table 4.2 shows the separation factor of Eu(III) over Am(III) achieved in various 

diglycolamic acids as a function of DTPA concentration in aqueous phase at pH 3.  It is 

observed that the separation factor remains at values of 2 to 4, at 10-4 M DTPA 

concentration.  The separation factor increases with increase in the concentration of DTPA 

in all resins, reaches a maximum separation factor at a DTPA concentration of 0.001-

0.005 M followed by decrease in separation factors.  Since DTPA forms a preferential 

complex with Am(III) as compared to Eu(III), the separation factor increases initially with 

increase in the concentration of DTPA. Above 0.005M DTPA, it appears that both Am(III) 

and Eu(III) are retained in aqueous phase to a similar extent. Therefore, the separation 

factor falls at high concentration of DTPA. From the above study, it is obvious that octyl 

substituted DGAA, namely N,N-dioctyldiglycolamic acid, offering a separation factor of 

~16 when the DTPA concentration is 0.005 M, is a promising candidate for mutual 

separation of Eu(III) and Am(III) by extraction chromatography. Therefore, the 

performance of the HDODGA impregnated resin was taken for evaluation in the column 

study.  

 

Part 2. Demonstration of the mutual separation of Am(III) and Eu(III) by HDODGA 

with extraction chromatography.  

4.5. Column studies 

4.5.1. Column breakthrough 

The performance of the resin under dynamic condition was assessed by column 

breakthrough experiments. About 1 g of the resin was initially immersed in water and 

loaded into a glass column of radius 0.5 cm. The resin bed was conditioned with 50 ml of 

0.01 M nitric acid. The experimental feed solution was composed of nitric acid solution 

adjusted to the desired pH, spiked with 241Am(III) or (152+154)Eu(III) tracer. The solution 



  Chapter 4  

118 

 

was passed at a flow rate of 2 mL/min. The effluent was collected at various intervals of 

time and analyzed for (152+154)Eu(III) and 241Am(III) by gamma spectrometry. The ratio of 

the radioactivity of (152+154)Eu(III) (or 241Am(III)) in the effluent (Af) to that of feed (A0) 

was plotted against the volume of the solution passed through the bed to obtain a 

breakthrough curve. The breakthrough was followed up to Af/A0= 0.25. Elution of the 

metal ions was carried out by using 0.005 M DTPA solution adjusted to pH 2.5. 

The breakthrough curve for the extraction of Am(III) from pH 2 solution is shown 

in figure 4.5. It also shows a breakthrough curve for Eu(III) carried out under similar 

conditions in a separate study. Since the distribution coefficient of Eu(III) is higher than 

that observed for Am(III), under this condition, the breakthrough of Am(III) occurs early 

after passing ~100 mL of feed solution. The effluent radioactivity of Am(III) increases 

with increase in the volume of feed solutions. 20 % breakthrough is achieved after passing 

1000 mL. However the radioactivity of Eu(III) is negligible in the effluent even after 

passing 1000 mL of feed solution. The breakthrough study thus shows the feasibility of 

separating Am(III) and Eu(III) from nitric acid medium. The elution of Am(III) was 

performed by passing a solution of 0.005 M DTPA  solution at pH 2.5. The elution profile 

of Am(III) is shown in figure 4.6. In the first 50 mL fraction, the eluent contains more than 

90 % of Am(III). The elution was quantitative after passing 150 mL.  A similar elution 

experiment was also performed from the Eu(III) loaded column. The cumulative elution of 

Eu(III) increases with increase in the volume of eluent passed as shown in figure 4.6. 

Based on this elution profile, it is obvious that the Am(III) fraction (ie. in the first 100 mL) 

contains about 35 % of Eu(III) loaded in the resin. After passing 150 mL of the solution, 

eluent contains only Eu(III). Quantitative elution of Eu(III) is achieved after passing 700 

mL of eluate. 
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Figure 4.5. Breakthrough curve for loading of Am(III) and Eu(III) from nitric acid 

medium. Feed solution: 0.01 M HNO3 spiked with 
241

Am(III) or 
(152+154)

Eu(III). Resin 

phase: N,N-Bis-octyl diglycolamic acid (30 wt %) impregnated in Tulsion ADS 400 (1 

g).  Flow rate: 2 mL/min. 
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Figure 4.6. Elution profile of Eu(III) and Am(III). Eluate: 0.005 M DTPA at pH 2.5. 

Resin phase: N,N-Bis-octyl diglycolamic acid (30 wt %) impregnated in Tulsion ADS 

400 (1 g) loaded with 
241

Am or 
(152+154)

Eu.  Flow rate: 2 mL/min. 
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4.5.2. Mutual separation of Am(III) and Eu(III) in column chromatography  

To confirm the mutual separation of Eu(III) and Am(III) by extraction 

chromatography, about 100 mL of the nitric acid solution containing both Am(III) and 

Eu(III) adjusted to pH 1.5 was passed in to the column containing octyl-DGAA 

(HDODGA) impregnated resin (1 g). The γ-spectrum of the feed is shown in the figure 

4.7, which indicates that the feed contains both Am(III) and Eu(III). The effluent activity 

after passing 100 mL of the solution was negligible. This ensures both Am(III) and Eu(III) 

present in the feed are quantitatively extracted into resin phase. The elution of Am(III) 

from the column was performed by passing 0.001 M DTPA solution at pH 2.5. The 

concentration of DTPA was reduced in this case as compared to the previous study to 

minimize the contamination of Eu(III) in the Am(III) product. The elution profile is shown 

in the figure 4.8. It is observed that elution of Am(III) alone increases with increase in the 

volume of eluate passed, reaches a maximum followed by a long tailing in elution. The γ-

spectrum (figure 4.7) of the eluate obtained after passing 80 mL of the eluent shows that 

there is no contamination of Eu(III) in the Am(III) product. Quantitative elution of 

Am(III) was achieved after passing ~100 mL of the eluate with out any contamination of  

europium. The Eu(III) present in the column was then easily eluted by increasing the 

concentration of DTPA to 0.01 M at pH 1.5. The recovery in this case was quantitative in 

20 mL of eluate. The γ-spectrum of the Eu(III) fraction (figure 4.7) is devoid of any 

Am(III) contribution confirms that the Eu(III) fraction is free from any contamination of 

Am(III).  Therefore, the study demonstrates the feasibility of separating Am(III) from 

Eu(III) by extraction chromatography using HDODGA [18, 19].  
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Figure 4.7. The γ-spectrum of the feed, Am(III) fraction and Eu(III) fraction. 
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Figure 4.8. Elution profile of Am(III) and Eu(III). Resin phase: N,N-Bis-octyl 

diglycolamic acid (30 wt %) impregnated in Tulsion ADS 400 (1 g).  Conditions for 

loading: HNO3 feel solution spiked with 
(152+154)

Eu(III) and 
241

Am(III) adjusted to pH 

1.5. Flow-rate: 2 mL/min. Conditions for elution: 0.001 M DTPA adjusted to pH 2.5 

for Am(III) elution followed by 0.01 M DTPA adjusted to pH 1.5 for Eu(III) elution. 

Flow-rate: 2 mL/min. 

 

4.6. Conclusions 

The alkyl derivatives of diglycolamic acid with alkyl group varied from butyl to 

decyl group were prepared and studied for the mutual separation of Am(III) and Eu(III) by 

extraction chromatography. The glycolamic acids were impregnated in Tulsion ADS 400 

and the extraction behavior of Eu(III) and Am(III) in the impregnated resin was studied as 

a function of various parameters. While the separation factor of Eu(III) over Am(III) 

remained at ~2 in the absence of DTPA, the separation factor increased to ~15 when 0.005 

M DTPA was present in aqueous phase. Based on the optimized conditions, the column 

study was performed for chromatographic separation. The study confirmed that 

quantitative and mutual separation of Eu(III) and Am(III) was feasible by extraction 

chromatography with the use of octyl DGAA (HDODGA) impregnated resin.  
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Chapter 5: Diglycolamic acid anchored on polyamine resin for 

the mutual separation of Eu(III) and Am(III) 

 

This chapter describes the evaluation of diglycolamic acid anchored polyamine 

resin, PA-DGAH for the mutual separation of lanthanides and actinides. The effect of 

various parameters such as the duration of equilibration, concentrations of nitric acid, 

europium ion and diethylenetriaminepentaacetic acid (DTPA) in aqueous phase, on the 

distribution coefficient (Kd) of Am(III) and Eu(III) on PA-DGAH was studied and the 

results are discussed in this chapter.  The conditions needed for efficient separation of 

americium(III) from europium(III) was optimized using DTPA and the results are 

discussed in this chapter. 

5.1. Introduction  

Methods based on solvent extraction have been extensively investigated for the 

mutual separation of lanthanides and actinides [1-7]. In contrast to this, the studies on the 

mutual separation of lanthanides and actinides using solid phase extraction are very 

limited. This is essentially due to the lack of availability of adsorbents suitable for 

lanthanide-actinide separation.  Linking of ligands on a polymeric matrix could avoid the 

loss of ligands normally encountered in extraction chromatography and solvent extraction 

procedures. In fact, solid phase extraction methods are more suitable for the separation of 

small concentration of actinides from the feed solution, as in the present case [8-11]. 

However, extensive studies have been reported in literature on the separation of toxic 

heavy metal ions from wide variety of aqueous feeds using solid phase extraction [12-15].  

In addition, solid phase adsorbents have also been employed for the separation of actinides 

from aqueous solutions [16-21]. For instance, Sabbarwal et al. [16] studied the extraction 

behavior of U(VI) and Pu(IV) from nitric acid medium on phosphinic acid anchored 
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resins. Maheswari et al. [19] synthesized p‐amino‐N,N‐dihexyl-acetamide anchored resin 

and studied the extraction behavior of U(VI) from nitric acid medium. Robert Selvan et al. 

[21] reported oxy-acetamide anchored Merrifield resin for the separation of trivalent 

actinides and lanthanides from nitric acid medium. However, the studies on the mutual 

separation of lanthanides and actinides by solid phase adsorbents are very limited. In this 

context, a diglycolamic acid anchored polymeric resin (PA-DGAH) for the mutual 

separation of lanthanides and actinides has been studied. Details of the synthesis and 

characterization of PA-DGAH are discussed in section 2.3.4 of chapter 2.  

5.2. Kinetics of extraction 

Rate of uptake of Am(III) (or Eu(III)) was studied by equilibrating 0.05 g of 

adsorbent with 10 mL of nitric acid (0.001 M to 0. 1 M), spiked with241Am(III) tracer (or 

(152+154)Eu(III) in the case of Eu(III) study). Separate experiments were performed for 5 

minutes to 360 minutes.  Aliquots were drawn from the aqueous phase before and after 

equilibration. From the initial activity and the activity measured at various intervals of 

time the percentage of Am(III) (or Eu(III)) extracted was calculated. The rate of uptake of 

Am(III) and Eu(III) by PA-DGAH at various pH values is shown in figure 5.1. It can be 

seen that the percentage of extraction of Am(III) and Eu(III) increases with increase in the 

duration of equilibration. After four hours of equilibration, the changes in percentage of 

extraction of Am(III) and Eu(III) in PA-DGAH are insignificant. Therefore, for all 

extraction studies the resin and aqueous phases were equilibrated for about seven hours to 

ensure equilibrium was established. A couple of models have been considered for fitting 

the kinetics of extraction. They are the pseudo-first order model and the pseudo-second 

order model. Equation for pseudo-first order model and pseudo-second order model are 

showed in equation 5.1 and 5.2. Detailed derivations of these equations are provided in 

section 2.4.2.2 of experimental section. 
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Figure 5.1. Variation in the percentage extraction of Eu(III) and Am(III) as a 

function of time, fitted by using pseudo-first order rate equation. Adsorbent phase: 

PA-DGAH (0.05 g), Aqueous Phase: HNO3 (10 mL) at pH 2 and 3, spiked with 
(152+154)

Eu(III) or 
241

Am(III) tracer. 
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Non linear regression of the experimental data using equation 5.1 and 5.2 results in 

a determination of rate constants 1k  and 2k . The fitting of the experimental kinetic data 

using equation 5.1 is shown in figure 5.1 and that using equation 5.2 is shown in figure 

5.2. The fitting constants and statistical parameters are tabulated in table 5.1. The R2 

values are more and χ2 values are low for second order fitting. This indicates that the data 

were described well by the pseudo-second order rate equation 5.2 (figure 5.2).  From table 

5.1, it can be seen that the rate constants (  k1 and 2k ) increase with increase of pH and the 

magnitude of rate constant is more for Eu(III) extraction. This could be due to the strong 
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affinity of O-donor ligand (present in PA-DGAH) towards the hard acid metal ion Eu(III) 

as compared to Am(III) ion [26]. 
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Figure 5.2. Variation in the percentage extraction of Eu(III) and Am(III) as a 

function of time, fitted by using pseudo-second order rate equation. Adsorbent 

phase: PA-DGAH (0.05 g), Aqueous Phase: HNO3 (10 mL) at pH 2 and 3, spiked with 
(152+154)

Eu(III) or 
241

Am(III) tracer. 
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5.3. Extraction of Am(III) and Eu(III) in PA-DGAH. 

Distribution coefficients of the metal ions Eu(III) or Am(III) were determined by 

equilibration experiments (please see section 2.4.2.1 of chapter 2).  The method involved 

equilibration of  0.05 g of the adsorbent with 10 mL of the aqueous phase (nitric acid at 

concentration varied from 0.001 M to 0.5 M) spiked with the corresponding radiotracers 

(~10-4 M of 241Am tracer was used for Am(III) and (152+154)Eu tracer was used for Eu(III)) 

in 20 mL stoppered test-tubes. The variation in the distribution coefficient of Am(III) and 

Eu(III) as a function of nitric acid concentration is shown in figure 5.3. The adsorbent PA-

DGAH is a cation exchanger. It can been seen that the distribution coefficient of both 

metal ions decreases with increase in the concentration of nitric acid, indicating the 

involvement of cation exchange mechanism operating for the extraction of these metal 

ions in PA-DGAH. Therefore, extraction of Am(III) or Eu(III) by PA-DGAH is expected 

to release 3 moles of +H  ions for the extraction of a mole of trivalent metal ion, according 

to equation 5.3, shown below. 

( ){ } ++ +⇔+ aqsor3sor
3
eq H 3    MDGA-PA      DGAH-PA 3     M                               (5.3) 

where sorbDGAH-PA  is the adsorbent phase and the DGA-PA  is the proton dissociated form 

of the adsorbent. The equilibrium constant for the above reaction is given by  

( ){ }

( )
3
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3

H
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a 

aq

aq

sor

3 sorMDGAPAa
K

+

+−

=                           (5.4) 

 However for very dilute solutions as in the present case ( ) ( )[ ]
3NOM

33
a 3NOM=

( ) ( )[ ] ( ) sor3sor MAsorAa DGAP3MDGAPA  γMDGAP
3 −− −=

                        
(5.5) 
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Since the amount of PA-DGAH taken for equilibration is constant, the variation of Kd with 

H+ ion in aqueous phase is given by equation 5.10.  

log Kd = log K2–3 log aHNO3aq         (5.10) 

where 
[ ]

 

DGAHP
sor

'K

AK
K

3

2

−
= is a constant. 

Therefore, the logarithmic plot of dK against +
aqH

a  should result in a straight line 

with a slope of -3. The variation of dK  against +
aqH

a  is shown in figure 5.3. Linear 

regression analysis of the extraction data results in a slope of -2 for both Eu(III) and 

Am(III) extraction in PA-DGAH, instead of the expected slope of -3. This indicates that 

PA-DGAH releases two moles of +
H  ions for the extraction of a mole of Eu(III) or 

Am(III). However, the observed slope of -2 is similar to the extraction behavior of Am(III) 

and Eu(III) reported in the solution of diglycolamic acid present in n-dodecane by solvent 

extraction mode [see section 3.4 of chapter 3]. It was reported that trivalent metal ions 

extraction in diglycolamic acid results in the co-extraction of nitrate from the aqueous 

phase. Accordingly, the extraction of Am(III) and Eu(III) in PA-DGAH could be 

represented as  

( ) ( ){ } ++ +⇔++ aqsor32sor
-
aq

3
eq H 2    NOMDGA-PA      DGAH-PA 2    NO    M                                (5.11) 

To confirm the participation of nitrate ion and the validity of equation 5.11, the 

effect of sodium nitrate in aqueous phase on the extraction of Am(III) and Eu(III) was 
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studied. The results on the variation of dK  as a function of activity of sodium nitrate is 

shown in figure 5.4.  It can be seen that the distribution coefficient of Am(III) and Eu(III) 

increases with increase in the concentration of sodium nitrate, indicating participation of 

nitrate ion in the extraction. Linear regression analysis of the extraction data results in the 

slope of 1, confirms the validity of equation 5.11, for the extraction of Am(III) and Eu(III) 

in PA-DGAH [26].   
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Figure 5.3. Variation in the distribution coefficients of Am(III) and Eu(III) as a 

function of concentrations of HNO3. Adsorbent phase: PA-DGAH (0.05 g), 

Aqueous phase: Nitric acid at various concentrations (10 mL), spiked with 
(152+154)

Eu(III) or 
241

Am(III) tracer. 
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Figure 5.4. Variation in the distribution coefficient of Am(III) and Eu(III) as a 

function of concentrations of NaNO3. Adsorbent phase: PA-DGAH (0.05 g), 

Aqueous phase: Sodium nitrate at various concentrations (10 mL), spiked with 
(152+154)

Eu(III) or 
241

Am(III) tracer. 

 

5.4. Extraction isotherm 

Eu(III) adsorption capacity of PA-DGAH was measured by equilibrating 0.05 g of 

the adsorbent with 10 mL of nitric acid solution containing various quantities of europium 

nitrate spiked with (152+154)Eu(III) tracer, for two hours. Aliquots were collected from the 

aqueous phase before and after extraction. The amount of Eu(III) sorbed was measured 

from the initial and final activity values. The extraction isotherm of Eu(III) in PA-DGAH 

is shown in figure 5.5. The loading of Eu(III) in PA-DGAH increases with increase in the 

amount of Eu present in the aqueous phase. The loading of Eu(III) also increases with 

increase of pH of aqueous phase. The experimental data can be fitted to Langmuir [23] or 

Freundlich [24, 25] isotherms of the form given by equation 5.12 and 5.13 respectively. 

solL

solL

q K 1
q b K

   
+

=sorq                                                      (5.12) 

[ ]β

solFsor q K  q =                                 (5.13) 
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where solq  is the amount of Eu(III) present in aqueous phase at equilibrium (in mg/L), sorq  

is the amount of metal ion loaded in adsorbent phase at equilibrium (in mg/g), LK  (in 

L/mg) and FK  (in L/g) are the Langmuir and Freundlich constants, b is the apparent 

extraction capacity ( in mg/g) and β (0 < β <1) is a measure of heterogeneity of the 

adsorbent [24]. The Langmuir and Freaundlich constants can be related to the energy of 

adsorption and therefore it is regarded as the measure of affinity of the metal ion towards 

the adsorbent. When β=1, the adsorbent is said to be homogeneous and all the adsorption 

sites are indistinguishable with respect to energy of adsorption. From Langmuir adsorption 

isotherm (equation 5.12), it can be shown that bqsorb → at high concentration of metal ions 

in aqueous phase, that is at high solq values. Non-linear regression of the experimental data 

using equation 5.12 and 5.13 are shown in figure 5.5. The regression coefficients and χ2 

values are tabulated in table 5.2. Based on the χ2 and R2 values, it can be seen from figure 

5.5 that the experimental data are described well by Langmuir adsorption isotherm. From 

Langmuir fitting the apparent extraction capacity of Eu(III) in PA-DGAH was determined 

to be 27.6 mg/g and 12 mg/g at pH 3 and 2 respectively [26]. 

Table 5.2. Apparent extraction capacity of Eu(III), Langmuir and Freundlich 

constants obtained by non-linear regression of the extraction data using equations 

5.12 and 5.13. 
 

Feed 

condition 

Fitting models 

Langmuir Freundlich 

b/ 

mg.g
-1

 

KL/ 

L.mg
-1

 
χ

2
 R

2
 

β/ 

mg.g
-1

 

KF/ 

L.mg
-1

 
χ

2
 R

2
 

pH 2 12.3 0.01 0.51 0.9696 0.40  0.91 0.08 0.9951 

pH 3 27.6 0.013 0.87 0.9912 0.41 2.0 5.26 0.9473 
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Figure 5.5. Langmuir and Freundlich adsorption isotherms for the extraction of 

Eu(III) from nitric acid medium. Adsorbent phase: PA-DGAH (0.05 g), Aqueous 

Phase: Europium nitrate (10 mL) at pH 2 and 3, spiked with 
(152+154)

Eu(III) 

tracer. 

 

5.5. Effect of DTPA and separation factor 

DTPA is an aqueous soluble N-donor ligand preferentially complexes with Am(III) 

and retains Am(III) in aqueous phase as compared to Eu(III) during extraction. The use of 

DTPA as aqueous complexing agent for increasing the separation factor of Eu(III) over 

Am(III) has been reported by several researchers [2, 3]. Figure 5.6 shows the distribution 

coefficient of Eu(III) and Am(III) in PA-DGAH at pH 3. In the absence of DTPA the 

separation factor (quotient of Kd of Eu(III) and Kd of Am(III)) achieved for the extraction 

of these metal ions is very small (~4 to 5). The distribution coefficient of both the metal 

ions decreases with increase in the concentration of DTPA.  However, the distribution 

coefficient of Am(III) decreases more, since Am(III) forms a stronger complex with N- 
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donor DTPA.  This results in the increase of separation factor of Eu(III) over Am(III) with 

the increase in the concentration of DTPA.   The separation factor increases from ~4 in the 

absence of DTPA to the value of 45 at DTPA concentration of 0.05 M.  Further increase in 

DTPA concentration does not change the separation factor to any significant extent. 

Therefore, it is desirable to use 0.03 to 0.05 M DTPA for the separation of Eu(III) from 

Am(III) from dilute nitric acid medium [26].  
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Figure 5.6. Variation in the distribution coefficients of Am(III) and Eu(III) as a 

function of concentrations of DTPA. Adsorbent phase: PA-DGAH (0.05 g), 

Aqueous phase: DTPA at various concentrations (10 mL), spiked with 
(152+154)

Eu(III) or 
241

Am(III) tracer, at pH 3. 

 

5.6. Effect of other trivalent lanthanide ions 

Since the actual feed solution for lanthanide-actinide separation is composed of 

some other lanthanides (Ln(III)) also in addition to Eu(III), the distribution coefficients of 

some lanthanides in PA-DGAH at pH 3 was also determined. The distribution coefficients 

of Ln(III) are shown in figure 5.7. It can be seen that, the distribution coefficients of 
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lanthanides increase from lanthanum to dysprosium. This could be due to the enhanced 

complexation of the ligand (PA-DGAH) towards lanthanides from La to Dy [27]. The 

lanthanide contraction decreases the ionic radii of trivalent lanthanides from La(III) to 

Dy(III) [26]. This increases the ionic potential (charge to radius ratio) of lanthanides from 

La(III) to Dy(III) and therefore the hard acid nature of lanthanides. Since the ligand (PA-

DGAH) co-ordinates with lanthanides through oxygen donor, the distribution coefficient 

of lanthanides in PA-DGAH increases from Ln(III) to Dy(III). A similar extraction trend 

was also reported by several other researchers [28]. 
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Figure 5.7. Variation in the distribution coefficient of lanthanides in PA-DGAH. 

Adsorbent phase: PA-DGAH (0.35 g for V/m 100 and 0.87 g for V/m 40), 

Aqueous phase: HNO3 (35 mL) at pH 3 containing 0.1 g/L of each lanthanide 

elements.  

5.7. Conclusions 

A new Diglycolamic acid (PA-DGAH) anchored polyamine resin was prepared 

and studied for the extraction of americium(III) and europium(III) from dilute nitric acid 

medium. Pseudo-second order rate of extraction of Am(III) and Eu(III) was observed in 
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PA-DGAH and the rate constant (k2) was determined to be 10-3 L.mol-1.min-1. The 

extraction equilibrium was established in four hours. The distribution coefficient of 

Am(III) and Eu(III) decreased with increase in the concentration of nitric acid. The slope 

analysis of extraction data, indicated the release of two H+ ions for the extraction of a 

trivalent metal ion. The extraction was also accompanied by co-extraction of nitrate from 

aqueous phase.  The concentration of DTPA needed for efficient separation of Am(III) 

from Eu(III) was optimized to be 0.03 to 0.05 M at pH 3. The study confirmed the 

feasibility of separating Am(III) from Eu(III) with a separation factor of ~45 by using PA-

DGAH.   
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Chapter 6: Silica functionalized diglycolamic acids for Ln(III)-

An(III) mutual separation 
 

This chapter deals with the development of a novel silica functionalized adsorbent, 

silica diglycolamic acid (Si-DGAH) for the mutual separation of Eu(III) and Am(III). The 

effect of various parameters such as duration of equilibration, concentrations of nitric acid, 

europium ion and diethylenetriamine-pentaacetic acid (DTPA) in aqueous phase on the 

distribution coefficient (Kd) of Am(III) and Eu(III) on Si-DGAH was studied.  The 

conditions needed for efficient separation of americium(III) from europium(III) were 

optimized using DTPA.  

6.1. Introduction 

Inorganic oxides such as silica gel can be tuned to task specific adsorbent by 

modifying the surface of silica gel with the specific organic compounds that can form a 

strong complex with metal ion of interest [1-6]. These organofunctionalized inorganic 

materials (OFIM) form a strong co-ordinate complex with target metal ions.  Thus the 

selectivity and extractability would be expected to be higher for OFIMs. These organo 

functionalized inorganic adsorbents are extremely proven candidates for the selective 

separation of toxic and radiotoxic metal ions [7-14]. OFIM offers advantages such as 

simple method of operation, robustness, regenerating ability, and improved radiation and 

chemical stability. The concept of surface modification of the co-polymer existed since the 

very early development of ion exchange resins [15-17].  The advantage of linking the 

metal ion specific ligands on to the polymer matrix generally prevents the loss of 

extractant encountered in solvent extraction and extraction chromatography procedures. 

The OFIMs are superior adsorbents than polymeric or organic adsorbents. This is due to 

the fact that employment of the organic solid supports for the treatment of aqueous wastes 
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suffers from the drawbacks such as swelling, and chemical degradation [4, 5] etc.  In fact, 

this problem is more severe during the treatment of radioactive wastes, where the organic 

matrix undergoes radiolysis leading to extensive degradation of resin [18, 19]. Another 

advantage of using inorganic solid support over organic is that it can be vitrified or 

ceramized to unleachable solid form for final disposal of spent radioactive solid supports 

[20]. Grafting the metal ion specific ligands on to the inorganic solid supports involves 

carrying out organomodification on the surface of the silica gel to covalently link the task-

specific moieties on silica gel. The adsorbent prepared in this method contains 5-10% of 

organics on the inorganic matrix.  Thus, the silica support containing diphosphonic acid 

groups, called as Diphosil, was developed by Chiarizia et.al [21] and studied for the 

separation of actinides from acidic solution.  Naturally occurring organic materials such as 

humic and fulvic acid was attached to silica by Bulman et.al [22] and the potential of this 

material to extract transuranium elements from acidic solution was demonstrated.  

Venkatesan et al. studied the removal of Hg(II) and radiocobalt from aqueous 

waste solutions using dithiocarbamate grafted on silica gel (Si-dtc) [23, 24]. The 

organomodified adsorbent, Si-dtc, showed excellent selectivity for the separation of 

mercury from aqueous wastes containing wide-variety of ligands.  Venkatesan et al. [25] 

also prepared a silica gel grafted with organic complexing moieties such as amine, amide 

and benzamide functional groups and studied for the extraction of uranium from aqueous 

solution. Their studies clearly indicated that the amine grafted silica gel was well suited 

for the pre-concentration of uranium from neutral and carbonate solution containing large 

amount of sodium ion, especially for the recovery of uranium from sea water.  

In this chapter, we report the synthesis of diglycolamic acid functionalized silica 

gel (Si-DGAH) for the separation of Am(III) and Eu(III) from aqueous nitric acid 

medium, for the first time.  The effect of various parameters such as duration of 
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equilibration, concentrations of nitric acid, europium ion and diethylenetriamine-

pentaacetic acid (DTPA) in aqueous phase on the distribution coefficient (Kd) of Am(III) 

and Eu(III) on Si-DGAH was studied.  The conditions needed for efficient separation of 

americium(III) from europium(III) were optimized using DTPA. Detailed synthetic 

scheme for the preparation of Si-DGAH is described in section 2.3.5 of chapter 2. 

Structure of Si-DGAH is showed in figure 6.1. 
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Figure 6.1. Structure of Si-DGAH 

 

6.2. Rate of adsorption of Am(III) and Eu(III) 

The kinetics of Am(III) (or Eu(III)) adsorption was studied by the batch 

equilibration of 0.05 g of the adsorbent with 10 ml of nitric acid solution (0.001 M to 0.1 

M) spiked with 241Am(III) (or (152+154)Eu(III)) tracer at 298 K. The equilibration was 

stopped at a pre-fixed interval of time. The solution phase radioactivity was measured 

after equilibration. From the initial activity and the activity measured at various intervals 

of time the percentage of Am(III) (or Eu(III)) adsorbed was calculated. The rate of uptake 

of Am(III) and Eu(III) by Si-DGAH at different concentrations of nitric acid is shown in 

figure 6.2. Rapid adsorption of Am(III) or Eu(III) is observed in the initial stages of 

equilibration followed by the establishment of equilibrium occurring within 30 minutes.  
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Figure 6.2. Variation in the percentage extraction of Eu(III) and Am(III) as a 

function of time, fitted with pseudo-first order rate equation. Adsorbent phase: Si-

DGAH (0.05 g), Aqueous phase: HNO3 at pH 1.5,2 and 3, spiked with 
(152+154)

Eu(III) 

or 
241

Am(III) tracer. 

 
A couple of models have been considered for fitting the kinetics of extraction. 

They are the pseudo-first order model and the pseudo-second order model. Equation for 

pseudo-first order model and pseudo-second order model are showed in equation 6.1 and 

6.2. Detailed derivations of these equations are provided in section 2.4.2.1 of experimental 

section. 
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Non linear regression of the experimental data using equation 6.1 and 6.2 results in 

a determination of rate constants 1k  and 2k . The fitting of the experimental kinetic data 
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using equation 6.1 is shown in figure 6.2 and that using equation 6.2 is shown in figure 

6.3. The fitting constants and statistical parameters are tabulated in table 6.1 and table 6.2. 

The R2 values are more and χ2 values are low for second order fitting. This indicates that 

the data were described well by the pseudo-second order rate equation 6.2 (figure 6.3).  

From table 6.1, it can be seen that the rate constants (  k1 and 2k ) increase with increase of 

pH and the magnitude of rate constant is more for Eu(III) extraction. This could be due to 

the strong affinity of O-donor ligand (present in Si-DGAH) towards the hard acid metal 

ion Eu(III) as compared to Am(III) ion. 

Table 6.1. Rate constant (k1) of sorption of Eu(III) and Am(III) fitted using the 

equation 6.1 

 

Metal ion 

k1/ min-1. 

pH 1.5 χ
2
 R

2
 pH 2 χ

2
 R

2
 pH 3 χ

2
 R

2
 

Eu(III) 0.1405 23.75 0.8028 0.3507 40.81 0.9405 0.4504 3.71 0.9941 

Am(III) 0.0908 3.38 0.8876 0.2502 24.71 0.9503 0.4605 20.69 0.9703 
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Figure 6.3. Variation in the percentage extraction of Eu(III) and Am(III) as a 

function of time, fitted with pseudo-second order rate equation (equation 6.2). 

Adsorbent phase: Si-DGAH (0.05 g), Aqueous phase: HNO3 at pH 1.5,2 and 3, spiked 

with 
(152+154)

Eu(III) or 
241

Am(III) tracer. 

 

Table 6.2. Rate constant (k2) of sorption of Eu(III) and Am(III) fitted using the 

equation 6.2. 
 

Metal ion 

k2/ L.mol
-1

.min
-1

. 

pH 1.5 χ
2 R2 pH 2 χ

2 R2 pH 3 χ
2 R2 

Eu(III) 0.0050 6.11 0.9743 0.0096 10.78 0.9842 0.0141 14.40 0.9789 

Am(III) 0.0075 1.97 0.9544 0.0067 2.13 0.9957 0.0134 1.74 0.9974 

 

 

6.3. Adsorption studies of Am(III) and Eu(III) 

In order to test the adsorption behavior of Am(III) and Eu(III) by Si-DGAH, 

experiments were conducted by equilibrating 0.05 g of adsorbent with 10 mL of aqueous 

phase spiked with (152+154)Eu or 241Am tracer at 298 K. The mixture was taken in a 20 mL 

capacity stoppered glass-tube and rotated in upside-down rotation (50 rpm) for a specified 
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period of time. The concentration of nitric acid in aqueous phase was varied from 0.001 M 

to 0.5 M. After 2 hrs of equilibration, an aliquot was taken from aqueous phase and the 

radioactivity of (152+154)Eu or 241Am was measured using a well-type NaI(Tl) scintillation 

counter. The distribution coefficient (Kd) was computed from the radioactivity 

measurement of aqueous phase using the method shown in section 2.4.2 chapter 2. The 

variation in the distribution coefficient of Am(III) and Eu(III) as a function of nitric acid 

concentration is shown in figure 6.4.  
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Figure 6.4. Variation in the distribution ratios of Eu(III) and Am(III) as a function of 

concentrations of HNO3. Adsorbent phase: Si-DGAH (0.05 g), Aqueous phase: Nitric 

acid at various concentrations (10 mL), spiked with 
(152+154)

Eu(III) or 
241

Am(III) 

tracer. 
 

It is observed that the distribution coefficient of both Eu(III) and Am(III) decreases 

with increase in the concentration of nitric acid, indicating the involvement of cation 

exchange mechanism.  The adsorbent, Si-DGAH, contains acidic functional moieties (-

COOH) on the surface of silica gel.  Therefore, Si-DGAH is a cation exchanger.  If the 

extraction is governed only by cation exchange mechanism, the sorption of Am(III) and 
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Eu(III) on Si-DGAH could be represented by the equilibrium reaction shown in equation 

6.3. 

++ +⇔+ aqsor3Sor
3
aq H 3     M}DGA)-{(Si     DGAH-Si    M  3     (6.3) 

where Si-DGAHsor is the adsorbent phase and Si-DGA is the proton dissociated form of 

the adsorbent. The equilibrium constant for the above reaction is given by 

[ ]
[ ]3

soraq
3

3
aqsor3

DGAH-Si][M

][HDGA)-(Si
K

+

+

=
M

                                         (6.4) 

[ ]3
sor

3
aq

DGAH-Si

][H
K

+

=
dK

                                     (6.5) 

where Kd is defined as 
( )

aq
3

sor3

][M

M]DGASi[
K

+

−
=d

 

Since the amount of Si-DGAH taken for equilibration is constant, the variation of 

Kd with H+ ion in aqueous phase is given by equation 6.6.  

log Kd = log K1  - 3 log [H+]aq                          (6.6) 

where K1 (= K [Si-DGAH]3
sor) is a constant.  Thus, the logarithmic plot of Kd against 

[H+]aq should result in a straight line with slope of -3. The variation of Kd as a function of 

[H+]aq is shown in figure 6.4. Linear regression of the distribution data yields a slope of -

1.5 to -1.6 instead of -3 for both the metal ions. This indicates the release of approximately 

two moles of H+ ions for the extraction of one mole of Am(III) or Eu(III).  The behavior 

observed in the present study is similar to the extraction behavior of Am(III) or Eu(III)  

reported in a solution of diglycolamic acid present in n-dodecane, in liquid-liquid 

extraction mode as described in section 2.4 of chapter 3 (see section 3.4).  It was learned 

from chapter 3 that, the extraction of Am(III) and Eu(III) was accompanied by the release 

of two moles of H+ ions only from diglycolamic acid, and co-extraction of one mole of 

NO3
- ions from aqueous phase.  Based on those results, the extraction of Am(III) and 

Eu(III) could be represented by the equilibrium reaction shown in equation 6.7. To 
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confirm the validity of the extraction mechanism shown in equation 6.7, the effect of 

nitrate ion in aqueous phase on the distribution coefficient of Am(III) was studied and the 

results are shown in figure 6.5. It can be seen that the Kd of Am(III) increases with 

increase in the concentration of nitrate ion leading to a slope value of +1.2. This 

observation confirms the participation of a nitrate ion for the extraction of Am(III) and 

also confirmed the validity of equation 6.7 for extraction. 

 

 2H     }))(( {M    NO  DGAH-Si 2   M  aq23
-
aq3sor

3
aq
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Figure 6.5. Variation in the distribution ratios of Am(III) as a function of 

concentrations of NaNO3. Adsorbent phase: Si-DGAH (0.05 g), Aqueous phase: 

sodium nitrate at various concentrations (10 mL), spiked with 
241

Am(III) tracer. 
 

6.4.Langmuir Adsorption model 

Equilibrium isotherm data for the extraction of Eu(III) by Si-DGAH was 

analysized by Langmuir adsorption model. For this experiment, batch experiments were 
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conducted at 298 K by equilibrating 0.05 g of the adsorbent with 10 mL of nitric acid 

solution containing various quantities of europium nitrate spiked with 152+154)Eu(III) tracer.  

After two hours of equilibration, the initial and final radioactivity was measured and the 

amount of Eu(III) sorbed was calculated. Amount of Eu(III) adsorbed to Si-DGAH was 

modelled by linear form of Langmuir adsorption model. The linear form of Langmuir 

adsorption equation is shown in equation 6.8.   

  
 

1
b

C

bKC

C f

Ls

f
+=

                 (6.8)
 

where Cf is the equilibrium concentration of metal ion (mg/L), Cs is the amount of metal 

ion sorbed on Si-DGAH (mg/g), KL is the Langmuir adsorption constant (L/mg) and b 

(mg/g) is the sorption capacity. Figure 6.6 shows the plot of Cf/Cs against Cf for the 

sorption of Eu(III) in Si-DGAH. Linear regression of the extraction data results in a 

sorption capacity of 4.4 mg/g and Langmuir adsorption coefficient, KL = 0.0170 L/mg 

pH 2.  
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Figure 6.6. Langmuir adsorption isotherm for the sorption of Eu(III) at 298 K. 

Adsorbent phase: Si-DGAH (0.05 g), Aqueous phase: europium nitrate at pH 2, 

spiked with 
(152+154)

Eu(III) tracer. 
 

6.5. Ion exchange capacity: Column studies  

Ion exchange capacity of the adsorbent under dynamic condition was assessed by 

column chromatography. About 1 g of the adsorbent was initially immersed in water and 

loaded into a glass column of radius 0.5 cm. The adsorbent bed was conditioned with 50 

ml of nitric acid adjusted to pH 3 (or other desired pH). The experimental feed solution 

was composed of EuNO3 solution (1 mg/mL), spiked with (152+154)Eu(III) tracer (50 mL) at 

a pH of 3 (or other desired pH) was passed at a flow rate of 2 mL/min. The effluent was 

collected in a 100 mL standard flask. After passing 50 mL of the feed solution, the nitric 

acid solution at pH 3 (or other desired pH) was also passed in to the column. The effluent 

was collected in the same flask.  From the ratioactivity measurements of the feed and 

effluent, the amount of Eu(III) sorbed by the Si-DGAH was determined. Table 6.3 shows 



  Chapter 6  

 

156 

 

the Eu(III) sorption capacity of Si-DGAH determined under column conditions at pH 1.5, 

2 and 3. It can be seen that the sorption capacity increases from 0.5 mg/g to 44.3 mg/g 

with the increase of pH from 1.5 to 3.  This could be due to the increase in the dissociation 

of –COOH groups present in Si-DGAH with increase of pH, leading to higher sorption of 

Eu(III). This result is in good agreement with extraction mechanism shown in equation 

6.7.  It is interesting to note that the sorption capacity determined by column method at pH 

2 (8.2 mg/g) is in close agreement with the sorption capacity determined from Langmuir 

adsorption isotherm (5 mg/g). The marginal difference in the capacities obtained in these 

two methods could be due to the efficient sorption of Eu(III) in column method. 

 

Table 6.3. Ion exchange capacity (mg.g
-1

) of the adsorbent as a function of pH. 

Amount of the adsorbent loaded: 1 g of Si-DGAH. Feed: 49 mL of EuNO3 (1 

mg/mL), spiked with 
(152+154)

Eu(III)+50 mL of HNO3 adjusted to desired pH. 

 

Feed solution pH Ion exchange capacity/ mg.g-1 

1.5 0.5 

2 8.2 

3 44.3 

 

6.6. Effect of DTPA and separation factor. 

Figure 6.6 shows the variation of distribution coefficients of Eu(III) and Am(III) as 

a function of DTPA in Si-DGAH at pH 2. In the absence of DTPA the separation factor 

(quotient of Kd of Eu(III) and Kd of Am(III)) achieved for the extraction of these metal 

ions is very small (~1 to 3, not shown in figure 6.7). The TALSPEAK process and several 

other methods reported in literature [26] employed diethylenetriamminetetraacetic acid 

(DTPA) as aqueous complexing agent for facilitating the mutual separation of lanthanides 

and actinides.   Since DTPA forms a complex with Am(III) in preference to Eu(III), the 

studies were carried out in the presence of DTPA to retain Am(III) in the aqueous phase 
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and to enhance the separation factor of Eu(III) over Am(III).  Figure 6.7 shows the 

variation in the distribution coefficient of Eu(III) and Am(III) in Si-DGAH studied as a 

function of DTPA concentration. As expected the distribution coefficient of both metal 

ions decreases with increase in the concentration of DTPA.  However, the distribution 

coefficient of Am(III) decreases more.  This results in increase in the separation factor of 

Eu(III) over Am(III) with the increase in the concentration of DTPA. At pH 2, the 

separation factor increases from ~1 in the absence of DTPA to the value of ~10 at 0.05 M 

DTPA concentration.  Further increase in DTPA concentration lowers the distribution 

coefficient of both metal ions to a very small value making the adsorbent inextractable. 

Therefore, it is desirable to use 0.05 M DTPA for the separation of Eu(III) from Am(III) 

from dilute nitric acid medium with the separation factor of 12.  Based on this separation 

factor, it is quite possible to separate the actinide Am(III) from  Eu(III) present in aqueous 

solution [27, 28].  
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Figure 6.7. Variation in the distribution coefficient of Eu(III) and Am(III) in Si-

DGAH as a function of DTPA concentration. Adsorbent phase: Si-DGAH (0.05 g), 

Aqueous phase: DTPA at pH 2 (10 mL), spiked with 
(152+154)

Eu(III) or 
241

Am(III) 

tracer 

 

6.7. Conclusions 

A novel diglycolamic acid functionalized silica gel (Si-DGAH) was prepared and 

studied for the separation of americium(III) and europium(III) from dilute nitric acid 

medium. The TG-DTA, SEM-EDX and elemental analysis carried out on the adsorbent, 

confirmed the presence of diglycolamic moieties (1.2 mmol/g) on the surface of silica gel. 

Rapid adsorption of Am(III) and Eu(III) was observed in the initial stages of adsorption 

followed by the establishment of equilibrium occurring within 30 minutes. The 

distribution coefficient of Am(III) and Eu(III) decreased with increase in the concentration 

of nitric acid. The rate of adsorption increased with increase of pH and the rate of 

adsorption of both Am(III) and Eu(III) were well described by pseudo-second order 
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kinetic models.  Based on the slope analysis, the extraction of Am(III) and Eu(III) was 

accompanied by the co-extraction of a nitrate ion and release two H+ ions to aqueous 

phase.  The DTPA concentration needed for the mutual separation of Am(III) from 

Eu(III), was optimized to be 0.05 M at pH 2. The study confirmed the possibility of using 

Si-DGAH for the separation of trivalent f-block elements from dilute nitric acid medium 

[27, 28].  
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Chapter 7: Magnetic solid phase separation for the mutual 

separation of lanthanides and actinides 
 

This chapter describes the evaluation of two different magnetic adsorbents iron 

oxide functionalized diglycolamic acid (Fe-DGAH) and its thio derivative (Fe-SDGAH). 

The effect of various parameters such as the duration of equilibration and concentrations 

of nitric acid, europium ion, and diethylenetriaminepentaacetic acid (DTPA) in the 

aqueous phase on the distribution coefficient (Kd) of Am(III) and Eu(III) on Fe-DGAH is 

explained in detail. The conditions needed for efficient separation of Am(III) from Eu(III) 

were optimized using DTPA. The magnetic separation of the particles from the aqueous 

phase was demonstrated.  

 

7.1. Introduction 

Magnetic solid phase extraction (MSPE) is an advanced method for the separation 

of hazardous metal ions from aqueous wastes [1-9]. In MSPE technique, the magnetic 

particles (MPs) are added to the waste solution to adsorb the target metal ion.  The MPs 

are then separated from the solution by means of an external magnetic force [1, 2]. The 

separated MPs are then immersed in a stripping solution for recovery of metal ions from 

the adsorbed surface.  A typical magnetic separation is illustrated in figure 7.1. However, 

the iron oxide magnetic particle alone does not exhibit the required selectivity for 

separations. To improve the selectivity of MSPE, the surfaces of magnetic   particles are 

chemically transformed with metal-ion specific ligands by organo modification reaction. 

This is usually carried out by silylation of magnetic particles by reacting with 

organosilane, which is followed by chemically linking the task-specific ligands on the 

silanol surface [1, 2]. The procedure for such organo modification is described elsewhere 

[5-11]. 
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Figure 7.1. Separation of the magnetic particles by a permanent magnet. (a) The 

magnetic particles are dispersed in the solution obtained after equilibration. (b) 

Separation of magnetic particles achieved by using permanent magnet. 
 

MSPE offers several advantages for the treatment of nuclear waste as compared to 

the conventional solid phase extraction [1-9]. Since this method uses the application of 

external magnetic field, the particle size of the adsorbent can be lowered to as low as the 

nano meter-size for efficient and rapid extraction of metal ions from waste solution. In 

addition, there is no need for packing of MPs in column as it is usually operated in batch 

mode and the phase separation is quickly achieved by external magnetic field [1, 2]. From 

the waste management point of view, the spent adsorbent can be either vitrified or 

converted to unleachable ceramic waste form, for final disposal of the spent contaminated 

iron oxide   particles. Since the organo modified material contains only 10% of organics 

on the inorganic solid matrix, the swelling and radiolytic degradation usually encountered 
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with organic solid supports or resins during the treatment of radioactive waste is negligible 

with use of MSPE [10].  

Several authors have studied the separation of toxic and radiotoxic metal ions from 

aqueous wastes using magnetic  particle functionalized with metal ion specific ligands. In 

this context, Zhang et al. [11] prepared thiol modified iron oxide composite materials for 

the removal of mercury(II) from pH 5-7 solutions. These adsorbents showed excellent 

selectivity for mercury with good recyclability options. Suleiman et al. [12] also studied 

bismuth thiol based iron oxide magnetic particles for the pre-concentration of Cr, Cu and 

Pb for analytical applications. Ngomsiket al. [13] has studied citrate functionalized 

magnetic iron oxide particles for the selective extraction of Eu(III), La(III), Ni(II) and 

Co(II) from dilute nitric acid medium. Yang et al. [14] has studied magnetic modified 

chitosan for the selective recovery of cadmium from aqueous solution. Wei Wu et al. [15] 

studied the adsorption of Cr(III) by using Fe3O4-ZrO2  particles. Recently, Wu et al. [16] 

studied the separation behavior of chromium(III) by lanthanum by using magnetic solid 

phase extraction technique. The authors reported efficient extraction of trivalent 

lanthanum on 2-ethylhexylphosphoric acid (DEPHA) functionalized iron oxide -

composites.  

In view of the advantages of MSPE, we have synthesized two different types of 

magnetic adsorbents containing diglycolamic acid functional group such as iron oxide 

functionalized diglycolamic acid (Fe-DGAH) and its thio derivative (Fe-SDGAH). The 

adsorbents are synthesized by chemical modification of iron oxide. Among the various 

oxides, Fe3O4 has been popularly used as magnetic adsorbent because of its enhanced 

ferromagnetic behavior. Fe3O4 is prepared by co-precipitation of Fe3+ and Fe2+ salt. As 

prepared Fe3O4 surface contains several Fe-OH groups. The surface of Fe3O4 is later 

modified by a process involving hydrolysis and condensation process between Fe3O4 and 
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an alkoxy silane. The third step involved for the synthesis is the organo modification of 

the surface-Si-OH with the organic attachment. The ligand of interest is initially attached 

to an organo silane and was anchored on to the Fe-Si by esterification process. The general 

synthetic scheme involved in the synthesis of a magnetic adsorbent is illustrated in figure 

7.2. 

 

Figure 7.2. General scheme for the synthesis of a magnetic adsorbent. 

 

Detailed synthetic procedures and characterizations of Fe-DGAH and Fe-SDGAH are 

explained in experimental section. 

7.2. Kinetics of extraction of Am(III) and Eu(III) 

The kinetics of Am(III) (or Eu(III)) sorption was studied by batch equilibration of 

0.05 g of the adsorbent with 10 ml of nitric acid solution (0.001 M to 0.1 M) spiked with 
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241Am(III) (or (152+154)Eu(III)) tracer at 298 K. The equilibration was stopped at pre-fixed 

intervals of time. The solution phase radioactivity was measured after the separation of the 

magnetic particles by using a permanent magnet. From the initial activity and the activity 

measured at various intervals of time the percentage of Am(III) (or Eu(III)) sorbed was 

calculated by equation 2.3 of chapter 2 (section 2.4.2). The rate of uptake of Am(III) and 

Eu(III) by Fe-DGAH and Fe-SDGAH at pH 2 are shown in Fig 2 and Figure 3 

respectively. Rapid sorption of Am(III) or Eu(III) is observed in the initial stages of 

equilibration followed by the establishment of equilibrium occurring within 1 h. 

Therefore, all the equilibration experiments were performed for 2 h for ensuring the 

establishment of equilibrium. After 2 h of equilibration, the changes in percentage of 

extraction of Am(III) and Eu(III) in Fe-DGAH is insignificant. A couple of models have 

been considered for fitting the kinetics of extraction. They are the pseudo-first order model 

and the pseudo-second order model. Equation for pseudo-first order model and pseudo-

second order model are showed in equation 1 and 2. Detailed derivations of these 

equations are provided in section 2.4.2.1 of experimental section. 
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Non linear regression of the experimental data using equation 7.1 and 7.2 results in 

a determination of rate constants 1k  and 2k . The fitting of the experimental kinetic data 

using equation 7.1 is shown in figure 7.3 and that using equation 7.2 is shown in figure 

7.4. The fitting constants and statistical parameters are tabulated in table 7.1. The R2 

values are more and χ2 values are low for second order fitting. This indicates that the data 

were described well by the pseudo-second order rate equation 7.2 (figure 7.4).  From table 
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7.1, it can be seen that the rate constants (  k1 and 2k ) increases with increase of pH and the 

magnitude of rate constant is more for Eu(III) extraction. This could be due to the strong 

affinity of O-donor ligand (present in Fe-DGAH) towards the hard acid metal ion Eu(III) 

as compared to Am(III) ion. 
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Figure 7.3. Variation in the percentage extraction of Eu(III) and Am(III) as a 

function of time, fitted by using pseudo-first order rate equation. Adsorbent phase: 

Fe-SDGAH (0.05 g), Aqueous Phase: HNO3 at pH 3, spiked with 
(152+154)

Eu(III) or 
241

Am(III) tracer. 
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Figure 7.4. Variation in the percentage extraction of Eu(III) and Am(III) as a 

function of time, fitted by using pseudo-second order rate equation. Adsorbent 

phase: Fe-SDGAH (0.05 g), Aqueous Phase: HNO3 at pH 3, spiked with 
(152+154)

Eu(III) or 
241

Am(III) tracer. 
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7.3. Effect of nitric acid 

Effect of nitric acid was investigated by equilibrating 0.05 g of adsorbent with 10 

mL of aqueous phase spiked with (152+154)Eu or 241Am tracer at 298 K. The mixture was 

taken in a 20 mL capacity stoppered glass-tube and rotated in upside-down rotation (50 

rpm) for a specified period of time. The concentration of nitric acid in aqueous phase was 

varied from 0.001 M to 0.1 M. After 2 hrs of equilibration, the dispersed magnetic 

particles were settled by external magnetic field. An aliquot was taken from aqueous 

phase. Details of the experimental are discussed in experimental section 2.4.2. The 

variation in the distribution coefficient of Am(III) and Eu(III) as a function of nitric acid 

concentration in aqueous phase is shown in figure 7.5. It can be seen from figure 7.5 that 

the Kd values of Am(III) and Eu(III) of both Fe-DGAH and Fe-SDGAH decreased with 

increase of concentrations of nitric acid.  

Since the Fe-DGAH, is a chelating-type acidic cation exchanger, the distribution 

coefficient of both Eu(III) and Am(III) decreases with increase in the concentration of 

nitric acid. Therefore, the extraction of trivalent metal ion in Fe-DGAH could be 

represented by the equilibrium reaction shown in equation 7.3.  The adsorbent phase is 

indicated by a bar over the acronym. 

                       

(7.3) 

 

where  DGAH-Fe  is the adsorbent phase and DGA -Fe  is the proton dissociated form 

of the adsorbent.  The equilibrium constant for the above reaction is given by 

           

    

    (7.4) 

++ +⇔+ aq3
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where Kd  is defined as 

 

Since the amount of Fe-DGAH taken for equilibration is constant, the variation of 

Kd with H+ ion concentration in aqueous phase is given by equation 7.6.  

log Kd = log K1  - 3 log [H+]aq                            (7.6) 

where )DGAH]-Fe[K  (= K 3
1 is a constant. Thus, the logarithmic plot of Kd against [H+]aq 

should result in a straight line with slope of -3. The variation of Kd as a function of [H+]aq 

is shown in figure 7.5. Linear regression of the distribution data yields a slope of -2 

instead of -3 for both the metal ions. This indicates the release of two moles of H+ for the 

extraction of one mole of Am(III) or Eu(III).  This behavior could be explained by the 

extraction of hydrolyzed specie (Am(OH)2+ or Eu(OH)2+) on Fe-DGAH. However, the 

observed behavior is similar to the extraction behavior of Am(III) and Eu(III) reported in a 

solution of thiodiglycolamic acid present in n-dodecane reported in liquid-liquid extraction 

mode [17,18].  It was shown that Am(III) and Eu(III) extraction in organic phase was 

accompanied by the release of two moles of H+ ions from diglycolamic acid and co-

extraction of one mole of NO3
- ions from aqueous phase.  Based on those results, the 

extraction of Am(III) and Eu(III) in the present case could be represented by the 

equilibrium reaction shown in equation 7.7. To verify the validity of the extraction 

mechanism shown in equation 7.7, the effect of nitrate ion in aqueous phase on the 

distribution coefficient of Am(III) was studied and the results are shown in figure 7.6. It 

can be seen that the Kd of Am(III) increases with increase in the concentration of nitrate 

ion leading to a slope value of 1, which confirms the participation of a nitrate ion for the 

extraction of Am(III).   
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  (7.7) 

Fe-SDAH also exhibits a similar extraction behavior. Variation in the distribution 

coefficients of Eu(III) and Am(III) as a function of nitric acid concentration is showed in 

figure 7.5. It is observed that the distribution coefficient of both Eu(III) and Am(III) 

decreases with increase in the concentration of nitric acid. It can also be seen that, Fe-

SDGAH extracts Am(III) preferentially over to Eu(III), whereas Fe-DGAH exhibits 

Eu(III) selectivity (as seen in figure 7.5). 
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Figure 7.5. Variation in the distribution ratios of Eu(III) and Am(III) as a function of 

concentrations of nitric acid. Adsorbent phase: Fe-DGAH or Fe-SDGAH (0.05 g), 

Aqueous phase: [HNO3] at various concentrations (10 mL), spiked with 
(152+154)

Eu(III) or 
241

Am(III) tracer. 
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Figure 7.6. Variation in the distribution coefficient of Am(III) as a function of 

concentrations of NaNO3. Adsorbent phase: Fe-DGAH or Fe-SDGAH (0.05 g), 

Aqueous phase: Sodium nitrate at various concentrations (10 mL) at pH 3, spiked 

with 
241

Am(III) tracer. 

 

7.4. Langmuir Adsorption model 

Equilibrium isotherm data for the extraction of Eu(III) by Fe-DGAH (or by Fe-

SDGAH) was analysized by Langmuir adsorption model. For this experiment, batch 

experiments were conducted at 298 K by equilibrating 0.05 g of the adsorbent with 10 mL 

of nitric acid solution containing various quantities of europium nitrate spiked with 

152+154)Eu(III) tracer.  After two hours of equilibration, the initial and final radioactivity 

was measured and the amount of Eu(III) sorbed was calculated. Amount of Eu(III) 

adsorbed to Fe-DGAH was modelled by linear form of Langmuir adsorption model. The 

linear form of Langmuir adsorption equation is shown in Eq.7.8. 

  
 

1 f

Ls

f

b

C

bKC

C
+=

    
(7.8) 

where Cf is the equilibrium concentration of metal ion (mg/L), Cs is the amount of metal 

ion sorbed on Fe-DGAH (mg/g), KL is the Langmuir adsorption constant (L/mg) and b 
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(mg/g) is the sorption capacity. Figure 7.7 and 7.8 shows the plot of Cf/Cs against Cf for 

the sorption of Eu(III) in Fe-DGAH and Fe-SDGAH respectively. Linear regression of the 

extraction data results in a sorption capacity of various adsorbents are also showed in the 

figure. It can be seen that the adsorption capacity of Fe-DGAH is very high at pH 2 

(~56.15). However, Fe-SDGAH exhibited an adsoption capacity of 11.8 at pH 2.  
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Figure 7.7. Langmuir adsorption isotherm for the sorption of Eu(III) at 298 K. 

Adsorbent phase: Fe-DGAH (0.05 g), Aqueous Phase: Europium nitrate at pH 1.5 & 

2, spiked with 
(152+154)

Eu(III) tracer. 
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Figure 7.8. Langmuir adsorption isotherm for the sorption of Eu(III) at 298 K. 

Adsorbent phase: Fe-SDGAH (0.05 g), Aqueous Phase: Europium nitrate at pH 2, 

spiked with 
(152+154)

Eu(III) tracer. 

 

7.5. Effect of DTPA and separation factor. 

From figure 7.5, it was learned that Fe-DGAH showed selectivity towards Eu(III) 

and Fe-SDGAH showed selectivity towards Am(III). Eu(III) selectivity of Fe-DGAH 

could be due to the presence of –COOH group present in Fe-DGAH. Therefore, use of 

Am(III) selective soft donor complexing agents in the aqueous phase can improve the 

Eu(III)/Am(III) separation in the case of Fe-DGAH. Table 7.2 shows the distribution 

ratios of Eu(III) and Am(III) in Fe-DGAH at pH 1.5 and 2. In the absence of DTPA the 

separation factor (quotient of Kd of Eu(III) and Kd of Am(III)) achieved for the extraction 

of these metal ions is very small (~1 to 3). The TALSPEAK process and several other 

methods reported in literature [17, 18] employed diethylenetriamminetetraacetic acid 

(DTPA) as aqueous complexing agent for facilitating the mutual separation of lanthanides 
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and actinides. Since DTPA forms a complex with Am(III) in preference to Eu(III), the 

extractions carried out in the presence of DTPA facilitates the retention of Am(III) in the 

aqueous phase and thus enhances the separation factor of Eu(III) over Am(III). 

Table 7.2 also shows the distribution ratios of Eu(III) and Am(III) in Fe-DGAH 

studied as a function of DTPA concentration. It is also interesting to note that the 

distribution ratio of Eu(III) and Am(III) increases with increase of pH in the presence of 

DTPA. It can be expected that the dissociation of DTPA increases with increase of pH and 

retain both Am(III) and Eu(III) in aqueous phase. However, it seems that the acid 

dissociation of Fe-DGAH increases to a greater extent as compared to DTPA dissociation. 

A similar behavior was also reported in TALSPEAK process, when HDEHP was used as 

solvent instead of Fe-DGAH [13, 41]. Since Fe-DGAH is involved in the extraction 

Eu(III) and Am(III), the distribution ratio of both these metal ions increases with increase 

of pH even in the presence of DTPA.  

As expected the distribution ratio of both metal ions decreases with increase in the 

concentration of DTPA. However, the distribution ratio of Am(III) decreases more. This 

results in increase in the separation factor of Eu(III) over Am(III) with the increase in the 

concentration of DTPA. At pH 2, the separation factor increases from ~1 in the absence of 

DTPA to the value of 150 at 0.05 M DTPA concentration. Further increase in DTPA 

concentration lowers the distribution ratio of both metal ions to very small values making 

the adsorbent in-extractable. Therefore, it is desirable to use 0.05 M DTPA for the 

separation of Eu(III) from Am(III) from dilute nitric acid medium with the separation 

factor of 150 [19]. 
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7.6. Desorption studies 

Studies were conducted to understand the optimum conditions required for the 

quantitative recovery of loaded metal ions (Am(III) or Eu(III)) from the adsorbent phase 

(Fe-DGAH or Fe-SDGAH).  

The adsorbent was initially loaded with Am(III) (or Eu(III)) and the loaded 

Am(III) (or Eu(III)) were removed by using 0.5 M HNO3. For example, loading of 

Am(III) in Fe-SDGAH was carried out equilibrating 0.05 g of the adsorbent with 10 ml of 

nitric acid solution at pH 3 spiked with 241Am(III) tracer at 298 K for 2 hours. After 

equilibration, the aqueous phase removed quantitatively. From the measurement of 

radioactivity of 241Am(III) present in aqueous phase, the amount of Am(III) loaded in the 

adsorbent was determined. The adsorbent was then contacted with 10 mL of 0.5 M nitric 

acid. The equilibration was carried out for 30 minutes. An aliquot was taken from aqueous 

phase and radioactivity of Am(III) present in aqueous phase was determined.  The aqueous 

phase was then removed and contacted again with the fresh aqueous phase of 0.5 M nitric 

acid (10 mL). This procedure was repeated until the Am(III) was recovered quantitatively. 

A similar experiment was performed for Eu(III) recovery.  

The cumulative stripping of Eu(III) and Am(III) from the adsorbent phase is shown 

in figure 7.9. It can be seen that the cumulative recovery of Eu(III) and Am(III) increases 

with increase in the number of contacts of the stripping solution.  More than 99.9% of 

Eu(III) and Am(III) can be recovered in 4 to 5 contacts using 0.5 M nitric acid. A similar 

experiment performed for Fe-DGAH revealed that all the loaded Am(III) and Eu(III) can 

be stripped within 3-4 contacts [19].  
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Figure 7.9. Cumulative recovery of Eu(III) and Am(III) from the loaded adsorbent. 

Adsorbent phase: Fe-SDGAH, Stripping solution: 0.5 M HNO3. 

 

 

7.7. Adsorbent recycling 

Reuse and recycling of the adsorbent is one of the important parameters needed for 

actual applications.  In this context the distribution coefficient of Am(III) was determined 

during extraction and stripping for 5 cycles.  The results are shown in table 7.3 (for Fe-

DGAH) and table 7.4 (for Fe-SDGAH). It can be seen that the adsorbent can be recycled 

more than five times without any change in the distribution coefficient of Am(III) during 

extraction and stripping. This result confirms that the diglycolamic acid anchored on to the 

adsorbent is stable toward nitric acid and it can be reused more than five times [19, 20].  
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Table 7.3. Distribution coefficient (Kd) of Am(III) during recycling studies. 

Conditions for extraction: Adsorbent phase: Fe-DGAH (0.05 g), Aqueous Phase: 

HNO3 at pH 3, spiked with 
241

Am(III) tracer. Conditions for Stripping: Adsorbent 

phase: Fe-SDGAH (0.05 g), Aqueous Phase: 0.5 M HNO3 

 

Recycling stages 
Kd/ mL/g, during 

extraction 

Kd/ mL/g, during 

stripping 

1 8231 0.5 

2 8150 0.6 

3 8282 0.8 

4 8094 0.9 

5 7982 1.1 

 

Table 7.4. Distribution coefficient (Kd) of Am(III) during recycling studies. 

Conditions for extraction: Adsorbent phase: Fe-SDGAH (0.05 g), Aqueous Phase: 

HNO3 at pH 3, spiked with 
241

Am(III) tracer. Conditions for Stripping: Adsorbent 

phase: Fe-SDGAH (0.05 g), Aqueous Phase: 0.5 M HNO3 

Recycling stages 
Kd/ mL/g, during 

extraction 

Kd/ mL/g, during 

stripping 

1 6021 2.2 

2 5985 2.1 

3 5864 1.8 

4 5908 2.0 

5 5958 0.98 

 

 

7.8. Conclusions 

The magnetic adsorbents Fe-DGAH and Fe-SDGAH were synthesized and 

characterized by TG-DTA, SEM-EDX and XRD. Extraction behavior of Am(III) and 

Eu(III) was studied by using Fe-DGAH and Fe-SDGAH. Rapid sorption of Am(III) and 

Eu(III) was observed in the initial stages of sorption followed by the establishment of 

equilibrium occurring within 2 h. The distribution ratio of Am(III) and Eu(III) decreased 

with increase in the concentration of nitric acid. It was also observed that Fe-DGAH 
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showed higher selectivity towards Eu(III) whereas Fe-SDGAH showed higher selectivity 

towards Am(III). The rate of sorption increased with increase of pH. Based on the slope 

analysis of extraction data, two H+ ions were released for the extraction of a trivalent metal 

ion and the other charge of the cation seems to be compensated by the co-extraction of 

nitrate from aqueous phase. DTPA was employed as an aqueous complexing agent for 

improving the separation factor of Eu(III)/Am(III) by using Fe-DGAH. The concentration 

of DTPA needed for efficient separation of Am(III) from Eu(III), was optimized (0.05 M 

DTPA at pH 2) and the study confirmed the feasibility of separating Am(III) from Eu(III) 

with a separation factor of ~150 by using Fe-DGAH.  
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Chapter 8: Summary and scope of future studies 
 

This chapter summarizes the results of the studies aimed at the development of 

diglycolamic acid class of extractants having desirable properties for the mutual separation 

of trivalent actinides from trivalent lanthanides and vice-versa. Several alkyldiglycolamic 

acids have been synthesized and studied to examine the feasibility of using them for the 

mutual separation of trivalent lanthanides and actinides by liquid-liquid extraction as well 

as solid-liquid extraction route. In all the experiments Am(III) was used as a representative 

element for actinide and Eu(III) was used as a representative element for lanthanide. The 

summary of results is described below.  

8.1. Development of bis(2-ethylhexyl)diglycolamic acid and bis(2-ethylhexyl)thio 

diglycolamic acid for Ln(III)-An(III) by liquid-liquid extraction mode 

The extractants, bis(2-ethylhexyl)diglycolamic acid (HDEHDGA) and bis(2-

ethylhexyl)thiodiglycolamic acid (HDEHSDGA), developed in the present study are 

promising candidates for the mutual separation of lanthanides and actinides. Both 

HDEHDGA and HDEHSDGA can be conveniently dissolved in a traditional diluent, n-

dodecane, for studying the liquid-liquid extraction behavior of Am(III) and Eu(III). 

HDEHDGA showed selectivity for europium (III) in the presence of DTPA in aqueous 

phase, whereas, the thio-derivative showed superior selectivity for americium(III) in the 

presence of TPEN in organic phase. Based on the slope analysis of extraction data, two 

molecules of HDEHDGA or HDEHSDGA were involved in the extraction of trivalents, 

with the other charge on the cation was compensated by nitrate ion. Among these 

extractants, HDEHSDGA shows the potential of separating actinides from lanthanides in a 

single contact with a separation factor of ~2600 at pH 3. Though, HDEHSDGA offered 

high separation factors of the order of ~3000, HDEHDGA was chosen for the mixer-settler 
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demonstration run owing to the fact that sulfur containing extractants are less stable 

towards high nitric acid and radiation background. 

A method was also developed for the demonstration of mutual separation of 

Am(III) and Eu(III) from dilute nitric acid medium by using a solution of 0.1 M 

HDEHDGA/n-DD. Unlike the other lanthanide-actinide separating extractants in use, 

HDEHDGA was made up of CHON- atoms and compatible with a nuclear diluent, n-

dodecane. Quantitative extraction of Am(III) and Eu(III) was achieved in 2-3 contacts 

with the use of 0.1 M HDEHDGA/n-DD, at pH 3. Under this condition, the co-extraction 

of unwanted metal ions such as Zr(IV) and Ru(III) was negligible. The conditions needed 

for the selective recovery of Am(III) from the loaded organic phase was optimized. By 

using 0.01 M DTPA-0.025 M CA at pH 1.5, more than 96% of Am(III) could be 

recovered from the loaded organic phase after 20-stages in a mixer-settler. However, the 

stripping of Eu(III) was only 2%. The results, therefore, confirmed the feasibility of using 

HDEHDGA/n-DD for the mutual separation of Eu(III) and Am(III) from nitric acid 

medium.  

8.2. Development of Tulsion ADS 400 resin impregnated alkyldiglycolamic acid for 

the mutual separation of Ln(III)-An(III) 

The alkyl derivatives of diglycolamic acid with alkyl group varied from butyl to 

decyl group were prepared and studied for the mutual separation of Am(III) and Eu(III) by 

extraction chromatography. The glycolamic acids were impregnated on Tulsion ADS 400 

and the extraction behavior of Eu(III) and Am(III) in the impregnated resin was studied as 

a function of various parameters. While the separation factor of Eu(III) over Am(III) 

remained at ~2 in the absence of DTPA, the separation factor increased to ~15 when 0.005 

M DTPA was present in aqueous phase. Based on the optimized conditions, the column 

study was performed for chromatographic separation. The study confirmed the feasibility 
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of using octyl diglycolamic acid impregnated resin for the mutual separation of Eu(III) and 

Am(III) by extraction chromatography.  

8.3. Polyamine resin anchored with diglycolamic acid for the mutual separation of 

Ln(III)-An(III) 

Diglycolamic acid (PA-DGAH) anchored polyamine matrix was prepared and 

studied for the extraction of americium(III) and europium(III) from dilute nitric acid 

medium. Pseudo-second order rate of extraction of Am(III) and Eu(III) was observed in 

PA-DGAH and the rate constant (k2) was determined to be 10-3 L.mol-1.min-1. The 

extraction equilibrium was established in four hours. The distribution coefficient of 

Am(III) and Eu(III) decreased with increase in the concentration of nitric acid. The slope 

analysis of extraction data, indicated the release of two H+ ions for the extraction of a 

trivalent metal ion. The extraction was also accompanied by co-extraction of nitrate from 

aqueous phase.  The concentration of DTPA needed for efficient separation of Am(III) 

from Eu(III) was optimized to be 0.03 to 0.05 M at pH 3. The study confirmed the 

feasibility of separating Am(III) from Eu(III) with a separation factor of ~45 by using PA-

DGAH.   

8.4. Silica functionalized diglycolamic acids for Ln(III)-An(III) mutual separation 

A novel diglycolamic acid functionalized silica gel (Si-DGAH) was prepared and 

studied for the separation of americium(III) and europium(III) from dilute nitric acid 

medium. The TG-DTA, SEM-EDX and elemental analysis carried out on the adsorbent, 

confirmed the presence of diglycolamic moieties (1.2 mmol/g) on the surface of silica gel. 

Rapid adsorption of Am(III) and Eu(III) was observed in the initial stages of adsorption 

followed by the establishment of equilibrium occurring within 30 minutes.  The 

distribution coefficient of Am(III) and Eu(III) decreased with increase in the concentration 

of nitric acid. The rate of adsorption increased with increase of pH and the first order rate 
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constant was determined to be 0.20 min-1 for Am(III) and  0.32 min-1 for Eu(III) at pH 2.  

Based on the slope analysis, the extraction of Am(III) and Eu(III) was accompanied by the 

co-extraction of a nitrate ion and release two H+ ions to aqueous phase.  The DTPA 

concentration needed for the mutual separation of Am(III) from Eu(III), was optimized to 

be 0.05 M at pH 2. The study confirmed the possibility of using Si-DGAH for the 

separation of trivalent f-block elements from dilute nitric acid medium.   

8.5. Magnetic assisted extraction for the mutual separation of lanthanides and 

actinides 

A couple of magnetic solid phase adsorbents Fe-DGAH and Fe-SDGAH were 

synthesized and studied for separating trivalent lanthanides and actinides. The magnetic 

adsorbents were characterized by TG-DTA, SEM-EDX and XRD. The results confirmed 

the presence of diglycolamic moieties on iron oxide particles. Rapid sorption of Am(III) 

and Eu(III) was observed in the initial stages of sorption followed by the establishment of 

equilibrium occurring within 2 h. The distribution ratio of Am(III) and Eu(III) decreased 

with increase in the concentration of nitric acid. It was also observed that Fe-DGAH 

showed higher selectivity towards Eu(III) whereas Fe-SDGAH showed higher selectivity 

towards Am(III). The rate of sorption increased with increase of pH. Based on the slope 

analysis of extraction data, two H+ ions were released for the extraction of a trivalent metal 

ion and the other charge of the cation compensated by the co-extraction of nitrate from 

aqueous phase. DTPA was employed as an aqueous complexing agent for improving the 

separation factor of Eu(III)/Am(III) by using Fe-DGAH. The concentration of DTPA 

needed for efficient separation of Am(III) from Eu(III), was optimized (0.05 M DTPA at 

pH 2) and the study confirmed the feasibility of separating Am(III) from Eu(III) with a 

separation factor of ~150 by using Fe-DGAH.  
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8.6. Scope for future studies  

The diglycolamic acid, HDEHDGA, was studied for the extraction of actinides, 

lanthanides, other fission products, and corrosion products from citric acid medium as well 

as from fast reactor fuel simulated HAW. On the basis of batch studies a demonstration 

experiment was carried out with actual fast reactor HAW. However, HDEHSDGA was 

examined only for the extraction of limited number of metal ions. The extraction 

behaviors of other metal ions which are likely to be present in HAW need to be studied for 

HDEHSDGA. Demonstration of mutual separation of Eu(III) and Am(III) was studied by 

using diglycoloamic acid impregnated resins. More studies need to carry out with 

simulated and actual HAW to establish a separation method for the mutual separation of 

lanthanides and actinides by using diglycolamic acid impregnated resins. Similarly, other 

solid phase reagents such as polyamine diglycolamic acid (PA-DGAH), silica 

diglycolamic acid (Si-DGAH) and iron oxide functionalized diglycolamic acid (Fe-

DGAH) etc have been studied for understanding the extraction behavior of lanthanides, 

actinides etc. However, detailed studies of the extraction of metal ions from actual fast 

reactor HAW need to be studied. In this context, more studies need to be carried out for 

establishing a solid phase extraction based mutual separation of lanthanides and actinides. 

Similarly, use of iron oxide functionalized diglycolamic acid for the magnetic solid phase 

separation (MSPS) has been established in laboratory scale only. Therefore, more studies 

are required to develop a large scale demonstration facility by using MSPS technique.  

The present thesis aimed at developing novel diglycolamic acid based extractants 

and solid phase reagents for the mutual separation of lanthanides and actinides. No attempt 

was made to understand the radiation and chemical stability of the reagents, and nature of 

possible degradation products. The radiation stability under various exposures and the 

hydrolytic stability can also be studied.  
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It was observed that the extractive properties largely varied with alkyl chains 

attached to the diglycolamic acid. Therefore, it is imperative to investigate the 

fundamental property of diglycolamide that governs the extraction behavior.  In order to 

understand the physical and extractive properties of diglycolamic acid based extractants, 

knowledge about metal-ligand complexation at molecular level is essential for getting an 

insight in to those observations. Moreover, such molecular level approach would help in 

designing and developing the advanced solvents that minimize the drawbacks of the 

present extractants. Molecular dynamics (MD) simulations have been extensively 

employed for understanding the conformations of organic molecules and insights of 

solvent extraction and solid phase separations. No attempt was made to investigate metal–

ligand complexation phenomenon by molecular dynamics calculations. Therefore, MD 

simulations on diglycolamic acid and DFT calculations on the co-ordination behavior of 

actinides with diglycolamic acids can be studied in future. 
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GLOSSARY 

ADSs Accelerated driven subcritical systems  

AHWR Advanced Heavy Water Reactors 

An Actinide 

APTS Triethoxytriaminopropylsilane  

Bq/L Becquerel per litre 

BTBP 6,6’-bis(5,6-dialkyl- [1,2,4]-triazin-3-yl)-2,2’-bipyridine 

BTP 2,6-bis-(1,2,4-triazine-3-yl)pyridines 

BWR Boiling water reactor  

CA Citric acid 

CDCl3 Deuterated CHCl3 

CHNS 
Carbon, Hydrogen, Nitrogen, Sulfur analyser (Elemental 

analyser) 

CMPO Octyl,phenyl N,N-diisopropylcarbomylmethylphosphine oxide 

δ Chemical Shift value of NMR 

n-DD n-Dodecane  

DGA Alkyl diglycolamides  

DGAA Diglycolamic acid 

DIDPA Di-iso-decylphosphoric acid  

DIPB 1,4-Di-iso-propylbenzene  

DM Distribution ratio of metal ions 

DPAH dithiophosphinic acid 

DTPA Diethylene triaminepentaacetic acid  

DTG Derivative of thermogravimetry 

DVB Divinylbenzene 

EDTA Bis(ethylenediaminetetraacetic acid)  

EDX Energy Dispersive X-ray  

FBR Fast Breeder Reactors 

FBTR Fast Breeder Test Reactor  

Fe-DGAH 
Iron oxide (Fe3O4) particle functionalized with diglycolamic 

acid  

Fe-SDGAH  
Iron oxide (Fe3O4) particle functionalized with thiodiglycolamic 

acid  
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FP Fission products 

FTIR Fourior transformation infra red spectrospcopy 

GANEX Group actinide extraction  

GWe Giga Watt (electrical) 

HAW High-active waste  

HDBDGA N,N-Dibutyldiglycolamic acid 

HDDDGA N,N-Didecyldiglycolamic acid  

HDEHDGA Bis(2-ethylhexyl)diglycolamic acid  

HDEHP N,N-diethylhexylphosphoric acid  

HDEHSDGA Bis(2-ethylhexyl)thiodiglycolamic acid 

HDHDGA N,N-Dihexyldiglycolamic acid 

HDODGA N,N-Dioctyldiglycolamic acid 

HpGe High pure germanium  

HSAB Hard and Soft Acids and Bases  

ICP-OES Inductively coupled plasma-optically emission spectrometry  

JCPDS 
Joint Committee on Powder Diffraction Standards (XRD 

standards) 

KAMINI KAlpakkam MINI reactor  

Kd Distribution coefficient of metal ions 

keV Kilo electron volts 

LIX 63 5,8-Diethyl-7-hydroxy-6-dodecanone oxime 

LIX 64 2-Hydroxy-5-dodecylbenzophenone oxime  

Ln Lanthanide 

LWR Light water reactor  

MA Minor actinide 

MeV Million electron volts 

MP Magnetic particles 

MSPS Magnetic Solid phase Separation  

MWt  Mega watt (thermal) 

NaI(Tl)  Sodium iodide (Thalium) analyser 

NMR Nuclear magnetic resonance spectrum 

OFS Organofunctionalized adsorbents 

P&T Partitioning and transmutation  
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PA-DGAH  Polyamine resin modified diglycolamic acid 

PHWR Pressurized Heavy Water Reactors 

PUREX Plutonium Uranium Reduction EXtraction 

PWR Pressurized water reactor 

SANEX Selective actinide extraction 

SEM Scanning Electron Microscopy 

SF Separation factor 

Si-DGAH Silica anchored diglycolamic acid 

SIRs Solvent impregnated resins 

SNF Spent nuclear fuel 

SPE Solid phase extractants  

TALSPEAK 
Trivalent Actinide Lanthanide Separation by Phosphorus 

Extractants from Aqueous Komplexes 

TBP Tri-n-butyl phosphate 

TEHDGA N,N,N’,N’-tetra-2-ethylhexyldiglycolamide 

TEOS Tetraethoxysilane 

Terpy 2,2’,6’,2”-terpyridine 

TG-DTA  Thermogravimetric-Differential thermal analyzer 

TODGA N,N,N’,N’-tetra-octyldiglycolamide  

TOPO Tri-octylphosphine oxide  

TPEN tetrakis(2-pyridylmethyl)ethylenediamine 

TPTZ 2,4,6-tripyridyl-1,3,5-triazine 

TRUEX  Transuranic extraction 

TRUSPEAK 
Transuranic extraction-transuranium elements extraction by 

phosphours based reagents from aqueous Komplexing agents  

TTA Thenoyltrifluoro acetone 

XRD X-ray diffraction 

  
 


