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                                                   SYNOPSIS 

 

Lanthanides and actinides have many applications in diverse fields including nuclear 

industry [1-4]. Individual separation of lanthanides and actinides is challenging due to 

similar chemical properties i.e. same charge and similarity in size. Various separation 

methods [5-8] were developed and reported in literature for separation of lanthanides 

and actinides. Among these, high performance liquid chromatographic (HPLC) 

technique [9] is more efficient and offers fast separation for the isolation of lanthanides 

and actinides. A major advantage of HPLC technique is its ability to provide rapid and 

high performance separations with sensitive detection. Liquid chromatographic 

techniques based on ion exchange, ion pairing / ion-interaction have been developed for 

the isolation of individual lanthanides. In all these studies reported in literature, the 

separation of individual lanthanides from each other was not less than 8 min using 

dynamic ion-exchange chromatographic technique [10-13].   

Lighter lanthanides (La, Ce, Pr, Nd, Sm and Eu) constitute about one fourth of 

the total fission products produced in the nuclear fission of uranium or plutonium. 

Individual separation of lanthanides and actinides is mandatory for burn-up 

measurement on dissolver solution of nuclear reactor fuel. Lighter lanthanides such as 

La and Nd were employed as burn-up monitors as they fulfil the major requirements of 

fission product monitor [14]. Thus accurate determination of Nd or La in the dissolver 

solution of spent fuel can be used to determine total number of fissions. The burn-up 

measurement on dissolver solution of nuclear reactor fuel subjected to high burn-up, 

poses a great challenge due to the association of high level of radioactivity. Therefore, 

isolation of lanthanides as well as actinides from these solutions demands a rapid and 

high-resolution separation to ensure minimization of the radiation exposure to the 

operator and minimisation of waste generation. The reversed phase HPLC separation 
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technique is a powerful chromatographic method for isolation of actinides from each 

other [15-17]. The separation of actinides such as Th and U was studied in literature 

using reversed phase chromatographic technique.  

The aim of the present study is to develop high performance separations of 

lanthanides and actinides and to reduce the separation time. Therefore, the thesis is 

focused on development of rapid separation of lanthanides and actinides using various 

liquid chromatographic techniques.  

In this context, elution behaviour of lanthanides and actinides was investigated 

on small particle (1.8 µm) reversed phase supports and monolith based reversed phase 

supports. These methods were employed for the burn-up measurement on dissolver 

solutions of nuclear reactor fuels. A single stage double column chromatographic 

technique was developed and the same was applied for burn-up measurement of 

dissolver solution of PHWR (Pressurised Heavy Water Reactor, MAPS, Kalpakkam, 

India). The dynamic ion-exchange HPLC technique was employed to estimate the 

stability constant of lanthanides and actinides in a single run. Speciation data for 

plutonium (in different oxidation states), and americium were obtained with α-hydroxy 

isobutyric acid (α-HIBA) from stability constant data. These studies were employed to 

explain the elution behaviour of plutonium, americium, uranium and thorium during 

their chromatographic separation. Elution behaviour of lanthanides and actinides was 

also investigated as a function of temperature. Retention behaviour of lanthanides and 

actinides was investigated using task specific ionic liquids as mobile phase. This thesis 

comprises of nine chapters and contents of the different chapters in the present thesis are 

briefly given below. 

Chapter-1: This chapter describes the history of development of chromatographic 

technique and principles of various chromatographic methods and their applications. 

The liquid chromatographic technique has revolutionised separation chemistry due to 
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the invention of high performance liquid chromatographic technique (HPLC). Historical 

developments of HPLC, various types and its applications in different areas are 

discussed. Applications of lanthanides in various fields such as alloys, catalysts, 

phosphors, lasers, batteries, chemicals, ceramics, glass, glazes, lighting, medical 

imaging, thermal spray powders etc are discussed. Separation and determination of 

lanthanides is important for measuring the burn-up of nuclear reactor fuels and also in 

geological studies.  Various separation methods for individual separation of lanthanides 

have been described. Developments and advances in the field of lanthanides and 

actinides separation by liquid chromatographic technique have been discussed in detail. 

Estimation of the stability constant of metal ions using chromatographic methods as well 

as traditional methods (potentiometry, polarography, conductometry, pectrophotometry, 

solvent extraction and ion exchange methods) is discussed. An introduction to ionic 

liquid and its applications in liquid chromatography is also briefed in this chapter.   

Chapter-2: This chapter describes the experimental techniques and methods that are 

used in the present work. Instrumentation details of HPLC are discussed. The use of 

post-column derivatisation method for the detection and determination of metal ions is 

discussed. Preparations of standard solutions of metal ions such as lanthanides, uranium 

and thorium are discussed. 

Chapter-3: Particle size of the support materials employed in HPLC influences 

separation efficiency and affects the back-pressure of column. The column efficiency 

increases with decrease in particle size. It is evident from van Deemter curve for particle 

size versus resolution that packing materials with particle size less than 2 µm provide 

better resolution compared to 5 µm based supports for high speed separations. The use 

of small particle size e.g. 1.8 micron results in a high back pressure and needs systems to 

deliver solvents at high pressures, typically in the range of 500 bar with precise flow 
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rates. The separation of individual lanthanides and actinides was investigated using 1.8 

µm based support as it offers high column efficiency compared to the 5 µm support. 

This chapter describes results on the use of short columns (3-5 cms long) with small 

particle size (1.8 µm) for high performance liquid chromatographic separation of 

individual lanthanides, uranium from thorium as well as uranium from plutonium. 

Lanthanides could be separated from each other in ~ 3.6 min, thorium-uranium in 1 ~ 

min and uranium from plutonium in ~ 4.2 min. A dynamic ion-exchange 

chromatographic separation technique was developed using camphor-10-sulfonic acid 

(CSA) as the ion-pairing reagent and α-hydroxy isobutyric acid (α-HIBA) as the 

complexing reagent for the isolation of individual lanthanides as well as the separation 

of uranium from thorium. A reversed phase HPLC technique was developed for the 

isolation of uranium from thorium as well as lanthanide group from uranium. The 

reversed phase HPLC separation technique with small particle based support was 

demonstrated for separation of lanthanides as a group from uranium matrix. Lanthanides 

(e.g. La, Nd) were separated and estimated in uranium matrix of samples of LiCl-KCl 

eutectic salt containing chlorides of lanthanides in uranium matrix (typical La to U ratio 

of 1:2000). The results on the use of small particle support for the burn-up 

measurements are discussed later. 

Chapter-4: Monolith support consists of a single piece of porous, rigid material 

containing mesopores and micropores, which provide fast analyte mass transfer. Higher 

separation efficiency is obtained for higher permeability and higher flow rates, which 

leads to shorter separation times on monolith columns compared to traditional HPLC 

supports. This chapter describes the liquid chromatographic behaviour of lanthanides 

and actinides on monolith based support. A dynamic ion-exchange technique was 

developed using monolith based reversed phase support for the individual separation of 

lanthanides as well as actinides, and has led to the separation of all 14 lanthanides in 
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about 2.8 minutes and this is the fastest LC technique reported as of now in literature. 

The sorption behaviour of uranium and thorium was examined on a reversed phase 

monolith support as well as modified (bis-2-ethylhexyl succinamic acid (BEHSA)) 

monolith support. In these studies, α-HIBA as well as HNO3 were employed as the 

mobile phase. Rapid separation of uranium from thorium could be achieved in about 20 

sec from a modified monolith support using 0.01 N HNO3 as mobile phase. The 

individual separation of lanthanides and actinides was demonstrated for the burn-up 

measurement on the dissolver solution of FBTR and the results are discussed in             

Chapter 5. 

Chapter-5: This chapter deals with burn-up measurement on dissolver solution of 

nuclear reactor fuels. Dynamic ion-exchange HPLC technique using small particle 

support (1.8 µm) was developed for the determination of burn-up of fast reactor spent 

fuel (FBTR, India), discharged at 155 GWd/ton. In this method, U and Pu present in the 

dissolver solution of FBTR fuel were removed by an ion-exchange chromatography and 

assayed subsequently. The fission product fraction after the removal of U and Pu was 

subsequently injected into HPLC for the assay of burn-up monitors i.e. La and Nd. A 

reversed phase chromatographic technique was employed for the determination of 

uranium and plutonium in the dissolver solution. HPLC technique using monolith 

support was also demonstrated for the first time for the direct injection of dissolver 

solution from fast reactor fuel without any pre-separation. The atom% fission was 

determined based on these measurements and the results are discussed. Reversed phase 

chromatographic technique using monolith based support was also developed for the 

determination of uranium and plutonium in the dissolver solution. A single stage double 

column chromatographic technique was developed and demonstrated for the separation 

and determination of lanthanides fission products such as La, Ce, Pr, Nd and Sm in the 

dissolver solution of PHWR fuel without removal of “matrix uranium” for the burn-up 
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measurements. In this technique, two columns were connected in a series, first column 

(reversed phase 5 cm length support) modified with tri-n-octylphosphine oxide (TOPO) 

and the second one (reversed phase 10 cm length monolith support) modified with an 

ion pairing reagent for individual separation of lanthanides. Uranium was retained in the 

first column and lanthanide fission products were transferred to the second column 

during chromatographic runs. About 45 consecutive injections could be carried out for 

the assay of lanthanides in uranium matrix, prior to elution of uranium. Retention 

behaviour of Pu(III) and Pu(IV) was investigated on TOPO modified 5 cm length 

reversed phase support. The elution behaviour of fission products such as Zr, Mo, Cs, 

Ba, Sr, Ru, Rh, Pd and Nd was also studied on TOPO coated reversed phase support and 

the results are discussed. 

Chapter-6: A method for the correlation of retention of lanthanide and some actinide 

complexes with the stability constant is described in this chapter. In these studies, an 

ion-pairing reagent, e.g. camphor-10-sulphonic acid (CSA) was used as the modifier and 

organic acids such as α-hydroxy isobutyric acid (α-HIBA) and lactic acid were 

employed as complexing reagent for elution. The retention times as well as capacity 

factors of lanthanides and actinides were measured as a function of CSA, organic acid 

concentrations and mobile phase pH. From these studies, a correlation has been 

established between capacity factor of a metal ion, concentrations of ion-pairing reagent 

and complexing agent with the stability constant of lanthanide/actinide complex. Based 

on these studies, it has been shown that the stability constant of lanthanides and 

actinides can be estimated using a single lanthanide calibrant. The method was validated 

by the estimation of stability constant of lanthanides with the organic acids such as 

HIBA, lactic acid, mandelic acid and tartaric acid. These studies have established that a 

single chromatogram can be used for estimation of stability constant at various ionic 

strengths and the estimated data are found to be in very good agreement with the 
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experimentally determined values.  These studies also demonstrated that the method can 

be applied for estimation of stability constant of actinides with a ligand whose value is 

not reported yet, e.g., ligands of importance in the lanthanide - actinide separations, 

chelation therapy etc.  The chromatographic separation method is fast and the estimation 

of stability constant can be done in a very short time, which is a significant advantage 

especially in dealing with radioactive species.  The stability constant data was used to 

derive speciation data of plutonium in different oxidation states as well as that of 

americium with α-HIBA. The elution behaviour of actinides such as Pu and Am from 

reversed phase chromatographic technique could be explained based on the speciation 

data 

Chapter-7: This chapter describes the effect of temperature (25°C to 85°C) on the 

retention of lanthanides and actinides on chromatographic supports. Dynamic ion-

exchange and reversed phase chromatographic techniques were carried out using 

reversed phase support of 25 cm (5 µm particle size) and 3 cm (1.8 µm particle size) 

length. Influence of temperature was studied for (a) isocratic elution of lanthanides and 

(b) separation of uranium and thorium. It was observed from these studies that the 

retention was reduced to approximately half of its initial time at 850C compared to that 

at 250C for individual separation of lanthanides. A temperature gradient was also 

employed to separate the individual lanthanides in an isocratic mode in ~ 16 min. The 

retention of actinides such as uranium and thorium was also investigated on a reversed 

phase based support using α-HIBA, mandelic acid and lactic acid as a function of 

temperature (25 to 850C).  Capacity factors of lanthanides, U and Th were correlated 

with temperature using van’t Hoff plot and linear correlation was established; from this 

study, enthalpy of sorption (∆Hsorption) of lanthanides, uranium and thorium was 

computed.  
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Chapter-8: Task-specific ionic liquids such as 1-butyl-3-methylimidazolium 

benzoate, protonated betaine bis(trifluoromethylsulfonyl)imide [Hbet][NTf2] and its 

precusor [Hbet] Cl, were employed as the mobile phase along with α-HIBA using a 

reversed phase support to study the sorption behaviour of uranium, thorium and 

lanthanides. Individual separation of all 14 lanthanides was studied using ionic liquid, 

bis(trifluoromethylsulfonyl)imide. The separation factors for U-Th as well as adjacent 

lanthanide pairs were measured. In the case of isolation of uranium from thorium, 

highest separation factor was achieved with 1-butyl-3-methylimidazolium benzoate as 

an ionic liquid. For the first time, the use of ionic liquids was demonstrated for 

separation of lanthanides and also for the separation of uranium from thorium.  

Chapter-9: This chapter summarises the highlights of studies carried out in the 

present work. This includes, (a) development of dynamic ion-exchange based HPLC 

technique for the rapid separation of individual lanthanides using 1.8 µm as well as 

monolith based supports (b) reversed phase as well as modified reversed phase methods 

for the rapid separation of uranium and thorium, (c) separation of uranium and 

plutonium etc. The advantage of dynamic ion-exchange technique for measuring the 

concentrations of fission product lanthanides such as La, Ce, Pr, Nd and Sm in the 

dissolver solution of nuclear reactor fuel is highlighted. The advantage of dynamic ion-

exchange HPLC technique for stability constant determination of lanthanides and 

actinides is discussed. The potential applications of high temperature liquid 

chromatographic technique and use of ionic liquids for the development of high 

performance separations are highlighted.  
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                                    Chapter-1 
 

                                                   Introduction 
 

1.1 Chromatography 

Chromatography is a separation technique [1-2] which is used for the isolation of a 

pure sample component from a mixture. This technique can analyse sample molecules 

(gaseous, liquid or solid) in a range of simple to complex mixtures. The principle of 

separation by this method is based on the distribution (adsorption, partition, ion exchange or 

size exclusion) of sample molecules between two phases. One is a stationary phase and the 

other is a mobile phase, which moves over the stationary phase in a definite direction. The 

stationary phase can be a solid or a liquid coated on an inert solid support, while the mobile 

phase can be gas or liquid or a supercritical fluid.  

Quantitative as well as qualitative information about analytes can be obtained from 

chromatography. Qualitative information of analyte is obtained from retention time data, 

obtained experimentally. Quantitative information of analyte can be obtained from its 

corresponding peak area or peak height of a chromatogram using a calibration plot, which is 

generally prepared using standard solutions of an analyte.  

1.1.1 Applications of chromatography  

Chromatographic methods were employed for the separation and purification of 

various samples in different fields such as chemical industry, pharmaceutical industry, 

biotechnology, forensic science and nuclear industry [3]. In chemical industry, 

chromatographic methods are employed for the removal of pesticides and insecticides like 

dichlorodiphenyltrichloroethane (DDT) and polychlorinated biphenyl (PCB) from the 
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groundwater. In pharmaceutical industries, chromatographic technique is employed for 

purification of materials that are required in making drugs/medicines. This technique is also 

employed for separation of enantiomers. Important applications of chromatography are in 

the field of food industry, where proper food maintenance is necessary to ensure quality. 

Chromatography is used as a technique to separate the additives, vitamins, preservatives, 

proteins and amino acids. In forensic science, chromatography is a very popular technique 

for investigations such as (i) to determine substances that are present in the human body, (ii) 

to determine the presence of drugs or drug byproducts in urine/blood samples, (iii) analyse 

samples of crime scenes and (iv) detect samples of explosives. 

1.1.2 Types of chromatography 

Chromatographic methods are classified according to the nature of mobile phase, 

stationary phase, and retention mechanism. Based on the nature of mobile phase, 

chromatographic technique can be classified as gas chromatography (GC), liquid 

chromatography (LC), and supercritical fluid chromatography (SFC). In gas 

chromatography, the mobile phase is gas and solid adsorbent or a nonvolatile liquid coated 

on a solid support is employed as the stationary phase. Separation of sample components 

depends on the relative partial pressure of the sample components and their affinity onto the 

stationary phase. In the case of liquid chromatography, mobile phase is a liquid and a solid 

support is used as the stationary phase. Separation is based on partition/adsorption of 

sample molecule between a stationary phase and mobile phase. Supercritical fluid 

chromatography is a separation technique in which the mobile phase employed is a 

supercritical fluid (to prepare a supercritical fluid, its T>Tc and P>Pc, where Tc and Pc are 

critical temperature and critical pressure respectively). 
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Depending on the separation mechanism, chromatography can be classified as 

adsorption chromatography, partition chromatography, ion exchange chromatography and 

size-exclusion chromatography. In adsorption chromatography, mobile phase is a liquid or 

gas that is adsorbed onto the surface of a solid stationary phase. The separation of different 

solute molecules depends on the equilibrium distribution of solute molecules between the 

mobile phase and stationary phase, which in turn depends on their relative polarity. In 

partition chromatography, the surface of a solid support is coated with a liquid stationary 

phase. Solute molecules distribute between the mobile phase and the stationary phase, based 

on their relative solubility.  

Ion-exchange chromatography is a separation technique that is used for the 

separation of ions based on their charge. In this technique, stationary phase is a rigid matrix 

(M), the surface of which carries positive or negative charges, providing ion-exchange sites 

(R+ or R-). Counter-ions of opposite charge (Y- or Y+) are associated with each site in the 

matrix and these can exchange with similarly charged ions in the mobile phase to be held on 

the exchange sites. Sample ions (X- or X+) may thus exchange with these counter ions (Y- or 

Y+): 

MR+Y- + X- ↔ MR+X- + Y- 

MR-Y+ + X+ ↔ MR-X+ + Y+ 

If the process involves the exchange of negatively charged ions, it is known as 

anion-exchange. The complimentary process is known as cation-exchange.  

In size-exclusion chromatography (SEC), molecules are separated according to their 

molecular size in solution. Separation is a result of the exclusion of larger molecules from 

smaller pores in the column packing [4]. 
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1.1.3 Historical development of chromatography 

The science of chromatography began as early as the twentieth century [5-12], with 

the Russian botanist, Mikhail Tswett, who employed calcium carbonate packed glass 

column for the separation of plant pigments. In 1903, Tswett coined the term 

“chromatography”. In 1922 L. S. Palmer employed Tswett’s technique for separation of 

various natural products, and in 1931, Richard Kuhn employed the same to separate the 

isomers of ployene pigments. The chromatographic methods were developed rapidly in the 

years after the World War II, and found their applications in many environmental problems 

with the invention of various detectors. Many researchers have made substantial 

contribution for the development of chromatographic techniques.  

Affinity chromatography was developed in the 1930s and was used to study the 

retention of enzymes and other proteins. This technique relies on the adsorbent bed material 

that has biological affinity for the substance to be separated. Arne Wilhelm Tiselius, winner 

of the Nobel Prize in 1948, was a main contributor to perfect the affinity chromatography 

through his development of many gel type resins for specific biochemical adsorption [13]. 

Partition chromatography was invented by A. J. P. Martin and R. L. M. Synge in 1941 [8]. 

They established the principles and basics of the technique of partition chromatography, and 

their work encouraged the rapid development of several other chromatographic methods, 

e.g., paper chromatography, and gas chromatography. In 1938, Russian scientists N. A. 

Izmailov and M. S. Shraiber developed drop chromatography on horizontal thin layers [14]. 

In 1945, two American chemists, J. E. Meinhard and N. F. Hall, employed this technique to 

separate terpenes, which was found in essential oils. Inspired by their work, Justus G. 

Kirchner and his co-workers in 1950 perfected Thin Layer Chromatography (TLC) using 
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silicic acid with starch as a binder and applied on glass plates, which acted as a stationary 

phase. 

 In 1947, the first analytical adsorption (gas-solid) chromatographic technique was 

developed by Fritz Prior, a graduate student under the direction of Erika Cremer at 

Innsbruck University. Archer John Porter Martin, who was awarded the Nobel Prize for his 

work in developing liquid–liquid (1941) and paper (1944) chromatography, laid the 

foundation for the development of gas chromatography and he later developed liquid-gas 

chromatography (1950). Commercially available gas chromatographs were produced in 

1955 by several companies including Burrell Corp, Perkin-Elmer, and Podbelniak.  

In 1959, gel filtration chromatographic technique was developed for the separation 

of molecules according to their molecular size. In the 1960s, in the conventional liquid 

chromatography, improvement was made by developing high pressure liquid 

chromatography also referred to high performance liquid chromatography (HPLC). 

Towards the end of 70’s, the improvement on efficiency of HPLC technique began by the 

development of column packing materials and instrumentation.  

Ion-exchange methods are in use since 1850, and H. Thompson and J. T. Way, 

treated various clays with ammonium sulfate or carbonate solution to extract the ammonia 

and release calcium. In 1927, the first zeolite mineral column was employed to remove 

interfering calcium and magnesium ions from solution to determine the sulfate content of 

water. In 1940s, modern ion-exchange chromatography was developed during the 

Manhattan project. In 1970, Small and co-workers of Dow chemical company used this 

technique to determine low concentrations of ions for environmental and water quality 

studies [15-16].  
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Later development in chromatography led to the development of the micro chip 

based chromatographic technique due to several advantages such as rapid separations, 

reduced sample and solvent consumption, increased portability, and the ability to integrate 

pre-separation processes [17].  

1.1.4 Principle of chromatography 

 In chromatography, main mechanism of separation of sample components is the 

sorption (adsorption/partition) between a stationary phase and a mobile phase. Depending 

upon the relative affinity of the substance for each phase, analyte is distributed between the 

two phases. The differential migration of the solute depends upon the interaction of the 

solute with the two phases. Sample molecule which has more affinity for the moving or 

mobile phase is carried rapidly through the column. Sample molecule which has a stronger 

affinity for the stationary phase, on the other hand, will spend more time in that phase, and 

will take a longer time to elute out of the column.   

 

Principle of separation in chromatography 
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Differential migration 

 

 
Difference in equilibrium distribution of solute          

molecules between stationary phase and mobile phase 
 

 

 
Differences in charge, size, polarity, etc.  
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1.1.5 Retention in chromatography 

In chromatography, when sample is introduced in to a column, it is distributed 

between mobile and stationary phase. Analytes present in the mobile phase and stationary 

phase are in equilibrium and this is expressed by a simple equilibrium equation,  

s
x

m

C  
k   =     . . . . . . . . . . . . . . . . . ( 1 .1 )    

C

  
       

where kx is partition coefficient, Cs & Cm are concentration of analyte in the stationary 

phase & mobile phase respectively. If analyte “x” present in stationary phase and mobile 

phase can be written as number of moles, kx can be expressed as k’ 

( )
( )

, moles of x in stationary phase  
k   =     ............. (1.2)

 moles of x in mobile phase
 

Since the number of moles can be expressed as the concentration multiplied by the 

volume, k’ (capacity factor) can be expressed as 

                 
, s

x
m

V
k  =  k   . . . . . . . . . . . . . . . . . ( 1 .3 )

V

     

where kx is partition coefficient, Vs and Vm are volume of analyte in stationary phase and 

mobile phase respectively. 

When sample molecules are completely unretained by the stationary phase, they exit 

the column at its void volume, which is one volume of mobile phase to pass through the 

column. However, the total time taken by molecules to pass through the column also 

includes the time spent in the stationary phase, in addition to the time it takes to run one 

void volume (Vm) and is expressed by Vm k'. Therefore, the volume of eluent that passes 

through the column before the sample elutes (retention volume, Vr) is expressed as: 
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  ( ),
r mV  =  V  1  +  k . . . . . . . . . . . . . . ( 1 . 4 )    

The retention volume (Vr) is related to the flow rate (Fc), and the retention time (tr). 

Likewise, the void volume of the mobile phase (Vm) is related to the flow (Fc) and the time 

(to) that void volume takes to pass through the column. 

  
r r c

m o c

V   =   t  F  

V   =   t  F . . . . . . . . . . . . . . . . ( 1 . 5 )
 

Substituting value of Vr & V m in equation (1.4) and rearranging, the expression obtained is 

  
( )r o,

o

t  -  t
k   =   . . . . . . . . . . . . . . . . . ( 1 . 6 )

 t  

Values of variables such as tr & t0 are obtained from the chromatogram that is obtained 

experimentally. Separation between two substances is directly related to the difference in 

their k’ values. Therefore, first step is to achieve a value of k’ for a sample that is neither 

too small nor too large. For good separation, optimum k’ falls in the range of the 1 ≤ k ≤ 10 

(for simple mixtures) and 1 ≤ k ≤ 20 (for complex mixtures).   

The selectivity (α) of a column for a particular separation, e.g., substances A and B 

(Fig. 1.1), is expressed as a ratio of their retention factors, i.e., 

0
B

,
0B

,
0A A

0

t tr

tk
α

t tk r

t

−

= =
−  

                               
0

B

0
A

t tr
t tr

−

=
−
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Value of selectivity (α) should be always greater than unity (α>1) to achieve good 

separation.                                              

 

Fig.1.1. Chromatogram of substances A and B [2]. 

 

1.1.6. Efficiency of chromatographic column 

In chromatographic separation, column efficiency is very important parameter and it 

can be defined as separation power of a column and can be defined in terms of number of 

theoretical plates. Number of theoretical plate provides number of separation stages and is 

directly proportional to the length of the column (L) in which analytes equilibrate between 

two phases and is inversely proportional to the thickness of the plate (H). Therefore, the 

number of theoretical plates (N) can be expressed as 

A 

B 

Retention time (min) 

A
b

s 

trB 

trA 
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L
               N =  ...................(1.7)

H
  

Number of theoretical plates (N) can also be expressed as  

2

r

w

2

1

2

t
       N   =   1 6  . . . . . . . . . . . . . . . . . . ( 1 .8 )   

t

t r o r    N  =  5 .5 4 . . . . . . . . . . . . . . ( 1 .9 )      
t
w

   
        

 

where tr, tw, 
w1

2

t   are the retention time, peak width, and peak width at half height 

respectively.                         

The efficiency of a column varies with of several parameters such as the particle 

size of the packing material, uniformity of the packing, the flow rate of eluent, length of the 

column and the rapidity with which equilibrium is established between the two phases etc.  

The number of theoretical plates (N) is inversely proportional to the diameter of 

packing material (dp), i.e., 

p

1
N α

d  

Column efficiency can be increased by decreasing H.  Plate height (H) depends on 

particle size of support material and mobile phase flow rate. Plate height “H” can be 

expressed in terms of column parameters and is written as an equation, called van Deemter 

equation. This equation relates the height equivalent of theoretical plate (H) of a column to 

the linear mobile phase velocity (u). 
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B
H A C u . . . . . . . . . . . . . . . . ( 1 . 1 0 )

u
= + +  

where A, B, C, and u are eddy diffusion term, longitudinal diffusion term, mass transfer 

term for mobile and stationary phases and linear mobile phase velocity respectively. The 

column efficiency is influenced by these terms, as they are related to “H”. Hence, all terms 

such as A, B and C are to be minimised to reduce “H” [2]. Plot of H vs. flow rate for several 

columns of varied particle diameter is shown in Fig.1.2. It is observed from Fig.1.2 that as 

the diameter (dp) of the porous particles decreases from 10 to 3 µm, the plate height H 

decreases, corresponding to an increase in column efficiency per mm of column length. 

Therefore, for smaller particle, H is minimum and hence column efficiency is high. The 

type of particle and its particle-size distribution can also affect column efficiency, 

presumably by influencing the homogeneity of the packed bed. The effect of various terms 

(eddy diffusion term, longitudinal diffusion term, and mass transfer term for mobile and 

stationary phases) on the plot of height equivalent of theoretical plates (H) vs. flow rate (u) 

is shown in Fig. 1.3.  It is observed (Fig. 1.3) that longitudinal diffusion term decreases and 

mass transfer term for mobile and stationary phases increases with increase in flow rate. 

Since H depends on both the terms B and C, H vs flow rate curve exhibits a minimum due 

to the opposing effect of longitudinal diffusion term with mass transfer term for mobile and 

stationary phases. Hence, chromatographic columns are to be operated at optimum flow rate 

to achieve maximum column efficiency. 
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Fig.1.2. Influence of particle size on HETP [2]. 

 

 
 
  
 

 

 

 

 

 

 

Fig.1.3. Influence of mobile phase flow rate on HETP-Contribution of eddy diffusion 

(A), longitudinal diffusion (B), mobile phase, stationary phase and stagnant mobile 

phase mass transfer (C) terms to HETP; X is resultant plot [18] 
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1.1.7 Resolution (Rs) in chromatography 

The separation of two peaks (Fig.1.4), 1 and 2 is usually described in terms of their 

resolution Rs = (difference in retention times) / (average peak width). It can be expressed by 

the following equation 

 

 

 

 

 

 

 

Fig.1.4. Measurement of resolution [1]. 

( )
r r2 1

s 1
w w2 1 2

t t
R . . . . . . . . . . . . . . . ( 1 . 1 1 )

t t

−

+

=  

Where 
r1
t , r2

t , are retention times and 
w1

t , w2
t are the peak widths of the peak 1 and 

peak 2 respectively. If peak width 
w1

t , w2
t  are similar, Rs is written as 

r r2 1
s

w

t t
R . . . . . . . . . . . . . . . . ( 1 . 1 2 )

t

−

=  

From equation (1.6), r1
t  and r2

t  can be written as   

,
0 1

1

,
0 2

2

t t ( k 1 ) . . . . . . . . . . . . . . . . . . . . . ( 1 . 1 3 )r

t t ( k 1 ) . . . . . . . . . . . . . . . . . . . . . ( 1 . 1 4 ) ,r

= +

= +
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and tw, from equation (1.8), can be written as 

1
4tr

t .........................( 1.15 )w N
=  

By substituting the value of r1
t , r2

t , and w
t  in equation (1.12), Rs is expressed as 

( ) ( )1 α 1 k 'R N ..........( 1 .1 6 )s α 1 k '4
−=

+  

 Resolution (Rs) depends on number of theoretical plate (N), selectivity (α) and capacity 

factor (k’). Necessary conditions for the good separation of two analytes are (i) very high N  

(ii) α >>1 (iii) optimum value of k’ (1 ≤ k’ ≤ 10 for simple mixture and 0.5 ≤ k’ ≤ 20 for 

complex sample). 

 
1.2 High Performance Liquid Chromatography (HPLC) 

High performance liquid chromatography is a liquid chromatographic technique [2] 

that can separate the constituents from a mixture of compounds with very high speed and 

efficiency. The name HPLC was coined by the Csaba Horváth in 1970. High pressure 

pumps are required to force the eluent through densely packed small particle (e.g., 5 µm) to 

obtain high performance separation. Recently, development of HPLC in the form of ultra 

high pressure liquid chromatography (UPLC) has begun by the usage of small particle size 

based (≤  2 µm) support. HPLC due to its high speed and efficiency of separations is 

employed in almost all fields of analytical chemistry. HPLC has become very useful 

technique to solve many separation problems in biochemistry, environmental and 

pharmaceutical industry, polymer and food chemistry and many other areas [19-20]. 
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Preparative-HPLC is employed for the purification of gram to kilogram level of substances 

in various industries [21].  

1.2.1 HPLC column packing material  

Particle size for column packing refers to the average diameter of the packing 

particles. In conventional column chromatography, particle size of column packing 

materials is in the range of 100-200 µm. Hence, eluent can flow under gravity.  In the case 

of HPLC, diameters of column packing materials are in the range of 1.8-5 µm. HPLC 

column has particles with narrow size distribution (e.g., in case of 1.8 µm particles, mean: 

1.889 µm, SD: 0.40 µm). Number of theoretical plates (N) obtained with 5 µm particle size 

is usually in the range of 50,000 plates/meter for separation of organic compounds [2]. 5 µm 

particle size based support has been used for separation of organic as well as inorganic 

samples. Column lengths of 15 or 25 cm with particle size of 5 µm are generally employed 

in HPLC. 

1.2.2 HPLC Separation modes 

Depending upon the separation mechanism and the column type, HPLC can be 

divided into several related techniques. The most useful types for sample analysis are based 

on normal phase liquid chromatography (NPLC), reversed phase liquid chromatography 

(RPLC), and ion-pair chromatography (IC) [2]. 

1.2.2.1 Normal Phase Liquid Chromatography (NPLC) 

In normal phase liquid chromatography, the column packing materials used are 

polar in nature, e.g., silica and alumina; non-polar eluents such as hexane or hexane mixed 

with a slightly polar solvent are used as mobile phase. In this method, separation 

mechanism is mainly based on adsorption; the non-polar compounds elute first while the 
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polar molecules elute later. Retention of polar molecule increases with the proportion of 

nonpolar solvent in the mobile phase. In case of solvent gradient, chromatographic run is 

initiated with the least polar solvent (e.g. hexane), and gradually enhanced in polarity to 

bring out the most retained, most polar compounds. Different class of compounds can be 

separated on normal phase columns, e.g., polar sample molecules (mono substituted 

benzene), isomers, petroleum samples, lipid samples etc. 

1.2.2.2 Reversed Phase Liquid Chromatography (RPLC) 

In the case of reversed phase liquid chromatographic technique, nature of stationary 

phase material and mobile phase are just opposite to the normal phase liquid 

chromatography method, e.g., column packing material is non-polar (modified silica, i.e., 

siloxane) and mobile phase is polar in nature. Modified silica support material is prepared 

by reaction between an organochloro silane (R3SiCl) with the surface -OH groups present 

on the silica support (Si-OH). This leaves hydrocarbon chains, which may contain two, 

eight, or eighteen carbons, bonded at their ends through Si-O- Si groups (siloxane) to the 

surface of the support. These columns are designated by the carbon number of the chains 

attached, with the most frequently used column being the bonded octadecyl type, called C18. 

Surface functionalisation of silica can be performed in a monomeric or a polymeric reaction 

with different short-chain organosilanes to cover remaining silanol groups and this process 

is called “end-capping”. 

 

 where R is carbon chain, (R= C8, C18).  

         Si          OH    +     Cl         Si        R 

 R 

 R 

         Si        O         Si       R 

R 

R 

 
 

Subsequently “end-capped” 
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Since column packing material is non-polar in nature, the main mode of retention is through 

dispersion forces, i.e., van der waals forces. That is molecules are attracted through induced 

dipole induced dipole interaction. Separation of organic compounds using RP-HPLC is 

based on the difference in their hydrophobicity. In reversed phase liquid chromatography, 

the most polar compounds elute first while the most non-polar compounds elute latter. 

Reversed phase columns are employed for separation of organic molecules, protein, 

peptide, nucleic acid etc. 

1.2.2.3 Ion chromatography 

In this method, buffered aqueous solution is used as mobile phase and a resin matrix 

is used as stationary phase. The retention in ion chromatography is based on the ionic 

interaction between the charge on the stationary phase and oppositely charged sample ions. 

This method can be used for separation of cations (cation exchange chromatography) and 

anions (anion exchange chromatography). Cation exchange resins contain acidic functional 

groups which can be weak (e.g. COO-) or strong (e.g. SO3
-) and anion exchange resins 

contain basic functional groups which can be weak (e.g. –NH2) or strong (e.g. NR4
+). 

Conductivity detector is generally used in this technique for detection. 

1.2.3 Chromatography with < 2 µm particle size 

Performance of HPLC column material has been improved drastically over a period 

of time from irregular to spherically shaped particles and from large to small sized particles. 

However, over the past decades, HPLC column performance has been optimized with 

spherical and small sized particles. 

Higher separation efficiency and faster sample analysis are two driving forces for 

continued improvement in HPLC column technology. Reduction in the average particle size 
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of HPLC column packing material, i.e., < 2 µm has resulted in high speed separation of 

analytes. The typical number of theoretical plates obtained with small particle size based (< 

2 µm) support material is ~105 plates per meter [2]. However, HPLC technique employing 

columns containing stationary phase materials of small particle size, e.g., 1.8 µm 

necessitates use of high operating pressures, i.e., as high as 500-1000 bar depending on the 

flow rate and column length. Generally, column length of 3-5 cm is employed for 

separation of analytes with 1.8 µm particle sized supports.           

1.2.4 Separation using monolith based stationary phase  

In the recent years, monolithic silica column has been widely employed for 

separation of analytes [22-26]. Compared to particle packed column, monolithic silica 

column has high permeability and separation efficiency with better resolution. Monolith 

column consists of a single piece of porous, rigid material (Fig.1.5) containing mesopores 

and micropores which provide faster analyte mass transfer [27, 28]. Based on the nature of 

support materials, monolith column can be either organic polymer or silica based. However, 

column efficiency offered by polymer based monolith is generally lower compared to silica 

based support. The higher column efficiency of silica-based monolith is due to the relatively 

higher surface area (typically, surface area is several hundred m2/g) of mesoporous 

skeletons compared to polymer-based monolith (surface area typically lies in the range one 

order of magnitude smaller than silica based monolith) [29-30]. Monolith based supports 

are employed for various applications, e.g., separation of biomolecules, organic acids, 

inorganic anions, metal ions etc [31-32]. Porous monolithic silica was used for efficient 

separation of metal ions, e.g., alkaline-earth and transition-metal ions [31-36].   
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(a) 

 

(b) 

Fig.1.5 Electron micrographs of the (a) macroporous and (b) mesoporous structures in 
a monolithic silica rod [28]. 
 
1.3 Separation chemistry in nuclear industry 
 
1.3.1 Nuclear Power-an alternative clean source of energy 
 

In the modern world, electricity plays a crucial role in the development of society. 

Natural sources of energy are fossil fuels (e.g., coal, oil, natural gas), hydro-electric energy, 

wind energy, solar energy etc. However, for large scale electricity generation, fossil fuels 

are used as primary sources of energy but the earth has limited supply of these resources. 

When fossil fuels are used to produce electricity, gases such as carbon dioxide and nitrogen 

oxide are emitted, leading to pollution in the atmosphere. Hence, nuclear power can be an 

alternative source of energy, which can help to preserve many of the natural resources as 
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well as protect environment against harmful by-products e.g., carbon dioxide and nitrogen 

oxide.  

The main method of producing nuclear power is through nuclear fission, which is a 

nuclear reaction where fissile element after absorbing a neutron splits into smaller elements 

by releasing large amount of energy [37]. The following equations are examples of the 

different products that can be produced from nuclear fissions of U-235          

   
235 1 92 142 1
92 0 36 56 0U n K r B a 2 n Energy+ → + + +  

  
235 1 93 140 1
92 0 37 55 0U n R b C s 3 n E nergy+ → + + +  

Isotopes such as U-235, Pu-239 and U-233 are used as fuels in thermal reactors. The 

nuclear fission of uranium or plutonium generates a large number of fission products. The 

dissolver solution of spent nuclear fuel is highly radioactive due to the presence of fission 

products, plutonium and the minor actinides such as americium and curium. The 

determination of fission products and actinides such as uranium, plutonium, americium etc 

has great importance in nuclear waste management as well as in the determination of burn-

up of spent nuclear fuel. The fission yield [38] of various fission products produced from a 

fast and thermal neutron fission are given in Table.1.1. 

1.3.2 Chemistry of lanthanides 
 

The lanthanides [39-41] consist of a unique series of metals in the periodic table. 

The lanthanide series is defined by the progressive filling of the 4f orbital. Electronic 

configuration of lanthanides is [Xe] 4f1-145d16s2. Generally, lanthanides are present in +3 

oxidation state, which is more stable compared to other oxidation states. The chemical 

properties of lanthanides are similar due to similarity in their charge and size, which makes 
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it difficult to separate them from each other. Separation of lanthanides in pure form is 

mandatory for various applications. 

      The lanthanides have many applications in various fields [40, 42-46]. Lanthanides are 

employed in commercial applications such as alloys for aeronautical components, 

permanent and superconducting magnets, catalysts, phosphors, lasers, batteries, chemicals, 

ceramics, glass, glazes, lighting, medical imaging, technical ceramics, thermal spray 

powders etc. Lanthanide oxides such as europium and yttrium oxides are employed as 

phosphors in color television to produce red colors on television screen. Lanthanide 

compounds are used in streetlights, searchlight, and high-intensity light that is generally 

present in sports stadiums. 

 
Table.1.1 Percentage (%) cumulative yield for some fission products 
 

Fission 
Products 

Isotopes of 
fission 

products  

Fast fission 
yields for    

U-238 

Fast fission 
yields for   
Pu-239 

 

Thermal 
fission yields 
for U-235 

Thermal 
fission 
yields for 
Pu-239 

La 139 
 

6.04    5.83 6.65 5.73 

Ce 140, 142 
 

10.93 10.16 12.22 10.58 

Pr 141 
 

6.76 5.62 5.81 5.34 

Nd 143, 144, 145, 
146, 148, 150 

20.22 16.41 20.51 16.64 

Sm 147, 149, 151, 
152, 154 

3.26 3.00 4.15 5.06 

Eu 153, 155 
 

0.55 0.72 0.19 0.61 

Zr  91, 92, 93, 94, 
96 

25.55 18.24 30.99 19.03 

Mo  95, 97, 98, 100 
 

23.22 22.15 24.69 23.47 

Ru  101, 102, 104 
 

16.82 19.99 11.15 18.51 

Rh  103 6.38 6.61 3.15 6.79 
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In ceramic industry, lanthanide oxides are employed to color the ceramic and 

glasses. Optical lenses are used in binoculars and cameras which are made of lanthanum 

oxide. Praseodymium and neodymium compounds are used in glass such as television 

screens.  Cerium oxide is used to polish glass. Lanthanides are also employed in many 

emerging technologies, including hybrid cars and rechargeable batteries. Neodymium and 

dysprosium are used to manufacture magnets due to their high magnetic strength and low 

molecular weight. Hence, they are used in electric motors to produce higher power and 

torque with smaller size and weight. These characteristics make them very useful in the 

development of hybride and electric vehicles as well as in the miniaturisation of hard disk 

drives used in many applications. Lanthanides also have important applications in nuclear 

industry. Lanthanides (La-Eu) constitute about one fourth of total fission products that are 

produced during nuclear fission of uranium or plutonium. Lighter lanthanides, e.g., La/Nd 

are used as fission monitors for atom percent burn-up determination of spent nuclear fuel 

 
Pd 105, 106, 107, 

108, 110 
7.62 16.59 1.17 14.64 

Rb 85, 87  
 

2.34 1.66 3.89 1.38 

Cs 133, 135, 137 
 

19.22 21.00 19.55 20.77 

Ba 138 
 

5.96 6.04 6.91 5.82 

Sr 88, 90 
 

5.14 3.33 9.45 3.51 

Y 89 
 

3.01 1.80 4.76 1.72 

Tc 99 
 

6.20 5.77 6.14 6.19 

Xe 129, 131, 132, 
134, 136 

22.68 24.23 21.75 24.76 

Kr 83, 84, 85, 86  
 

3.23 2.22 4.79 2.11 
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[47-49]. For e.g., Nd148 is used as fission monitor for the atom percent burn-up 

determination of PHWR spent fuel. Similarly, elemental yield of Nd was used as fission 

product monitor [49].  

1.3.3 Actinides 

Actinide [40, 50] series covers 15 elements from actinium (atomic no 89) to 

lawrencium (atomic no 103). As in the case of lanthanides, the ionic radius of actinides also 

decreases with increase in atomic number (Fig.1.6).  

 

Fig.1.6. Variation of ionic radii of lanthanides and actinides with atomic number [40] 
 

All elements in this series form a separate group within the periodic table due to the 

similarity in their chemical properties. The actinide series derives its name from group 

element actinium. Actinides with mass no ≥ 232 [38] can undergo nuclear fission and 

release energy upon nuclear fission. Hence, actinides are very important elements as nuclear 

fuel materials.  
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Actinides such as actinium, thorium, protactinium, and uranium are found in nature 

and other actinides in the series are produced artificially in nuclear reactors.  Uranium and 

thorium have long half life and are present in the earth crust in a significant amount. Most 

abundant thorium ores are thorimite, thorite and monazite. Main uranium ore in the earth 

crust is uraninite which is also called as pitchblende. It is a mixture of its oxides in the 

minerals. Other uranium ores are carnitite and autunite. The actinides such as neptunium, 

plutonium and americium etc. are man-made and are produced in nuclear reactions. Due to 

the radioactivity of actinides as well as their importance in nuclear energy, the chemistry of 

most of these elements has been investigated thoroughly [50-52].  

The main application of actinides is the production of nuclear energy and the most 

important isotopes are uranium-235 and plutanium-239. In nature, uranium consists 

primarily of two isotopes, U-238 (99.28%) and U-235 (0.72%). Other fissile isotopes are  

U-233 and Pu-239. U-238 is fertile isotope and through neutron capture followed by beta 

(β-) decay, U-238 produces fissile isotope, Pu-239.  

239 239239( n ,γ ) β β238
23.5 min 2.35 d

U U Np Pu
− −

→ → →  

Thorium is three times more abundant in the earths crust than uranium. Thorium-

232, which is also a fertile isotope, can be used to produce U-233. Absorption of neutron by 

Th-232 followed by beta (β-) decay produces the fissile isotope U-233 which can be used as 

thermal reactor fuel.  

233 233233( n ,γ ) β β232
22.3 min 27 d

Th Th Pa U
− −

→ → →  

Actinides also have other applications. Uranium compounds are employed in 

photography for toning, in leather, wood industries for stains and dyes and also as mordents 
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of silk [53]. Short lived isotopes are used for portable power batteries, smoke ionization 

detector, treatment of crayfish and neutron radiography. Thorium is employed as light–

emitting material of gas mantles and as emitter in monochromatic X-ray tube. Thorium is 

also used in multicomponent alloys of magnesium and zinc. Th-Mg alloys are light, strong, 

and of high melting point and ductility. Therefore, these are employed in aviation industry 

and production of missiles. Thorium has good electron emission properties with long life 

time and low potential barrier for the emission. Uranium and thorium isotopes are used to 

estimate the age of various objects including stars. 

Americium is employed in smoke detectors. Californium-252 has application as a 

strong neutron emitter [54]. Californium can be used in radiation therapy to treat certain 

cervical and brain cancers. It also can be used in the radiography of aircraft to detect metal 

fatigue, in neutron-activation detectors of explosives at airports. Pu-238 was used as the 

energy source in heart pacemakers [55].  

1.3.4 Burn-up (Atom percent fission) 

The term burn-up is employed to denote total amount of energy released by a known 

quantity of fuel during its life-time in a nuclear reactor. The burn-up is commonly expressed 

in units of atom percent fission or megawatt day/tonne (MWd/t) or gigawatt day/tonne 

(GWd/t).  Studies on dissolver solutions of nuclear reactor fuels are essential for fuel 

management, waste treatment, quantification of transuranium elements etc. Measurement of 

atom percent fission or burn-up, an important characteristic of fuel performance is an 

outcome of the above studies [56-57]. Atom percent burn-up is defined as the number of 

fissions per 100 initial heavy element atoms, and can be expressed as  
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( )( )% 100...............(1.17)

A

Y
Atom fission

AH
Y

      = × +  
 

where “A” is the number of atoms of fission product monitor, “Y” is the effective 

fractional fission yield for “A” and “H” is the residual heavy element (e.g., U+Pu) atoms in 

the dissolver solution. The following are the main properties of fission monitors  

1. They should have low capture cross-section and low formation and burn-out cross 

section. 

2. They should be stable (or should have a very long half life).  

3. They should not migrate in the fuel matrix at the operating temperature.  

4. They should have large and well known fission yields. The fission yield of the 

fission product monitor should be similar for different fissioning nuclides.  

5. Chemical separation of fission product should be feasible. Fission monitors should 

be available for accurate determination using chemical/radiochemical or mass 

spectrometric methods. 

Lanthanide fission products such as Nd or La satisfy most of the requirements of fission 

monitors. For the thermal reactor fuels, 148Nd is used as fission monitor using mass 

spectrometric technique; for fast reactor fuel, the monoisotopic 139La  is used as fission 

monitor for burn-up determination of dissolver solution of spent nuclear fuel using HPLC 

technique [49].  

1.3.4.1 Methods for atom percent burn-up determination  

Various methods have been developed for the measurement of burn-up of dissolver 

solutions of spent nuclear fuels and are described below [58-63]. 
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1. Heavy elements isotopic ratio method: In this method, burn-up of spent fuel is 

determined by measuring the isotopic ratio of heavy elements (e.g., U and Pu) on an 

unirradiated fuel specimen and dissolver solution of fuel after irradiation. This 

method is applicable generally for fuel with an appreciable burn-up.  

2. Heavy atoms difference method:  In this method, burn-up is determined by 

measuring the total difference of heavy element atom contents of solution of both 

un-irradiated and irradiated fuel specimens. This method again is employed for 

relatively higher burn–up only, e.g., 5-10 atom percent burn-up 

3. Fission product monitor method:  In this method, fission product monitor and 

residual heavy element contents of dissolver solution of irradiated fuel are estimated 

and then using fission yield data of fission product monitor, burn-up is calculated 

using the equation (1.17). In this method, fission product monitor is estimated using 

radiochemical (if it is radioactive) or instrumental technique such as 

spectrophotometry, X-ray, mass spectrometry [56, 64-67] and HPLC method [48-

49, 68]. This technique is applicable for low as well as high burn-up. 

1.3.5 Importance of separation of lanthanides and actinides 

The separation of lanthanides is very important for various applications such as 

geological applications [45, 69] in nuclear industry [47-49] and other applications which 

were discussed elsewhere in this chapter. In case of geological application, lanthanides 

separation is very important for the investigation of rare earth mineral resources, isotopic 

analysis for the clarification of the geological history of the earth and analysis of living 

samples for the investigation of natural distribution of lanthanides in the biosphere. 

Efficient separation of lanthanides e.g. La and Nd is required in a shortest possible time for 
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the burn-up determination of dissolver solution of spent nuclear fuel to minimize radiation 

exposure to operator and also reduce liquid waste generation.  

  1.3.5.1 Methods for lanthanides and actinides separation  

The classical methods for the separation of lanthanides were fractional 

crystallization, precipitation and redox conversion method. These methods are time 

consuming, laborious and not very efficient for the individual separation of lanthanides.  

Afterward, more efficient separation techniques such as solvent extraction and ion-

exchange methods [70-76] were developed. For the assay of low level of lanthanides, an 

efficient separation and preconcentration techniques are required to achieve accurate and 

reliable results.  

The classical method for actinide separation by column chromatography using 

Dowex-50 cation exchange resin with α-HIBA as complexing agent was crucial in 

discovery and identification of actinides [77-78]. 

Different methods are available for determination of actinides such as radiochemical 

method [79], flame atomic absorption [80], neutron activation analysis [81] and inductively 

coupled plasma mass spectrometry [82].   

Several analytical techniques have been developed for the separation and 

determination of lanthanides and actinides [47, 69, 83-84]. Chromatographic techniques are 

more efficient compared to other analytical techniques and provide rapid separation of 

individual lanthanides as well as actinides. Amongst these techniques, HPLC with on-line 

detection is a well established method owing to its high speed, good sensitivity and multi-

elemental analysis capability using a single injection [47-48]. 
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1.3.5.2 High performance liquid chromatography (HPLC) for the separation of 

lanthanides  

High performance liquid chromatography technique based on dynamic ion-exchange 

method was employed for the separation of lanthanides and actinides. After invention of 

HPLC in 1960’s, separation of lanthanides was reported first by Sisson et al [85] and 

Schadel et al [86]. Initially, separation of lanthanides was carried out using conventional 

ion-exchange method [87-88]. However, these methods have certain limitations such as 

fixed capacity and poor mass transfer of analyte that resulted in longer analysis times and 

poor column efficiencies. Weak organic acids such as α-hydroxy isobutyric acid (α-HIBA), 

citric acid, lactic acid, tartaric acid and α-hydroxy-α-methyl butyric acid were employed as 

complexing agent for separation of lanthanides [77, 89-93].   

Dynamic ion-exchange HPLC technique [48-49, 67-68, 94-97] was developed to 

improve the efficiency for individual separation of lanthanides due to several advantages 

compared to conventional ion-exchange technique such as variable capacity of the 

dynamically modified column and high column efficiency.    

In dynamic ion-exchange HPLC technique, a hydrophobic stationary phase, e.g., C18 

was employed with a suitable ion-pairing reagent for metal ion separations. In this 

technique, the stationary phase is converted into an ion-exchange support with suitable 

modifier reagents. Some examples of ion-pairing reagents include pentane sulfonate, 

hexane sulfonate, octane sulfonate, and camphor sulfonate. Separation mechanisms using 

these techniques are explained on the basis of dynamic ion exchange, ion-pair and ion-

interaction models [98-102]. The schematic of the separation models are shown in Fig.1.7.  

In the dynamic ion exchange mode, the modifier is assumed to be sorbed onto a 

reversed phase C18 support to create an ion-exchange surface. The adsorbed ion-pairing 
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reagent (IPR) imparts a charge to the stationary phase causing it to behave as an ion 

exchanger. A constant interchange of ion-pairing reagent (IPR) occurs between stationary 

phase and mobile phase, leading to formation of dynamic ion-exchange surface. The sample 

ions are then exchanged between stationary phase and mobile phase by an ion exchange 

mechanism (Fig.1.7b). The total concentration of the ion-pairing reagent adsorbed on a 

stationary phase is dependent on its concentration and its hydrophobicity.  

The ion-pair model suggests formation of an ion-pair complex between an analyte 

ion and modifier; the ion-pair complex is subsequently partitioned between stationary phase 

and mobile phase (Fig.1.7a). Retention results mainly as a consequence of interaction 

taking place in the eluent between solute and ion-pairing reagent and the subsequent 

partition of the complex to the stationary phase. The degree of retention of ion-pair depends 

on the hydrophobicity of the ion-pairing reagent.  

The ion-interaction model (1.7c) is viewed as an intermediate between the dynamic 

ion exchange and ion pairing models. It incorporates both the adsorptive effects which form 

the basis of dynamic ion exchange and the electrostatic effects, which are the basis of ion-

pair model. The ion-pairing reagent is considered to be in dynamic equilibrium between the 

stationary phase and mobile phase, resulting in the formation of an electric double layer at 

the surface of stationary phase. The adsorbed ion-pairing reagent constitutes a primary layer 

of charge to which a diffused secondary layer of oppositely charged ions, i.e., mainly 

counter ions of ion-pairing reagent are attracted. The solute has to compete for a position in 

the secondary charged layer from which it tends to move into the primary layer as a result 

of electrostatic attraction.  
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Fig.1.7. Schematic illustration of (a) the ion-pair (b) the dynamic ion-exchange and (c) 
the ion-interaction models for the retention of anionic solutes in the presence of a 
lipophilic cationic ion-interaction reagent (IIR) [98, 101].  

 
The presence of solute in the primary layer causes a decrease in the total charge of 

this layer; to maintain charge balance, more ion pairing reagent ion must enter the primary 

layer. This indicates that the adsorption of a solute ion having opposite charge to the ion 

pairing reagent is accompanied by the adsorption of an ion pairing reagent ion. The overall 
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result is that the solute retention involves a pair of ions, i.e., solute and ion pairing reagent 

ions, but not necessarily an ion-pair. Though many of these models define the solute 

retention under certain conditions, the exact mechanism could be the combination of 

dynamic ion-exchange, ion-pair and ion-interaction mechanisms. 

1.3.5.3 Retention of actinides 

Retention behaviour of actinides such as U, Th and Pu on reversed phase support as 

well as modified reversed phase support was studied and reported [103-109]. Various 

complexing agents were employed for the separation of U and Th. Hao et al. [103] reported 

retention behaviour of U and Th on reversed phase support using α-HIBA as the mobile 

phase. Complexing agent such as, glycolic acid, mandelic acid, lactic acids were also 

employed for separation of U and Th [94-95, 110-111].  

Barkley et al reported separation of actinides and lanthanides on dynamic ion-

exchange technique using n-octane sulphonate as an ion-pairing reagent and α-HIBA as a 

complexing agent [112]. Separation of uranium and thorium from other metal ions in 

natural waters and geological materials was investigated on ion chromatography using 

cation-exchange resin [113-114]. 

Speciation of various actinides such as uranium, thorium, americium plutonium and 

neptunium in environmental samples, e.g., carbonate free and carbonate-rich natural water 

was investigated [115]. Speciation of plutonium in natural water was also reported [116].  

For understanding the behaviour of actinides in biological system, speciation of actinides in 

biological process was investigated [117]. Speciation of actinides such as U, Th with         

α-HIBA was also studied [103, 106].  
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1.4 Methods for the determination of stability constant of lanthanides and actinides 

Stability constant is a measure of the strength of the interaction between metal and 

ligand that form the complex. A stability constant which is also known as formation 

constant or binding constant is an equilibrium constant for the formation of a complex in 

solution. Stability constants have many applications in different branches of science such as 

in chemistry, biology and medicine. Methods for determination of stability constant of 

various metal complexes are potentiometry, conductometry, polarography, 

spectrophotometry, solvent extraction, ion exchange, different chromatographic methods 

(gel chromatography, ion chromatography, RP-HPLC etc) and capillary electrophoresis 

[118-121]. 

The individual separation of lanthanides and actinides depend on the stability 

constants of the lanthanide and actinide complexes. Lanthanides/actinides are hard acids 

and according to HSAB (hard soft acid base) principle, hard acid interacts preferentially 

with hard base, i.e., ligands containing oxygen and nitrogen. Lanthanides and actinides form 

strong complexes with oxygen containing organic acids such as α-HIBA, lactic acid, 

glycolic acid, mandelic acid etc. The stability constant of lanthanides with these ligands are 

key to identify the best complexing reagent for high performance separation. The elution 

pattern of lanthanides depends on the stability constants of the lanthanide complexes 

formed with ligands. The higher the stability constant of Ln–ligand complexes, faster will 

be their elution during chromatography.   

1.5 Ionic liquid and its application in chromatography 

Ionic liquids (ILs) are substances that are entirely comprised of ions (cation and 

anion). Ionic liquid with melting point below 100oC is referred to as room temperature ionic 

liquid (RTIL). Properties of ionic liquid are high viscosity, excellent thermal stability, low 
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combustibility, low vapour pressure and large electrochemical window. Due to their 

distinctive properties, room-temperature ionic liquids are employed in various applications 

such as in synthesis, catalysis [122-127], separations [128], and electrochemistry [129-131]. 

The physical as well as chemical properties of the room temperature ionic liquid can be 

tuned by careful choice of cation/anion. Therefore, they are also referred to as designer 

solvents.  Recent advancements in ionic liquids research provide another route for achieving 

task-specific ionic liquids (TSILs) in which a functional group is covalently attached to the 

cation or anion part of the ionic liquid. Growing interest in ILs has been observed in 

chromatographic method such as gas chromatography (GC), capillary electrophoresis (CE) 

and liquid chromatography (LC). In gas chromatography ionic liquids are employed as 

stationary phase for separation of volatile organic compounds [132-135]. In liquid 

chromatography, ionic liquids are employed as mobile phase and also as modifier in 

stationary phase material for separation of biomolecules, natural products, amines, amino 

acids, nuclei compounds, drugs etc. [136-139].  

1.6 Scope of Present work 

In the present work, individual separation of lanthanides and actinides was 

investigated on reversed phase supports such as small particle (1.8 µm) support and 

monolith based supports. These methods were subsequently employed for the burn-up 

measurement on dissolver solutions of nuclear reactor fuels. A single stage double column 

chromatographic technique was investigated for the burn-up measurement on dissolver 

solution of PHWR (Pressurised Heavy Water Reactor, MAPS, Kalpakkam, India) and Fast 

reactor fuel (FBTR, Kalpakkam, India). An HPLC technique has been investigated for the 

estimation of lanthanide impurities in uranium matrix (1 in 106) using the dual column 

technique. 
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A method for the correlation of retention of lanthanide and some actinide complexes 

with the stability constant was investigated. The retention times as well as capacity factors 

of lanthanides and actinides were measured as a function of CSA, organic acid 

concentrations and mobile phase pH. From these studies, a correlation has been established 

between capacity factor of a metal ion, concentrations of ion-pairing reagent and 

complexing agent with the stability constant of lanthanide/actinide complex. Based on these 

studies, it has been shown that the stability constant of lanthanides and actinides can be 

estimated for a ligand, whose value is not reported in literature.  Speciation data for 

plutonium in various oxidation states were obtained with α-HIBA from stability constant 

data. These studies were also employed to explain the elution behaviour of plutonium 

(various oxidation states), uranium and thorium. The elution behaviour of lanthanides and 

actinides was also investigated as a function of temperature using dynamic ion-exchange 

and reversed phase chromatographic techniques. Retention behaviour of lanthanides and 

actinides was examined using task specific ionic liquids as mobile phase. The individual 

separation of lanthanides and separation of uranium from thorium was investigated with 

various ionic liquids. 

Organization of the thesis 

This thesis is organized into the following Chapters 

CHAPTER 1: Introduction  

CHAPTER 2: Experimental  

CHAPTER 3: Rapid Separation of Lanthanides and Actinides on Small Particle  
                        Based Chromatographic Supports.  
 
CHAPTER 4: Liquid Chromatographic Behaviour of Lanthanides and Actinides  
                         on Monolith Based Supports  
 
CHAPTER 5: Burn-up Measurement on Dissolver Solution of Nuclear Reactor  
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                         Fuels using HPLC 
 
CHAPTER 6: Correlation of Retention of Lanthanide and Actinide Complexes with  
                       Stability Constants and their Speciation 
 
CHAPTER 7: Influence of Temperature on the Elution Behaviour of Lanthanides  
                        and Some Actinides on Reversed Phase Supports  
 
CHAPTER 8: Task-Specific Ionic Liquids in Liquid Chromatography-Studies on  
                        the Retention Behaviour of Lanthanides and Some Actinides  
 
CHAPTER 9: Summary and Conclusion   
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                                  Chapter-2 

Experimental 

 

2.1 HPLC Instrumentation 

The components of HPLC system employed in the present work consisted of the 

following  

(1) Mobile phase reservoir  

(2) Solvent delivery pumps (Jasco PU-1580)  

(3) Gradient mixer  

(4) Sample injector (Rheodyne 7725). 

(5) Reversed phase C18 columns  

(6) Post-column delivery system (Jasco PU-1580)  

(7) UV-VIS Spectrophotometric detector (190-900 nm) (Jasco UV-1570) 

(8) Data acquisition system 

Each component of HPLC system is described below. The schematic diagram 

and photograph of HPLC system are shown in Fig.2.1 and Fig.2.2 respectively.  

The HPLC system was set-up in fumehood for studies involving radioactive 

materials. High pressure pumps used for the delivery of mobile phase and post-column 

reagent were placed outside the fumehood. However, the Rheodyne sample injector, 

columns, and detector were kept inside the fumehood. The eluate from the 

chromatographic experiments was collected inside the fumehood. The data acquisition 

(Borwin Software) from the UV-Vis detector was done through cables, connected to a 

computer through a Borwin interface, which was kept outside the fumehood. The 

schematic of the radioactive HPLC system is shown in Fig.2.3. 
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Fig.2.1. Schematic diagram of High Performance Liquid Chromatography (HPLC) 
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Fig.2.2. Photograph of HPLC system used in present study 
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Fig.2.3. Schematic diagram of HPLC system for radioactive sample analysis 
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2.1.1 Solvent (mobile phase) reservoir  

Mobile phase reservoir is an essential part of the HPLC system. Glass reagent 

bottles were employed as solvent reservoir. For isocratic applications using premixed 

mobile phase, only a single reservoir was employed whereas two reservoirs were 

employed for gradient applications. Mobile phases should be free from particulate 

matters which otherwise may damage the pumps by accumulating at the top of the 

column and cause plugging; mobile phase was hence degassed using sonication to 

remove the dissolved gases. After sonication, mobile-phase was filtered through 0.2 µm 

filter prior to delivering solvent through a column.  

2.1.2 High pressure pump 

The solvent delivery pumps are very important part for delivering mobile phase 

that carries the sample component through stationary phase support. The most important 

characteristic of the HPLC pump is its ability to deliver pulse-free flow of a solvent at 

constant rate. A pressure up to 500 bar can be generated by the solvent delivery systems 

employed in the present work. In the present study, reciprocating dual piston (Fig.2.4) 

pumping systems were employed for the delivery of solvents [2].  

 

 

 

 

 

 

 

Fig.2.4 Schematic diagram of HPLC reciprocating pump [2] 
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2.1.3 Tubing and fittings 

Tubing and the fittings are required to connect various components of HPLC 

system for transporting the mobile phase and sample. Narrow bore stainless steel 

tubings (outer dia ~ 1/16 inch; Inner dia ~ 0.1-0.3 mm) were employed for the 

connections between solvent containers, pumps, columns and detectors.  

 2.1.4 Gradient mixer 

 In case of gradient elution, the mobile-phase composition was altered during the 

chromatographic run and hence on-line mixing of solvents from two separate reservoirs 

was employed. High-pressure gradient mixing system was employed in the study for 

gradient elution. Two pumps were employed for high pressure gradient mixing. 

2.1.5 Sample Injector 

In the present study, a Rheodyne sample injector (7725/7125) (Fig.2.5) was used 

with 20/100/200 µL sample loop. This sample injector contained a six-port injection 

valve with a sampling loop. Sample solutions were injected into the column through a 

20/100/200 µL sample loop injector.  

 

 

 

 

 

 

 

 

 

 

2.1.6 HPL 

Fig.2.5. HPLC Rheodyne sample injector [2] 
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2.1.6 HPLC Columns 

Column is the heart of the HPLC system. In the present study, the following 

reversed phase columns were employed [(a). C18, 250 mm x 4.6 mm, 5 µm (Hypersil); 

(b). C18, 50 mm x 4.6 mm, 1.8 µm (Peerless); (c). C18, 30 mm x 4.6 mm, 1.8 µm 

(Peerless); (d). Reverse phase monolith columns with dimensions, surface area, 

macroporous and mesoporous structure of {(i). 100 mm x 4.6 mm, chromolith (Merck), 

300 m2g-1, 2 µm, and 13 nm. (ii). 50 mm x 2 mm (Merck); 300-360 m2g-1, 1.5 µm, and 

10 nm respectively}]  

To enhance the life time of the reversed phase column, a guard column was 

placed before the column. The guard columns pick up any particulates that are present at 

the exit of the pump.  

2.1.7 HPLC Detector 

Detector is the eye of HPLC system [140]. In the present work, it was positioned 

after the column and detects sample molecules after elution from the chromatographic 

column. The main characteristics of liquid chromatographic detector used in the present 

work are high sensitivity (measurable minimum absorbance: 0.0005 ABU; Noise < 

±0.000005 ABU; Drift: < 0.0002 ABU/h), ability to remain unaffected by changes in the 

temperature and mobile phase flow rate, reliability, the convenience for usage, linear 

response with the amount of solute, and wide dynamic range. Detection limits of some 

lanthanides (La, Ce, Pr, Nd and Sm) and actinides (U and Th) under typical 

experimental conditions were measured and results are given in Table.2.1.  

The UV-Vis detector works on principle of Lambert-Beers law which is written 

as 

0

A  =  l o g  b c
I

I
ε

  =  
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where A, Io, I, ε, b, c are absorbance, intensity of incident light, intensity of the 

transmitted light, molar absorptivity (or molar extinction coefficient) of the sample, cell 

path-length in cm, and sample concentration in mole/lit respectively.  

 

Table.2.1. Detection limits of some lanthanides (La, Ce, Pr, Nd and Sm) and some 

actinides (U and Th)    

25 cm length reversed phase support 

Experimental 
conditions  

Elements Detection limits 

 
(µg) 

 
(ng) 

 
 

0.01 M CSA + 
0.1 M α-HIBA; 
pH:3; Flow rate: 

2 mL/min;  

 

 

Lanthanides 

La 0.011 11 

Ce 0.013 13 

Pr 0.013 13 

Nd 0.014 14 

Sm 0.014 14 

0.15 M α-HIBA; 
pH:3; Flow rate: 

2 mL/min  

Actinides U 0.027 27 

Th 0.025 25 

*Precision of the measurement: ±1 to 2 % 

* Detection was carried out using post-column derivatisation method with  
  arsenazo(III) at 655 nm. 
 

Due to the high sensitivity of this detector, tens of ng levels of analyte, e.g., 

lanthanide ions can be detected.  The flow cells used for absorption detectors are 

designed to expose the maximum length of sample for the light to pass through, while 

keeping the volume as small as possible, to ensure that the resolution is not 

compromised. The cell has a “Z” shape to provide the maximum path length with a cell 

volume as low as 8 µL.   
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2.2 Post-column derivatisation method for detection  

In the present study, post-column derivatisation technique was employed for the 

detection of lanthanides and actinides. In this technique, the effluent from the column 

was mixed with the colouring reagent, Arsenazo(III) (2,2’-(l,8-dihydroxy-3,6- 

disulfonapthalene-2,7-bisazo)bis(benzene-arsenic acid)) after the column using a “T” 

connector and the complex was sent to a UV-Vis detector. The lanthanide (La-Lu) and 

actinide (U, Th, Am and Pu) complexes were detected at 655 nm. The rapid and 

efficient mixing of colour-producing reagent with eluent is essential and dead volume 

must be minimised for achieving better resolution and sensitivity. Colouring reagent, 4-

(2-pyridylazo)-resorcinol (PAR) was also employed in the present work for detection of 

transition metal ions at 530 nm. The molar absorption coefficient of lanthanide-arsenazo 

complex, e.g., La-arsenazo and uranium-arsenazo complexes were found to be ~ 64,000 

and 49, 000 lit-mol-1-cm-1 respectively under typical experimental conditions (0.01 M 

CSA + 0.1 M α-HIBA solution with pH: 3.5).  

2.3 Preparation of standard solution of lanthanides, U, Th, Pu and Am  

Lanthanide standards were prepared from their respective oxides by dissolving 

them in  concentrated nitric acid medium, evaporating to near dryness, re-dissolving in 

0.01 N HNO3  and standardising with EDTA. In this standardisation procedure, initially, 

standard solutions of EDTA were prepared by dissolving solid di-sodium di-hydrogen 

ethylenediaminetetraacetic acid dihydrate with a few crystals of sodium hydroxide in 

deionised water. The EDTA solution was standardized by titrating with standard 

magnesium solution at pH 10 using ammonium chloride-ammonia (NH4Cl-NH3) buffer 

using Eriochrome Black T as the indicator. Aliquots of lanthanides solutions were 

standardised at a pH 6 with standard EDTA solution, using hexamethylene tetramine 

(HMTA) as buffer and methylthymol blue as indicator [141-142].  
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Uranium standards were prepared from U3O8 by heating at 6000C for 6 hrs 

followed by dissolution in concentrated nitric acid medium. The uranium solution was 

evaporated to near dryness and re-dissolved in 1 N HNO3. Thorium standards were 

prepared by dissolving thorium nitrate in 1 N HNO3 medium. The solutions of thorium 

and uranium were standardized by complexometric titration with diethylenetriamine 

pentaacetic acid (DTPA) [143] and gravimetry [144] (as U3O8) respectively.  Generally, 

standard solution of lanthanides, U and Th in 0.01N HNO3 medium were injected into 

HPLC system.   

The plutonium solution was standardized by potentiometric titration. In this 

method, plutonium was oxidised to +6 state with an oxidising reagent, e.g., silver oxide 

in nitric acid medium and the excess oxidising reagent was destroyed by treatment with 

sulphamic acid. Subsequently, 0.1 M ferrous ammonium sulphate was added to convert 

plutonium from +6 to +3 state. Plutonium solution was titrated with standard potassium 

dichromate solution using calomel as reference electrode and platinum as working 

electrode.   

Plutonium(IV) nitrate solution was reduced to Pu(III) using hydroxylamine 

hydrochloride. PuO2
+2 was prepared by the addition of AgO to solution of plutonium.  

Similarly, NaNO2 was added to a solution of plutonium for the preparation of Pu(IV) 

sample. 

Americium solution was standardised by counting method. In this method, Am 

stock solution was diluted with 1 M HNO3 medium. The diluted americium solution was 

planchatted in stainless steel disk and its activity was counted in alpha scintillation 

detector. From the efficiency of the counter, activity of standard americium was 

calculated. Am solutions were also assayed by counting its 60 KeV gamma ray using 

NaI (Tl) detector.   
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Pu(III), Pu(IV), PuO2
+2 and Am(III) in 0.01 N HNO3 medium were injected into 

the HPLC system. 

2.4 Calibration studies  

 For preparing calibration plots, lanthanide samples (La-Eu) over the 

concentration range of 2-50 ppm, U(2-150 ppm) and Pu(III) (4-25) (injected amount, 20 

µL) were introduced into the HPLC system using dynamically modified (with ion-

pairing reagent, CSA) 3 cm length support of 1.8 µm particle size and 10 cm length 

monolith support.  

 In the reversed phase chromatographic study, U (2-100 ppm), Pu(IV) (2-20 ppm) 

and Pu(III) (4-25 ppm) nitrate solutions were injected into the HPLC system for the 

calibration studies. Sodium nitrite was added to ensure plutonium in its Pu(IV) oxidation 

state. Pu(III) was prepared from Pu(IV) nitrate solutions by the addition of 

hydroxylamine hydrochloride. The correlation coefficients were found to be 0.999-0.996 

for lanthanides and 0.999 and 0.997 for uranium and plutonium respectively. 

2.5 Mobile phase preparation 

Mobile phase solutions were prepared using Milli-Q water. In the dynamic ion-

exchange chromatographic experiments, ion-pairing reagent, camphor-10-sulfonic acid 

(CSA) was mixed with complexing agent, e.g., α-HIBA and employed as the eluent. 

Appropriate amounts of CSA with α-HIBA were dissolved in water and the pH was 

adjusted with dilute ammonia. In reversed phase chromatographic experiments, mobile 

phase was prepared by dissolving appropriate amounts of complexing agent (e.g., α-

HIBA) in HPLC grade water and its pH was adjusted with ammonia. The post-column 

reagent, Arsenazo(III) (Tokyo Kasei) was prepared in water (0.15 mM) and used as such 
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throughout the study. The mobile phase and post-column reagent solutions were 

degassed and filtered through 0.2 µm filter prior to use.   

2.6 Preparation of “dynamically” coated columns 

The reversed phase columns (3 cm length (1.8 µm), 5 cm length (1.8 µm), 25 cm 

length (5 µm), and 10 cm length monolith) were modified into a dynamic ion-exchange 

support using water soluble modifier, e.g., ion-pairing reagent, CSA. A mobile phase 

solution (CSA+ α-HIBA) was passed through the reverse phase support to establish a 

dynamic ion-exchange surface. About 25 mL of mobile phase was passed through 3/5 

cm length columns to establish a dynamic ion-exchange surface. In the case of 25 cm 

length column, about 50 mL of mobile phase was passed prior to sample injection. 

 2.7 Preparation of “Permanently” coated columns  

In the present study, permanently coated columns were prepared by passing a 

solution of an extractant, e.g., TOPO through a reversed phase supports (5 cm and 25 

cm) at a typical flow rate of 0.2 mL/min. TOPO solutions were prepared in a methanol-

water mixtures (typically,  75:25 v/v methanol to water). Higher methanol content was 

employed in some studies to ensure complete dissolution of TOPO. When the coating 

was completed, the column was washed with about 20 mL water. Appropriate mobile 

phase was employed for separation of sample molecules. 
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Chapter-3 
 

Rapid Separation of Lanthanides and Actinides on Small Particle Based 
Chromatographic Supports 

 

3.1 Introduction 

Advances and developments in the chemistry of lanthanide separation by liquid 

chromatographic techniques have been reviewed in literature [145-146, 84]. The procedures 

for isolation of lanthanides from dissolver solutions of nuclear reactor fuels for burn-up 

measurements were discussed [48-49, 147]. Lighter lanthanides (La, Ce, Pr, Nd, Sm and 

Eu) constitute about one fourth of the total fission products produced in nuclear fission of 

uranium or plutonium [38]. Thus accurate estimation of Nd or La in the dissolver solution 

can be used to determine number of fissions taken place in the spent nuclear reactor fuel 

[48-49, 147-148].   

 Separation of lanthanides in about 9 min using C18 support with sodium 

octanesulfonate as the ion-pairing reagent and α-HIBA as the complexing reagent for 

elution was reported [48]. In these studies, a 15 cm length reversed phase column was 

employed with 0.01 M sodium octanesulfonate as modifier. The α-HIBA concentration was 

varied from 0.05 to 0.4 M in a gradient elution mode. In another study, a mixture of           

α-HIBA and sodium n-octanesulfonate was employed for the separation of individual 

lanthanides, the total separation time of lanthanides, U and Th was found to be 11 min [95]; 

lanthanides were mutually separated from each other in about 8 min. In one of the studies, 

mandelic acid was employed as the complexing reagent for elution with octanesulfonate as 

the ion-pairing reagent for the separation of lanthanides [94]; using a gradient delivery of 

mandelic acid, lanthanides were separated from each other in about 20 minutes. A 
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separation procedure for the isolation of individual lanthanides using camphor-10-sulfonic 

acid (CSA) as the ion-pairing reagent was reported [49, 148]. In all these studies, the 

separation of lanthanides using gradient elution was achieved in not less than 8 minutes 

using 15 or 25 cm length supports of 5 µm particle size.   

The separation of lanthanides from uranium matrix, uranium from thorium etc in 

various studies related to nuclear fuel cycle, demands rapid and high-resolution separation. 

Reversed phase HPLC has become a powerful technique for separation of uranium and 

thorium [94, 103, 110]. Retention behaviour of uranium and thorium on polystyrene 

substrates modified with metal chelating reagents such as dipicolinic acid, calmagite and 

“PAR” was reported [113, 149]. In all these studies, retention of uranium and thorium was 

investigated using 5 µm particle sized supports.    

3.1.1 Need for development of ultra-fast separations 

The development of HPLC based methods for rapid separation of individual 

lanthanides and actinides is important to reduce the radiation exposure to the analyst during 

the course of determination of burn-up of a dissolver solution of nuclear reactor fuel; 

similarly, assay of lanthanides and actinides in various streams of nuclear fuel cycle e.g. 

high level liquid waste demands rapid separation procedures to minimize radiation exposure 

and also helps in minimization of secondary waste generation. The selection of appropriate 

column length with suitable particle size is an important factor for achieving rapid and high 

resolution separations. The best possible way to decrease plate height and analysis time is to 

decrease the particle size of the column packing material. The efficiency of a 

chromatographic column as a function of mobile phase flow velocity can be described by 

the van Deemter equation [2]; decreasing the particle size causes an improvement in 

separation efficiency per unit column length. Thus the major motivation in the present study 



 51 

towards use of small particle size (1.8 micron support material) column is to enhance 

separation efficiency with faster analysis for the isolation of individual lanthanides as well 

as actinides from highly radioactive solutions for burn-up measurements on nuclear reactor 

fuels and that could enable reduction in the radiation exposure to the operator 

 However, the use of small particle size i.e. 1.8 micron results in a high back pressure 

and results in the need for systems to deliver solvents at high pressures, typically in the 

range of 500 bar with precise flow rates. Thus UPLC (ultra high pressure liquid 

chromatography) technique employing columns containing stationary phase materials of 

small particle size e.g. 1.8 µm necessitates use of high operating pressures, i.e., 400-1000 

bar depending on the flow rate and column length. In this chapter, results on the use of 

small particle (1.8 µm) based reversed phase support for the development of rapid 

separation of lanthanides and actinides were discussed. Columns with 1.8 µm based 

supports were employed in the present work to obtain high column efficiencies for the 

development of rapid separation procedures by using the traditional HPLC pumping system 

itself, i.e. with a solvent delivery system that delivers mobile phase up to 500 bar. In these 

studies, efforts were made to investigate the retention behaviour of lanthanides under 

various experimental conditions on 1.8 µm columns with 3 cm as well as 5 cm length to 

effectively achieve the shorter separation time, leading to the development of rapid 

separation methods. The results obtained were compared with the traditionally employed   

25 cm length column of 5 µm particle size. Based on the investigations with 1.8 µm particle 

sized 3 cm length support, a reversed phase HPLC method has also been developed for the 

rapid and accurate analysis of lanthanide elements in uranium matrix.  
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3.2 EXPERIMENTAL 

In dynamic ion-exchange experiments, about 25 mL, 25 mL and 50 mL of mobile 

phase was passed through 3 cm, 5 cm and 25 cm length columns respectively prior to 

sample injection. Similarly, in reversed phase chromatographic separation of uranium and 

thorium, α-HIBA was employed as complexing agent and about 20 mL was passed through 

the 3 and 5 cm length columns, while 30 mL was passed through 25 cm length column for 

equilibration prior to sample injection. Linear calibration plots for lanthanides (1-25 ppm), 

U (2-200 ppm) and Th (2-50 ppm) were obtained in the chromatographic experiments. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Lanthanide separations – gradient elution 

In the present study, a 25 cm length reversed phase column with a 5 µm particle size 

was initially employed for individual separation of lanthanides. A CSA solution of 0.01 M 

was employed as modifier. The concentration of HIBA was altered from 0.05 to 0.15 M 

(pH: 3.7). The lanthanides could be separated from each other in about 7.8 min, on par with 

some of the studies reported earlier (Fig.3.1). 

To reduce the separation time further, 1.8 µm particle size based reversed phase 

supports were investigated in the present work for the isolation of individual lanthanides. 

Various gradient profiles were employed by varying the concentrations of CSA (0.01, 0.02, 

and 0.025 M), α-HIBA and mobile phase pH (3.3-4). However, the concentration of CSA as 

well as pH was generally kept constant during the course of gradient run; only, α-HIBA 

concentration was varied (0.05 to 0.15 M) in a gradient mode to effect the separation. For 

the 5 cm column length and 1.8 µm particle size support, under suitable experimental 

conditions (Table.3.1), a rapid separation of the individual lanthanides was achieved, the 

typical separation time being 4.9 min (Fig.3.2).  
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Fig.3.1. Separation of lanthanides using gradient elution. (A) Present work: Mobile 
phase: 0.01 M CSA; α-HIBA varied from 0.05 M to 0.15 M; pH: 3.7; Flow rate: 2 mL/min. 
Detection: PCR with arsenazo(III) at 655 nm; PCR flow rate: 1 mL/min. Sample: 
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lanthanides (20 ppm) in 0.01N HNO3. (B) Vasudeva Rao et al, 2005 work: Column: 
Reverse phase C18 (25 cm length with particle size of 5 µm); Mobile phase: 0.05 M CSA; α-
HIBA varied from 0.07 M to 0.3 M; pH: 3.8; Flow rate: 2 mL/min. Detection: PCR with 
arsenazo(III) at 655 nm; PCR flow rate: 1.5 mL/min [147].  (C) Cassidy et al, 1984 work: 
Column: Supelco LC18; Mobile phase: 0.01 M 1-octanesulfonate; α-HIBA varied from 0.05 
M to 0.4 M; pH: 4.6; Flow rate: 2 mL/min. Detection: PCR with arsenazo(III) at 653 nm; 
PCR flow rate: 1.5 mL/min. Sample: lanthanides (10 ppm) [48].   
 

Table.3.1 Gradient elution for separation of lanthanides- a comparison 

 

The above studies indicated the advantage of reduction in the particle size in 

achieving faster separation. Further studies were continued with shorter column length, i.e., 

3 cm length reversed phase support for the development of gradient elution method. CSA 

solutions of 0.01 to 0.025 M were employed in independent experiments. In all these 

experiments, α-HIBA concentration was varied from 0.05 to 0.25 M. The pH of the mobile 

phase was altered in the range, 3.5-3.8, though it was kept constant in a particular gradient 

run. Using a binary gradient, various gradient elution profiles were generated and employed 

for isolation of lanthanides under various mobile phase compositions. Under various 

Column type Experimental conditions Results 
 Length 

(cm) 
Particle 
size (µm) 

CSA (M) α-HIBA (M)  pH 

25 5 0.01 0.05-0.15 3.7 a good separation of 
all 14 lanthanides; 
Separation time ~ 
7.8 min.  

5 1.8 0.01 0.05-0.1 3.7 a good separation of 
all 14 lanthanides; 
Separation time ~ 
4.9 min. 

3 1.8 0.0225 0.05-0.25 3.4 Rapid separation of 
all 14 lanthanides; 
Separation time ~ 
3.6 min. 

0.01 0.05-0.15 3.7 Good separation of 
all 14 lanthanides;  
Separation time ~  
4.2 min. 
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experimental conditions, about 200 gradients were generated and employed for the fast 

separation of lanthanides on 3 cm length reversed phase support. Some gradient profiles are 

listed in Table.3.2. In one of these studies, individual separation of lanthanides was 

achieved in about 3.6 min; the optimum conditions of CSA, α- HIBA and pH being    

0.0225 M, 0.05 to 0.25 M and 3.4 respectively (Fig.3.3). These results are summarized in 

Table.3.1 & Table.3.2. Reduction of the particle size and column length resulted in a faster 

separation of individual lanthanides; in general rapid separations were achieved with 3 cm 

length 1.8 µm support compared to the other supports. Thus both particle size and column 

length play a key role in the development of faster and efficient separation procedures.  

The capacity factor for lanthanides decreases with increase in α-HIBA concentration 

and mobile phase pH and mobile phase flow rate. However, capacity factor of lanthanides 

increases with in concentration of modifier, CSA. Variation of capacity factor with 

concentrations of α-HIBA, CSA, mobile phase pH and mobile phase flow rate are shown in 

Fig.3.4, Fig.3.5, Fig.3.6 and Fig.3.7 respectively.  

 
 
 
Table.3.2 Gradient programming for separation of lanthanides on 3 cm length 
reversed phase support 
 
 

No Gradients Experimental conditions Total 
separation 

time of 
lanthanides 

(min) 
 

Solvent 
composition 

(A) 

Solvent 
composition 

(B) 

Flow rate 
(mL/min) 

Input 
time 
(min) 

Solvent 
composition 

(A) 
1 

 

0-1.9 
2-3.6 
3.7-8 
8.1 

100% 
40% 
0% 

100% 

0.02 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.5 

0.02 M CSA + 
0.15 M          

α-HIBA; pH: 
3.5 

1 A good 
separation of all 
14 lanthanides; 

separation 
time~ 8.62 min  
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2 0-1 
1.3 
1.4 
1.7 
2.4 
2.6 
2.8 
3 

3.2 
3.3 

3.5-7.0 
7.1 

100% 
95% 
90% 
75% 
70% 
60% 
40% 
30% 
20% 
10% 
0% 

100% 

0.02 M CSA 
+ 0.05 M    
α-HIBA; 
pH: 3.5 

0.02 M CSA + 
0.15 M          

α-HIBA; pH: 
3.5 

1 A good 
separation of all 
14 lanthanides; 
separation time 

~ 6.38 min 

3 0-1 
1.1-2.2 
2.3-3.1 
3.2-4.2 
4.3-5.5 

5.6 

100% 
50% 
30% 
20% 
0% 

100% 

0.02 M CSA 
+ 0.05 M        
α-HIBA; 
pH: 3.5 

0.02 M CSA + 
0.2 M            

α-HIBA; pH: 
3.5 

1 A good 
separation of all 

lanthanides; 
separation time 

~  5.01 min 
 

4 

 

 

 

0-0.5 
0.6-1.3 
1.4-2.5 
2.6-3.2 

3.3 
 

100% 
65% 
35% 
0% 

100% 
 

0.02 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.5 

0.02 M CSA + 
0.2 M            

α-HIBA; pH: 
3.5 

2 
 
 
 

A good 
separation of all 

lanthanides; 
separation time 

~ 5.90 min 
 

5 0-1.4 
1.5-2.9 
3-4.8 
4.9-6 
6.1 

 

100% 
70% 
25% 
0% 

100% 
 

0.02 M CSA 
+ 0.05 M    
α-HIBA; 
pH: 3.5 

0.02 M CSA + 
0.2 M             

α-HIBA; pH: 
3.5 

2 
 
 
 

A good 
separation of all 

lanthanides; 
separation time 

~ 5.80 min 
 

6 

 

 

0-0.5 
0.6-1.4 
1.5-2.5 
2.6-3.2 

3.5 
 

100% 
65% 
35% 
0% 

100% 
 

0.0225 M 
CSA +    

0.05 M α-
HIBA; pH: 

3.5 

0.0225 M CSA 
+ 0.2 M         

α-HIBA; pH: 
3.5 

2 
 
 
 

A good 
separation of all 

lanthanides; 
separation time 

~ 3.77 min 
 

7 0-0.5 
0.6-1.0 
1.1-1.6 
1.7-2.6 

90% 
75% 
70% 
50% 

0.0225 M 
CSA +   
0.05 M      
α-HIBA; 

0.025 M CSA 
+ 0.2 M         

α-HIBA; pH: 
3.5 

2 
 
 
 

A good 
separation of all 

lanthanides; 
separation time 
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Fig.3.2. Separation of lanthanides on a 1.8 µm particle size of 5 cm length column 
using gradient elution. Mobile phase: 0.01 M CSA; α-HIBA varied from 0.05 to 0.1 M; 
pH: 3.7; Flow rate: 2 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: 
lanthanides (~ 5 ppm) in 0.001 N HNO3 
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Fig.3.3. Separation of lanthanides on a 1.8 µm particle size of 3 cm length column 
using gradient elution. Mobile phase: 0.0225 M CSA; α-HIBA varied from                   
0.05 to 0.25 M; pH: 3.4; Flow rate: 2 mL/min; PCR flow rate: 1 mL/min; Detection 655 
nm; Sample: lanthanides (10 ppm) in 0.001 N HNO3. 
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Fig.3.4. Variation of capacity factor of some lanthanides as a function of α-HIBA 
concentration on 1.8 µm based support. Column: 3 cm length (1.8 µm) column; Mobile 
phase: 0.01 M CSA + α-HIBA; pH: 3.5; Flow rate: 2 mL/min; PCR flow rate: 1 mL/min; 
Detection 655 nm; Sample: lanthanides (10 ppm) in 0.001 N HNO3. 
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Fig.3.5. Variation of capacity factor of some lanthanides as a function of CSA 
concentration on 1.8 µm based support. Column: 3 cm length (1.8 µm) column; Mobile 
phase: CSA + 0.05 α-HIBA; pH: 3.5; Flow rate: 0.5 mL/min; PCR flow rate: 1 mL/min; 
Detection 655 nm; Sample: lanthanides (10 ppm) in 0.001 N HNO3. 
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Fig.3.6. Variation of capacity factor of some lanthanides as a function of mobile phase 
pH on 1.8 µm based support. Column: 3 cm length (1.8 µm) column; Mobile phase: 0.01 
M CSA + 0.05 M α-HIBA; pH: 3.5; Flow rate: 2 mL/min; PCR flow rate: 1 mL/min; 
Detection 655 nm; Sample: lanthanides (10 ppm) in 0.001 N HNO3. 
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Fig.3.7. Variation of capacity factor of some lanthanides as a function of mobile phase 
flow rate on 1.8 µm based support. Column: 3 cm length (1.8 µm); Mobile phase: 
0.01CSA + 0.05 α-HIBA; pH: 4; PCR flow rate: 1 mL/min; Detection 655 nm; Sample: 
lanthanides (10 ppm) in 0.001 N HNO3. 

 

The decrease in solute retention with increase in mobile phase pH or α-HIBA 

concentration is attributed to the better complexing ability of α-HIBA with lanthanides. The 

increase in solute retention with increase in CSA concentration was due to enhanced 

retention of lanthanides as there are more RSO3
- H+ moieties sorbed on to the reversed 

phase support. Separation factor (α) of adjacent lanthanides was also calculated under 

various experimental conditions and the results are shown in Table.3.3. 
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Table.3.3 Separation factors for adjacent lanthanides on 3 cm length (1.8 µm) column 
under various experimental conditions 

 
Lanthanides Separation factor (α) 

 
 

0.05 M α-HIBA 
+0.01 M CSA, 
pH :3.5, Flow 

rate : 2 mL/min 

0.05 M α-HIBA 
+0.02 M CSA, 
pH :3.5, Flow 

rate : 2 mL/min  

0.05 M α-HIBA 
+0.01 M CSA, 
pH :3.5, Flow 

rate : 0.5 
mL/min 

0.075 M α-
HIBA +0.01 M 

CSA, pH :4, 
Flow rate : 0.5 

mL/min 
La:Ce 1.48 1.50 1.47 1.48 
Ce:Pr 1.28 1.31 1.28 1.28 
Pr:Nd 1.18 1.18 1.19 1.17 
Nd:Sm 1.61 1.70 1.59 1.55 
Sm:Eu 1.21 1.22 1.20 1.21 
Eu:Gd 1.16 1.18 1.15 1.18 
Gd-Tb 1.38 1.40 1.36 1.38 
Tb-Dy 1.28 1.30 1.26 1.27 
Dy-Ho 1.21 1.25 1.24 1.23 
Ho-Er 1.27 1.24 1.23 1.25 
Er-Tm 1.28 1.23 1.26 1.24 
Tm-Yb 1.22 1.28 1.23 1.26 
Yb-Lu 1.20 1.16 1.18 1.15 

 

3.3.2. Lanthanide separations – isocratic elution 

 The results on the isocratic elution of lanthanides from different supports are 

compared in Table 3.4. The retention time and capacity factor obtained with 3 cm  length 

(1.8 µm) support was found to be less than the one obtained with 5 cm (1.8 µm) and 25 cm    

(5 µm) length columns under similar experimental conditions, with more or less similar 

resolution between adjacent lanthanides. The results on isocratic elution obtained with 3 and 

5 cm length supports are also shown in Fig.3.8 and Fig.3.9 respectively. The column 

efficiency of small particle (1.8 µm) supports in terms of number of theoretical plates for 

separation of lanthanides was computed and the results are compared with the efficiency of 

the 5 µm based reversed phase support (Table.3.5). 

 



 62 

Table.3.4 Isocratic elution for separation of lanthanides – a comparison 

  

Column type Experimental conditions Results 
 Length 

(cm) 
Particle 
size (µm) 

CSA (M) α-HIBA (M) pH 

25 5 0.01 0.1 3.28 All lanthanides 
separated; Separation 
time ~ 51 min. 

0.01 0.1 3.55 All lanthanides well 
separated in ~ 19min. 

5 1.8 0.01 0.05 3.5 All lanthanides well 
separated ~ 45min. 

0.01 0.05 3.78 All lanthanides well 
separated in ~ 16min. 

0.01 0.1 3.5 La-Tb well separated in 
~ 8min. 

0.01 0.1 3.75 La separated from other 
13 lanthanides in ~  
3.5min 

3 1.8 0.01 0.05 3.5 All lanthanides well 
separated in ~ 12min. 

0.01 0.05 3.78 La-Ho were well 
resolved in 6min. Er-Lu 
were not base-line 
separated.  

0.02 0.1 3.8 La-Gd could be well 
resolved in ~ 2.5min; 
La could be very well 
separated from Ce and 
other La fission 
products. 
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Fig.3.8. Separation of lanthanides by isocratic elution from 1.8 µm, 5 cm length 
reversed phase column. Mobile phase: 0.05 M α-HIBA + 0.01 M CSA; pH: 3.78; Flow 
rate: 1.5 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: Lanthanides (20 
ppm) in 0.001 N HNO3. 
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Fig.3.9. Separation of lanthanides by isocratic elution from 1.8 µm, 3 cm length 
reversed phase column. Mobile phase: 0.01 M CSA + 0.05 M α-HIBA; pH: 3.5; Flow rate: 
2 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: lanthanides (20 ppm) in 
0.001 N HNO3.  
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Table.3.5 Column efficiency of lanthanides-a comparison 

Columns 
with 

various 
particle 

size 

Experimental 
conditions 

 

Number of theoretical plates (plates per meter) 

La Ce Pr Nd Sm 

3 cm length 
(1.8 µm) 

 

0.05 M  
α-HIBA + 

0.01 M CSA; 
pH: 3.50; Flow 
rate: 2 mL/min 

94512 96286 102517 86516 86873 

5 cm length 
  (1.8 µm) 

0.05 M  
α-HIBA + 

0.01 M CSA; 
pH: 3.78; Flow 

rate: 1.5 
mL/min 

70680 67702 65598 65680 62362 

25 cm 
length 

    (5 µm) 

0.1 M α-HIBA 
+ 0.015 M 
CSA; pH: 
2.90; Flow 

rate: 3 mL/min 

37854 36480 36736 33642 29607 

 

 
 Interesting consequences of these studies are the development of an isocratic elution 

procedure for the separation of lighter lanthanides (La-Gd). They could be resolved from 

each other in about 2.55 min using 1.8 µm support (Fig.3.10). Lanthanum could be very 

well separated from cerium and other lanthanides using a mobile phase consisting of 0.02 

M CSA and 0.1 M α-HIBA with pH adjusted to 3.8. Since the assay of lanthanum is 

essential in the experiments involving burn-up measurements of nuclear reactor fuels, 

where it is employed as the fission product monitor, these experimental conditions can be 

employed for its determination. The results on the separation of lanthanide fission products 

from dissolver solution of fast reactor fuel are discussed in Chapter 5. Detection limits 

(3sigma) for lanthanides were found to be ~ 10-20 ng in these experiments.  
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Fig.3.10. Separation of lanthanum from other lanthanides on 1.8 µm, 3 cm length 
reversed phase column in about 2.55 min. Mobile phase: 0.02 M CSA + 0.1 M α-HIBA; 
pH: 3.8; Flow rate: 2 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: 
lanthanides (20 ppm) in 0.001 N HNO3.  
 

3.3.3. Retention behaviour of uranium and thorium 

3.3.3.1. Retention behaviour without modifier 

The results on the retention behavior of uranium and thorium on a 3 cm length 

column of 1.8 µm particle size are shown in Fig.3.11 and Fig.3.12 with 0.1 M and 0.15 M 

α-HIBA as a function of pH. The capacity factors for both uranium and thorium decreases 

with increase in α-HIBA concentration, but increase with increase in mobile phase pH. 

Speciation of uranium and thorium at 0.05 M and 0.15 M α-HIBA were computed from 

stability constant data and results are shown in Fig.3.13 and Fig.3.14. The complexation of 

uranyl ion by α-HIBA can result in the formation of species, e.g., [UO2
 (IBA)] +, [UO2

 

(IBA)2]
 and [UO2

 (IBA)3]
-. Similarly, Th(IV) with α-HIBA forms species such as 

Th(IBA)+3, Th(IBA)2
+2, Th(IBA)3

+, and Th(IBA)4.  The fraction of each species is 
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dependent on pH and α-HIBA concentration [103, 106]. Higher retention for uranyl ion at 

pH: 4 is due to the species, [UO2(IBA)3]
-, which has 3 HIBA moieties and hence results in 

strong hydrophobic interaction with C18 support through induced dipole induced dipole 

interaction. The species, [UO2
 (IBA)] + has the lowest retention on the reversed phase 

support. The lower retention of Th(IV) compared to U(VI) is due to the possible formation 

of anionic species e.g. [Th(IBA)4(OH)2]
2-, which is expected to have a lower retention on a 

hydrophobic support. Thorium which is in +4 oxidation state is prone to hydrolysis at pH> 

3. Similar separation studies were performed on 5 cm length reversed phase support of     

1.8 µm particle size with 0.1 M, 0.15 M α-HIBA as a function of pH and results are shown 

in Fig.3.15, and Fig.3.16. 
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Fig.3.11. Retention behaviour of U and Th on 1.8 µm, 3 cm length reversed phase 
column with 0.1 M α-HIBA as a function of pH. Mobile phase: 0.1 M α-HIBA; Flow 
rate: 2 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: U (33 ppm), Th (25 
ppm) in 0.01 N HNO3.  
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Fig.3.12. Retention behaviour of U and Th on 1.8 µm, 3 cm length reversed phase 
column with 0.15 M α-HIBA as a function of pH. Mobile phase: 0.15 M α-HIBA; Flow 
rate: 2 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: U (33 ppm), Th (25 
ppm) in 0.01 N HNO3.  
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Fig.3.13. Speciation of (a) uranium-HIBA and (b) thorium-HIBA  complexes as a 
function of mobile phase pH. Mobile phase: 0.05 M α-HIBA   
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Fig.3.14. Speciation of (a) uranium-HIBA and (b) thorium-HIBA  complexes as a 
function of mobile phase pH. Mobile phase: 0.15 M α-HIBA   
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Fig.3.15. Retention behaviour of U and Th on 1.8 µm, 5 cm length reversed phase 
column with 0.1 M α-HIBA as function of pH. Mobile phase: 0.1 M α-HIBA; Flow rate: 
2 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: U (33 ppm), Th (25 
ppm) in 0.01N HNO3.  
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Fig.3.16. Retention behaviour of U and Th on 1.8 µm, 5 cm length reversed phase 
column with 0.15 M α-HIBA as a function of pH. Mobile phase: 0.15 M α-HIBA; Flow 
rate: 2 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: U (33 ppm), Th (25 
ppm) in 0.01N HNO3.  
 

 
Lanthanides as a group can be isolated from uranium and thorium in a minute, 

enabling the development of a rapid separation procedure for determination of these 

elements in samples such as lanthanides in uranium matrix, monazite sand etc. However, 

under these conditions, all 14 lanthanides elute together. A typical study involving isolation 

of Nd from U and Th is shown in Fig. 3.17. 
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Fig.3.17. Retention behaviour of Nd, Th and U on 1.8 µm, 3 cm length reversed phase 
column at pH 3. Mobile phase: 0.15 M α-HIBA; Flow rate: 2 mL/min; PCR flow rate: 1 
mL/min; Detection: 655 nm; Sample: U (33 ppm), Th (25 ppm) and Nd (25 ppm) in 0.01N 
HNO3.  

 

The separation factors for U/Th obtained using 3, 5 and 25 cm length columns are 

shown in Fig.3.18. Separation factor (α) is the ratio of capacity factor of U to Th; “α” is 

obtained from k’U / k’Th.  Capacity factor of uranium is obtained from following expression: 

k’U = (tr-to) / to, where k ’U is capacity factor for uranium, tr is retention time of uranium; to 

is time taken by a “non-retained solute. Similarly, k’ of thorium was measured. The highest 

retention for uranium and thorium was observed with the of 25 cm length column. The 25 

cm length column relatively offers more number of hydrophobic sites for interactions 

compared to the 3 and 5 cm length supports. However, the separation factors for U/Th 

obtained from these columns are found to be more or less similar. A marginal increase in 

separation factor was observed with 3 cm length column, when a solution of α-HIBA with 

pH: 4 was employed. The number of active sites of the reversed phase support increases 
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with increase of column length. Hence, the relative retention of both U and Th increase with 

column length and hence similar separation factors are obtained in all these cases.  
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Fig.3.18. Separation factor of U/Th. Separation factors as a function of mobile phase            
(α-HIBA) pH and its concentration for 3 (1.8 µm), 5 (1.8 µm) and 25 cm (5 µm) length 
reversed phase columns. 
 

  A good reduction in separation time was achieved with 3 cm length support 

compared to 5 and 25 cm length columns without compromising the separation factor for 

U/Th and these experimental conditions are crucial for designing ultra-fast separation 

procedures. For e.g. when U and Th are present in comparable quantities, an excellent base 

line separation is obtained in one minute with 3 cm length support and these conditions can 

be used for analyzing solutions of uranium and thorium in samples of nuclear fuel cycle. 

However, analysis of uranium in thorium matrix can be better carried out under the 

experimental conditions, 0.15 M α-HIBA at pH: 4, because under these conditions, the 

 ∆ 3cm length column                                   
 o 5cm length column 
 * 25cm length column 
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separation period is long enough to enable the complete elution of matrix thorium followed 

by the elution of uranium.  

3.3.3.2 Separation of U from Th using dynamic ion-exchange technique  

 Fig.3.19 and Fig.3.20 shows the separation of uranium from thorium using 1.8 µm 

reversed phase supports of 3 and 5 cm length respectively in the presence of camphor-10-

sulfonic acid (CSA) as modifier; a good base-line separation was achieved in these studies. 

Interesting separation behaviour was observed when α-HIBA concentration was reduced to 

0.05 M, where uranium eluted ahead of thorium (Fig.3.20b), contrary to the earlier 

observation. The retention for both uranium and thorium decreases with increase in mobile 

phase pH. The influence of mobile phase composition on the retention behaviour of U and 

Th is shown in Fig.3.21. The retention for uranium decreases with increase in α-HIBA 

concentration and mobile phase pH, as observed in an ion-exchange mechanism. However, 

a very marginal increase in retention was observed with 0.1 and 0.15 M α-HIBA solutions 

of pH above 3.5. The marginal change is possibly due to uranium sorption by hydrophobic 

interaction, i.e., van der waals interaction on a reversed phase support as the CSA 

concentration of only 0.01 M was employed in these studies. Thus beside an ion-exchange 

mechanism, a hydrophobic interaction can also play a role in enhancing the retention of 

uranium. Retention for Th(IV) was higher than that of uranium (UO2
+2) because of its 

charge and hence strong interaction with CSA leading to higher retention. Th(IV) was not 

eluted from 0.05 as well as 0.1 M α-HIBA solutions when the mobile phase pH was less 

than 3. The retention for thorium decreases with increase in α-HIBA concentration; the 

reduction in Th retention became significant when the mobile phase pH was raised above 3 

because of the strong complexation of Th with α-HIBA. Under these conditions, a good 

fraction of α-HIBA dissociates to form stronger complexes with Th(IV). The reversed phase 



 73 

HPLC technique also showed promising features for the assay of plutonium in its various 

oxidation states and these results are discussed in Chapter 6.   
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Fig.3.19. Separation of U and Th on 1.8 µm, 3 cm length support using dynamic ion-
exchange chromatography.  
Column: 1.8 µm, 3 cm length reversed phase support; Mobile phase: 0.05 M α-HIBA + 
0.01 M CSA; pH: 3.64; Flow rate: 2 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; 
Sample: U (33 ppm) and Th (25 ppm) in 0.01 N HNO3. 
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Fig.3.20. Separation of U from Th on a 1.8 µm, 5 cm length reversed phase column 
using dynamic ion-exchange chromatography. Mobile phase: (a) 0.1 M α-HIBA+0.01 M 
CSA, pH: 3.75; (b) 0.05 M α-HIBA+0.01 M CSA; pH: 3.42, Flow rate: 1.5 mL/min. PCR 
flow rate: 1 mL/min; Detection: 655 nm. 
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Fig.3.21. Influence of α-HIBA concentration and pH on the retention behaviour of               
U and Th in the presence of CSA. Column: 3 cm length, 1.8 µm support; Mobile phase: 
0.01 M CSA + 0.05 - 0.15 M α-HIBA; flow rate: 2 mL/min. 
 
 
3.4 Application of small particle based support (3 cm length with particle size of 1.8 

µm) 

3.4.1 Determination of lanthanides in uranium matrix  

 The efficiency of the pyrochemical process is evaluated by the analysis of cathode 

deposit, which requires the determination of lanthanides in low levels in uranium matrix                

[150]. Based on the studies with 3 cm length 1.8 µm support, an analytical characterization 

method has been developed for the rapid and accurate analysis of lanthanide elements in 

uranium matrix, i.e. typical ratios (La:U) being, 1: 2,000.  

 Several samples were analysed for lanthanides in salt matrix. The salt matrix 

composition was MgCl2 + NaCl + KCl + UO2Cl2 + lanthanides.  The salts were dissolved in 

HNO3 medium prior to HPLC analysis. Uranium contents of these samples were also 



 76 

determined directly or with suitable dilution. For e.g. Nd (1-3 ppm) as well as La (1-3 ppm) 

were separated from U matrix (e.g. 5 mg/mL) and determined by HPLC. The results of 

these investigations were compared with standard analytical methods. For e.g. in one study, 

the lanthanide contents were measured using ICP-OES after removing uranium matrix with 

solvent extraction. The lanthanide values measured with HPLC technique were found to be 

in good agreement (±3%). The concentration of uranium was also measured by the titration 

method, Davies and Gray [151] and compared with data obtained by HPLC. For example, 

in typical experiment, the uranium content measured using Davies and Gray method was 

found to be 5.22 mg/mL and the result was compared with the uranium values measured 

with HPLC technique, which was 5.20 mg/mL, results of 5 runs (5.28, 5.17, 5.19, 5.23, 5.12 

mg/mL). In another experiment, uranium value estimated using Davies and Gray was found 

to be 3.42 mg/mL and uranium value estimated using HPLC method was 3.41 mg/mL, 

results of five runs (3.44, 3.39, 3.47, 3.36, 3.38 mg/mL). These studies established that the 

rapid separation method developed with 1.8 µm support is found to be fast, reliable and 

provide accuracy required for a typical regular analysis. An added advantage is that the 

HPLC technique does not require pre-separation of matrix uranium for the assay of 

lanthanides unlike other analytical techniques, where it becomes a pre-requisite.   

Rapid separation methods were also employed for the estimation of uranium, 

plutonium and lanthanides fission products from dissolver solution of spent fuel and these 

results are discussed in Chapter-5 in detail.  

 
3.5. Conclusion 

 A dynamic ion-exchange HPLC based technique has been developed and 

demonstrated for the rapid separation of individual lanthanides using 1.8 µm supports. The 
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selection of appropriate column with suitable particle size with gradient elution technique 

has been identified as an important factor for achieving rapid and high resolution 

separation. Lanthanides could be separated from each other in about 3.6 min. Uranium 

could be rapidly isolated from thorium in one minute. Similarly, lanthanides can be isolated 

from uranium and thorium in about a minute.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

  

 

 
 

Chapter-4 
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Chapter-4 
 

Liquid Chromatographic Behavior of Lanthanides and Actinides on 
Monolith Based Supports 

 

4.1. Introduction 

            In the recent past, chromatographic support material using monolith material has 

been studied extensively. A monolith column consists of a single piece of porous, rigid 

material containing mesopores and macropores, which provide fast analyte mass transfer 

[27]. Macropores form a dense network of pores while the mesopores form the fine porous 

structure of the column. Major chromatographic features of monolithic column arise from 

this mesopore/macropore structure. A monolith column can be an organic polymer or silica 

based. Hjerten et al [152] introduced polyacrylamides based support for protein separation. 

Preparation of polyacrylates or poly(styrene-co-divinylbenzene) based support material in 

the presence of porogen was reported in literature [153]. Monolith based supports are 

employed for various applications, e.g., separation of biomolecules, organic acids, inorganic 

anions, metal ions etc. Porous monolithic silica support was used for efficient separation of 

alkaline earth and transition metal cations [31]. Due to several advantages such as high 

mechanical strength, high stability and inertness, silica based monolith material can be used 

as the column material for conventional applications, similar to microparticle packed HPLC 

column. Tanaka et al developed silica based monolith support materials [154]. Minakuchi et 

al [155] reported the preparation of a monolith silica column using a sol-gel process. This 

process involved hydrolysis and polycondansation of alkoxysilans in the presence of water 

soluble polymer. The mechanism of formation of monolithic silica gel column with bimodal 

pore structure was reported in literature [156]. Preparation of monolithic support column 
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with high column efficiency and low back pressure was demonstrated [29, 157]. It is 

evident from the van Deemter plot that monolith silica provides significantly higher 

separation efficiency than particle-packed columns (Fig.4.1) [158-161].  

 

 A clear advantage of monolith material is that it can be operated at higher flow rates 

but with lower back pressure. Higher column permeability results in higher operating flow 

rate, which drastically reduces analysis time and provides high separation efficiency [162].   

 N, N-dialkyl amides have shown promising properties for actinide recovery due to 

presence of acidic as well as amide functional moieties, [163-165] and their solubility in the 

aqueous phase is also very low.  In the present work, bis-2-ethylhexyl succinamic acid 

(BEHSA), which possesses both acidic as well as amide functional moieties, was 

investigated on monolith support in the extraction chromatography mode for its potential 

towards actinides separation. Use of HNO3 as the mobile phase was also investigated for the 

Fig.4.1. Plate hight (H) vs flow rate (u) for monolith and particle packed HPLC columns [28] 
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isolation of U and Th from BEHSA modified monolithic supports. In these studies, the 

retention of lanthanides and actinides was investigated on monolith supports under dynamic 

ion-exchange as well as reversed phase experimental conditions. These techniques were 

employed to determine lanthanides such as Nd and La, uranium, as well as plutonium in the 

dissolver solution for the determination of atom percent fission and results are discussed in 

Chapter-5 in detail.  

4.2. EXPERIMENTAL 

4.2.1 Modification of monolith column 

 The compound, BEHSA (Fig.4.2) was synthesised and characterized as reported 

[106, 166]. The required amount of BEHSA was dissolved in 100 mL methanol-water 

mixture (e.g. 60:40) and passed through the 10 cm as well as 5 cm length monolith column 

at a flow rate of 0.5 mL/min. When the coating was completed, the columns were washed 

with 25 mL water. After the completion of studies with a particular coating, the BEHSA 

was washed and removed completely with 50 mL methanol. The same 10 and 5 length 

monolith columns were reused for all studies carried out in the present work.  

O

OH
O

N

 

Fig.4.2. Structure of bis-2-ethylhexyl succinamic acid (BEHSA) 
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4.2.2 Determination of the BEHSA content on monolithic column 

 The exact contents of BEHSA in the modified support were determined using the 

HPLC technique (Table.4.1). A separate monolithic column (10 cm length) with methanol 

as the mobile phase was employed. Standard solutions of BEHSA (10-1000 ppm) were 

prepared and injected into HPLC system and detected at 215 nm (Fig.4.3). The amount of 

BEHSA coated on to the 10 and 5 cm length monolith columns was determined using the 

calibration plot.  

 

Table.4.1 Modifier content on 10 cm and 5 cm length monolith coated support 

 

 

 

 

 

 

 

 
 
 
BEHSA dissolved in 60% methanol - 40% H2O mixture, coating was carried out at a flow rate of           
0.5 mL/min. 100 mL of solution employed for coating the column. 

Monolith 
column 

BEHSA 
Passed 
(mmol) 

Actual amount 
coated (mmol) 

 
10 cm length 

0.38 0.36 

1.19 0.716 

3.41 1.47 

5.14 1.93 

5 cm length 1.34 0.143 
5.35 0.218 

10.99 0.477 

11.92 0.544 
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Fig.4.3. Calibration plot for bis-2-ethylhexyl succinamic acid (BEHSA) using HPLC 
with UV-Vis detection (Det: 215 nm). 
 

4.3. RESULTS AND DISCUSSION 

4.3.1 Separation of lanthanides using a monolith column of 10 cm length                                  

4.3.1.1 Gradient elution 

 A gradient elution procedure for isolation of individual lanthanides was studied 

extensively using monolith support under dynamic ion-exchange conditions. Large number 

of gradient profiles were generated by varying the concentrations of CSA (0.01, 0.02, and 

0.03 M), α-HIBA (0.05 – 0.2 M), mobile phase pH (3.3-3.9) and mobile phase flow rates 

(2-7 mL/min). In a typical gradient run, the concentration of CSA and mobile phase flow 

rate were kept constant and only the α-HIBA concentration was varied (0.05 to 0.2 M). 

Some gradient profiles employed are listed in Table.4.2. Based on these studies, a binary 

gradient elution method has been developed for the rapid separation of lanthanides from La 



 83

to Lu in about 2.8 min, wherein the mobile phase was CSA, α-HIBA and pH being 0.03 M, 

0.05 to 0.15 M and 3.5-3.8, respectively (Fig.4.4).  

 
 
Table.4.2 Gradient programming for separation of lanthanides on 10 cm length 
monolith support 
 

 

No Gradients Experimental conditions Total 
separation time 
of lanthanides 

(min) 
 

Solvent 
composition 

(A) 

Solvent 
composition 

(B) 

Flow rate 
(mL/min) 

Input 
time 
(min) 

Solvent 
composition 

(A) 
1 

 

 

0-1.0 
1.1-1.4 
1.5-1.8 
1.9-2.2 
2.3-2.6 
2.7-10.0 

10.1 

100% 
70% 
50% 
30% 
10% 
0% 

100% 

0.01 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.3 

0.01 M CSA + 
0.1 M            

α-HIBA; pH: 
3.3 

2 A good 
separation of all 
14 lanthanides; 

separation 
time~7.39 min 

2 0-1.0 
1.1-1.4 
1.5-1.8 
1.9-2.2 
2.3-2.6 
2.7-9.0 

 

100% 
80% 
60% 
40% 
20% 
0% 

 

0.01 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.54 

0.01 M CSA + 
0.1 M            

α-HIBA; pH: 
3.7 

2 A good 
separation of all 
14 lanthanides; 

separation 
time~5.90 min 

3 0-1.0 
1.4-1.7 
1.8-2.1 
2.2-2.6 
2.7-3.0 
3.1-6.0 

6.1 

100% 
80% 
60% 
40% 
20% 
0% 

100% 

0.01 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.7 

0.01 M CSA + 
0.1 M            

α-HIBA; pH: 
3.7 

2 A good 
separation of all 
14 lanthanides; 
separation time 

~ 5.64 
  

4 

 

 

 

0 
0.5 
1.0 
2.5 
3.0 

3.6-5.0 
5.1 

100% 
80% 
70% 
30% 
20% 
0% 

100% 

0.02 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.40 

0.02 M CSA + 
0.15 M          

α-HIBA; pH: 
3.52 

4 
 
 
 

A good 
separation of all 
14 lanthanides; 
separation time 

~ 4.42 
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These studies have established that monolith supports could be operated at higher flow rates 

with lower back pressure resulting in a higher column permeability, which drastically 

5 0 
1.2 
2.0 
2.5 
2.7 
3.0 

3.6-4.5 
4.7 

 

100% 
90% 
80% 
60% 
40% 
30% 
0% 

100% 

0.02 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.45 

0.02 M CSA + 
0.15 M          

α-HIBA; pH: 
3.52 

6 
 
 
 

A good 
separation of all 
14 lanthanides; 
separation time 

~ 4.17 
 

6 

 

 

0 
1.0 
1.7 
2.1 
2.3 

3-3.8 
4.0 

 

100% 
90% 
80% 
60% 
40% 
0% 

100% 

0.02 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.45 

0.02 M CSA + 
0.15 M          

α-HIBA; pH: 
3.5 

7 
 
 
 

A good 
separation of all 
14 lanthanides; 
separation time 

~ 3.40 
 

7 0 
1.0 
1.2 
1.6 
2.1 
2.3 

2.9-3.8 
4.0 

100% 
70% 
90% 
50% 
30% 
35% 
0% 

100% 

0.02 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.51 

0.02 M CSA + 
0.15 M          

α-HIBA; pH: 
3.51 

7 
 
 
 

A good 
separation of all 
14 lanthanides; 
separation time 

~ 3.12 

8 

 

 

0 
1.0 
1.2 
1.6 
2.1 
2.3 

2.5-3.8 
4.0 

100% 
70% 
90% 
50% 
30% 
35% 
0% 

100% 

0.02 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.51 

0.02 M CSA + 
0.15 M          

α-HIBA; pH: 
3.51 

7 A good 
separation of all 
14 lanthanides; 
separation time 

~ 3.01 

9 0 
0.4 
0.8 
1.0 
1.6 
2.0 

2.5-3.2 
3.3 

100% 
90% 
70% 
80% 
50% 
40% 
0% 

100% 

0.03 M CSA 
+ 0.05 M   
α-HIBA; 
pH: 3.5 

0.03 M CSA + 
0.15 M          

α-HIBA; pH: 
3.8 

7 A good 
separation of all 
14 lanthanides; 
separation time 

~ 2.8 
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reduced separation time and at the same time also provided higher separation efficiency. 

HPLC separation procedure developed for isolation of individual lanthanides using 1.8 µm 

support resulted in a separation time of about 3.63 min (Chapter-3) and the use of monolith 

support has resulted in a further reduction of the separation time, i.e. 2.8 min. The 

efficiency of monolith based support was studied under various experimental conditions for 

separation of lanthanides and the results are shown in Table.4.3. 
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Fig.4.4. Separation of lanthanides on a monolith column using dynamic ion exchange 
chromatography. Column: 10 cm length monolith; Mobile Phase: (A) 0.03 M CSA, 0.05 
M α-HIBA (pH: 3.5) + (B) 0.03 M CSA, 0.15 M α-HIBA (pH: 3.8); flow rate: 7 mL/min; 
Post-column reagent (PCR) flow rate: 1 mL/min; Detection: 655 nm; Sample: lanthanides 
(16 ppm) in 0.01 N HNO3; 20 µL injected.  
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The capacity factor for lanthanides decreases with increase in α-HIBA concentration 

and mobile phase pH (Fig.4.5 and Fig.4.6) which is attributed to the better complexing 

ability of α-HIBA with lanthanides under these conditions. However, capacity factor 

increases with increase in concentration of CSA (Fig.4.7). Separation factors of adjacent 

lanthanides were calculated under various experimental conditions and results were shown 

in Table.4.4-4.6. 

 

Table.4.3 Efficiency of 10 cm length monolith column for separation of lanthanides 

Experimental 
conditions 

Number of theoretical plates (plates/m) 

La Ce Pr Nd Sm 

0.05 M          
α-HIBA+    

0.01 M CSA; 
pH: 3.5; Flow 
rate: 2 mL/min 

41443 40529 43719 41225 44417 

0.075 M        
α-HIBA+   

0.01 M CSA; 
pH: 3.2; Flow 
rate: 7 mL/min 

39333 40960 38302 38729 35286 

0.1 M            
α-HIBA+    

0.01 M CSA; 
pH: 3.3; Flow 
rate: 2 mL/min 

42725 39705 43916 42087 44501 
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Fig.4.5. Variation of capacity factor of lanthanides as a function of α-HIBA 
concentration on a monolith column. Column: 10 cm length monolith column; Mobile 
phase: 0.01 M CSA + α-HIBA; pH: 3.5; Flow rate: 2 mL/min; PCR flow rate: 0.5 mL/min; 
Detection 655 nm; Sample: lanthanides (10 ppm) in 0.001 N HNO3. 
 
Table.4.4. Separation factor of adjacent lanthanides as a function of α-HIBA 
concentration from 10 cm length monolith support.  
Experimental condition: 0.01 M CSA + α-HIBA, pH: 3.5, Flow rate: 2 mL/min 

Lanthanides 0.05 M α-HIBA 
 

0.075 M α-HIBA 
 

0.1 M α-HIBA 

Separation factor 
(α) 

 

Separation factor 
(α) 

 

Separation 
factor (α) 

 
La :Ce 1.47 1.45 1.44 
Ce :Pr 1.29 1.25 1.24 
Pr :Nd 1.18 1.17 1.16 
Nd :Sm 1.66 1.59 1.58 
Sm :Eu 1.29 1.28 1.25 
Eu :Gd 1. 23 1.18 1.18 
Gd :Tb 1. 46 1.38 1.38 
Tb :Dy 1.29 1.33 1.30 
Dy :Ho 1.21 1.17 1.19 
Ho :Er 1.25 1.27 1.21 
Er :Tm 1.22 1.27 1.31 
Tm :Yb 1.19 1.21 1.17 
Yb :Lu 1.20 1.18 1.12 
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Fig.4.6. Variation of capacity factor of lanthanides as a function of mobile phase pH 
on a monolith column. Column: 10 cm length monolith column; Mobile phase: 0.01 M 
CSA + 0.1 M α-HIBA; Flow rate: 2 mL/min; PCR flow rate: 0.5 mL/min; Detection 655 
nm; Sample: lanthanides (10 ppm) in 0.001 N HNO3. 
 
Table.4.5. Separation factor of adjacent lanthanides as a function of mobile phase pH 
from 10 cm length monolith support.  
Experimental condition: 0.01 M CSA + 0.1 M α-HIBA, Flow rate: 2 mL/min 
 

 
 

Lanthanides Separation factor (α) 

pH :2.6 pH :2.7 pH :2.8 pH :2.9 pH :3 pH :3.2 

La :Ce 1.22 1.26 1.31 1.35 1.39 1.41 
Ce :Pr 1.16 1.18 1.21 1.23 1.24 1.25 
Pr :Nd 1.11 1.11 1.13 1.14 1.15 1.16 
Nd :Sm 1.40 1.41 1.49 1.54 1.58 1.60 
Sm :Eu 1.22 1.20 1.26 1.28 1.28 1.29 
Eu :Gd 1.12 1.12 1.14 1.15 1.16 1.17 
Gd :Tb 1.38 1.34 1.44 1.44 1.45 1.45 
Tb :Dy 1.28 1.25 1.30 1.31 1.30 1.30 
Dy :Ho 1.17 1.16 1.20 1.20 1.21 1.22 
Ho :Er 1.21 1.18 1.22 1.23 1.23 1.23 
Er :Tm 1.20 1.17 1.21 1.22 1.22 1.23 
Tm :Yb 1.23 1.18 1.22 1.23 1.22 1.22 
Yb :Lu 1.13 1.11 1.14 1.14 1.16 1.17 
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Fig.4.7. Variation of capacity factor of lanthanides as a function of CSA concentration 
on a monolith column. Column: 10 cm length monolith column; Mobile phase: CSA +   
0.1 M α-HIBA; pH: 2.7; Flow rate: 2 mL/min; PCR flow rate: 0.5 mL/min; Detection 655 
nm; Sample: lanthanides (10 ppm) in 0.001 N HNO3. 
 
 
Table.4.6. Separation factor of adjacent lanthanides as a function of CSA 
concentration from 10 cm length monolith support.  
Experimental condition: CSA + 0.1 M α-HIBA, pH: 2.7, Flow rate: 2 mL/min 

 
 

Lanthanides Separation factor (α) 

0.0025 M 
CSA 

0.0035 M 
CSA 

0.0045 M 
CSA 

0.0055 M 
CSA 

0.0065 M 
CSA 

0.0075 M 
CSA 

0.0085 M 
CSA 

0.01 M 
CSA 

La :Ce 1.25 1.26 1.25 1.26 1.26 1.26 1.26 1.26 
Ce :Pr 1.17 1.17 1.17 1.18 1.18 1.18 1.17 1.18 
Pr :Nd 1.10 1.11 1.11 1.11 1.11 1.12 1.1 1.11 
Nd :Sm 1.38 1.41 1.40 1.42 1.42 1.43 1.46 1.41 

Sm :Eu 1.19 1.21 1.20 1.22 1.22 1.23 1.22 1.20 
Eu :Gd 1.09 1.11 1.12 1.11 1.12 1.12 1.13 1.12 
Gd :Tb 1.31 1.34 1.35 1.38 1.38 1.38 1.40 1.35 

Tb :Dy 1.23 1.25 1.26 1.27 1.27 1.28 1.29 1.25 
Dy :Ho 1.15 1.16 1.16 1.17 1.17 1.18 1.18 1.16 

Ho :Er 1.17 1.19 1.201 1.20 1.21 1.21 1.21 1.18 
Er :Tm 1.16 1.17 1.18 1.19 1.19 1.20 1.21 1.17 

Tm :Yb 1.17 1.19 1.20 1.20 1.21 1.21 1.22 1.18 

Yb :Lu 1.11 1.10 1.11 1.12 1.12 1.17 1.13 1.10 
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4.3.1.2. Isocratic elution 
 

In an isocratic elution method, individual lanthanides were separated from each 

other on a 10 cm length monolith support and the results are summarized in Table 4.7. In a 

typical experiment, the separation time was very well reduced to about 5 min (Fig.4.8) with 

good resolution between adjacent lanthanides and this could be achieved with the use of 

higher operating flow rates as the pressure drop across the column was found to be lower 

compared to 5 µm based columns.  In another study, lanthanum was separated from other 

lanthanides in about 1.77 min (Table 4.7). Hence, experiments were also carried out with 

dissolver solution to determine lanthanum concentration under these experimental 

conditions and the results are discussed later, i.e., in Chapter-5. 
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Fig.4.8. Separation of lanthanides by isocratic elution from 10 cm length monolith 
column. 
Column: 10 cm monolith; Mobile phase: 0.01 M CSA + 0.05 M α-HIBA; pH: 3.7; flow 
rate: 7 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: lanthanides (16 
ppm) in 0.01 N HNO3; 20 µL injected. 
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Table.4.7 Gradient and isocratic elution for separation of lanthanides using monolith 
column 
 

 
 
 
4.3.2 Lanthanide separations using monolith support of 5 cm length 

4.3.2.1 Gradient elution 

 The separation of lanthanides was also investigated from a 5 cm length monolith 

support with a surface area of 300-310 m2g-1 with 1.5 µm macroporous and 10 nm 

mesoporous structure. These studies were carried out to compare the performance with the 

10 cm length monolith support described above. Fig.4.9. shows gradient elution separation 

S. No. Monolith 
column 
length 
(cm) 

Elution 
profile 

Experimental conditions Results 

CSA 
(M) 

α-HIBA 
(M) 

pH Flow rate 
(mL/min) 

1.  
10 

Gradient 
elution 

 
0.03 

 
0.05 -0.15 

 
 3.5 - 
3.8 

 
7 
 

Fast separation of all 14 
lanthanides; separation time ~ 
2.8 min. 

2. Isocratic 
elution 

 
0.01 

 
0.1 

 
3.2 

 
2 

All lanthanides separated; 
separation time ~ 15 min. 

 
0.01 

 
0.1 

 
3.2 

 
6 

Most of the lanthanides  well 
resolved from each other; 
separation time ~ 5 min. 

 
0.01 

 
0.05 

 
3.7 

 
7 

All lanthanides are well 
separated from each other; 
separation time ~ 5 min. 

 
0.01 

 
0.1 

 
3.6 

 
5 

“La” well resolved from other 
lanthanides; heavier 
lanthanides not resolved; 
separation time ~ 1.8 min. 

3.   5  
   

Gradient 
elution 

 
0.05 

 
0.01- 0.1 

 
4 

 
2 
 

Separation of all 14 
lanthanides; separation time ~ 
4.8 min. 

4. Isocratic 
elution 

 
0.03 

 
0.05 

 
3.2 

 
2 

All lanthanides separated; 
separation time ~ 8.9 min. 

 
0.03 

 
0.05 

 
3.5 

 
2 

La-Sm fractions resolved; 
heavier lanthanides not 
resolved completely; 
separation time ~ 2.4 min. 
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of lanthanides from the 5 cm length support; Lanthanides could be isolated from each other 

in about 4.77 min. Under the experimental conditions of the present work, faster separation 

was achieved with 10 cm length support (surface area of 360 m2g-1 with 2 µm macroporous 

and 13 nm mesopore) (Fig.4.4) over a 5 cm length support (surface area of 300 m2g-1 with 

1.5 µm macroporous and 10 nm mesopore) (Fig.4.9).  
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Fig.4.9. Separation of lanthanides on a 5 cm length monolith column using dynamic 
ion-exchange chromatography. Column: 5 cm length monolith; Mobile Phase: (A) 0.05 M 
CSA, 0.01 M α-HIBA + (B) 0.05 M CSA, 0.1 M α-HIBA; pH: 4; flow rate: 2 mL/min; PCR 
flow rate: 1 mL/min; detection 655 nm, sample: lanthanides (16 ppm) in 0.01 N HNO3;     
20 µL injected. 
 

4.3.2.2 Isocratic elution from 5 cm length support 

 The results of the isocratic elution are shown in Table 4.7. The back pressure with            

5 cm length (1.5 µm macroporous and 10 nm mesoporous structure) monolith was much 

higher (back pressure: 67 bar with mobile phase flow rate: 1 mL/min) compared to 10 cm 

length support (2 µm macroporous and 13 nm mesoporous structure) (back pressure: 19 bar 
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with mobile phase flow rate: 1 mL/min); hence the 5 cm length support could not be 

operated at higher flow rates compared to the 10 cm length support. The 10 cm length 

monolith support provided a faster and more efficient separation under the experimental 

conditions of the present study compared to the 5 cm length support. For example, the 

separation factors obtained with 10 cm length support for adjacent lanthanides e.g. Pr-Nd, 

Ce-Pr and La-Ce (Table.4.8) were similar or marginally higher compared to the one 

obtained with 5 cm length support. Typical chromatogram for isocratic elution of 

lanthanides using 5 cm length support is shown in Fig.4.10. Faster separations were 

achieved with 10 cm length monolith support (Fig.4.8) over the 5 cm length column 

(Fig.4.10).  

 
Table.4.8. Separation factor of adjacent lanthanides from 5 and 10 cm length monolith 
support.  
 

Lanthanides 10 cm length 
monolith support 

 

5 cm length 
monolith support 

 
Separation factor 

(α) 
 

Separation factor 
(α) 

 
La :Ce 1.48 1.40 
Ce :Pr 1.28 1.28 
Pr :Nd 1.19 1.17 
Nd :Sm 1.62 1.61 
Sm :Eu 1.25 1.24 
Eu :Gd 1.17 1.17 

                         
                     * e.g., Separation factor (α) for La:Ce = k’La/k’ Ce ; k’= Capacity factor 
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Fig.4.10. Separation of lanthanides by isocratic elution from 5 cm length fast gradient 
monolith column. Column: 5 cm monolith; Mobile Phase: (A) 0.03 M CSA, 0.05 M         
α-HIBA; pH: 3.2; flow rate: 2 mL/min; PCR flow rate: 1 mL/min; detection 655 nm, 
sample: lanthanides (16 ppm) in 0.01 N HNO3; 20 µL injected. 
 
 
4.3.3. Retention studies on uranium and thorium from 10 cm length monolith column    

4.3.3.1. Retention behaviour under dynamic ion-exchange condition 

The separation of uranium from thorium using dynamic ion-exchange 

chromatography is shown in Fig.4.11. At lower pH (pH: 2.3), higher retention of thorium is 

observed compared to uranium due to the higher charge of Th (Th in +4 state) compared to 

uranium (UO2
+2), indicating cation exchange mechanism. As pH is raised, complexation of 

U and Th with HIBA is enhanced, leading to the early elution of both U and Th. However, 

at higher pH (pH:4), most of the uranium exists predominantly as [UO2(IBA)3]
- complex, 

which has higher reversed phase affinity (through van der waals interaction) compared to 

thorium complex, [Th(IBA)4(OH)2]
-2 , which has lower affinity on the support. This is 
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because, the concentration of modifier, CSA employed was only 0.01 M and hence uranium 

complex can be sorbed on the support through van der waal interaction as well.  
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Fig.4.11. Retention behaviour of U and Th on dynamically modified 10 cm length 
reversed phase monolith column as a function of mobile phase pH. Column: 10 cm 
length monolith; Mobile phase: 0.01 M CSA + 0.15 M α-HIBA; Flow rate: 2 mL/min; PCR 
flow rate: 1 mL/min; Detection: 655 nm; Sample: U and Th in 0.01 N HNO3; 20 µL 
injected. 

 

The separation factor (k’Th /k’U) accordingly decreases with increase in α-HIBA 

concentration and mobile phase pH (Fig.4.12). Retention of Th (IV) is higher than that of 
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uranium (UO2
+2) because of its strong interaction with CSA due to its higher charge. The 

retention of thorium decrease with increase in α-HIBA concentration; the reduction in Th 

retention becomes significant when the mobile phase pH is above “3” because of the strong 

complexation of Th with α-HIBA. Under these conditions, a good fraction of α-HIBA 

dissociates to form stronger complexes with Th (IV). Thorium is eluted prior to uranium 

when the pH of α-HIBA solution is at 4, possibly indicating strong retention of uranyl ion 

with the support through reversed phase interaction, i.e., induced dipole-dipole interaction. 
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Fig.4.12. Separation factor for Th/U as a function of mobile phase pH and 
concentration from 10 cm length monolith support. 
 

4.3.3.2. Retention of U and Th without CSA modifier – reversed phase condition 

Elution of uranium and thorium from 10 cm length bare monolith support was also 

studied using α-HIBA solutions of 0.05, 0.1, and 0.15 M (pH: 2.6 to 4). In these studies, 

mobile phase pH was chosen in the range between pH: 2.6 and 4 for the following reasons. 
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The as- prepared solution of 0.1 M α-HIBA in water has a pH of 2.6 and hence this pH was 

the lowest studied in the present work; pH > 4 was also not used due to large retention time 

at higher pH. The retention for both uranium and thorium increase with increase in mobile 

phase pH. Typical results are shown in Fig.4.13.  
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Fig.4.13. Retention behaviour of U and Th on 10 cm length reversed phase monolith 
column as a function of mobile phase pH. Column: 10 cm length monolith; Mobile phase: 
0.1 M α-HIBA; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: U and Th (25 ppm) 
in 0.01 N HNO3; 20 µL injected. 
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The capacity factor and separation factor of uranium and thorium were calculated 

under various experimental conditions and results are summarised in Table 4.9. Highest 

separation factors were obtained with 0.15 M α-HIBA. The separation of U and Th as 

function of mobile phase flow rate under typical experimental conditions are shown in 

Fig.4.14. In this study, mobile phase flow rate was varied from 2 to 6 mL/min using 0.15 M 

α-HIBA solution of pH: 3. Uranium and thorium could be separated in about 50 sec in these 

studies. 

 
Table.4.9. Separation factor for U and Th as a function of mobile phase pH and 
concentration from 10 cm length monolith support.  
 

 
• As it is pH of 0.15 M α-HIBA solution: 2.63, as it is pH of 0.1 M α-HIBA 

solution: 2.72, as it is pH of 0.05 M α-HIBA solution: 2.81,  
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Fig.4.14. Retention behaviour of U and Th on 10 cm length reversed phase monolith 
column as a function of mobile phase flow rate. Column: 10 cm length monolith; Mobile 
phase: 0.15 M α-HIBA; pH: 3; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample:       
U and Th (25 ppm) in 0.01 N HNO3; 20 µL injected. 
 
 
4.3.3.3. Retention of U and Th on modified monolith support: Studies on BEHSA 

coated monolithic column 

 The retention of U and Th was investigated from BEHSA modified monolith 

reversed phase support to investigate its preferential retention of U over Th. The separation 

of U from Th as a function of mobile phase flow rate from 1.19 mM BEHSA coated 

monolith is shown in Fig.4.15. Rapid separation of U from Th was demonstrated, i.e. under 

30 sec with good base line separation.   
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Fig.4.15. Retention behaviour of U and Th on BEHSA modified reversed phase 
column as a function of mobile phase flow rate.  Column: 10 cm length monolith coated 
with 1.19 mM BEHSA; Mobile phase: 0.15 M α-HIBA; pH: 2.8; PCR flow rate: 1 mL/min; 
Detection: 655 nm; Sample: U and Th (25 ppm) in 0.01 N HNO3; 20 µL injected.   
 

4.3.3.3.1 Influence of BEHSA concentration  

 The capacity factors (Fig.4.16) and separation factors (Fig.4.17) for U/Th from bare 

and BEHSA modified monolith supports are shown. The highest separation factor was 

obtained at 5.14 mM BEHSA coatings for 0.15 M α-HIBA solution. The retention or 

capacity factor of Th (IV) was lower compared to U (VI) from BEHSA support when        

α-HIBA was used as eluent. Thorium would form mainly anionic species with α-HIBA, 

e.g., [Th(IBA)4(OH)2]
2-, especially at pH > 3, which has a lower affinity compared to that of 

uranium species, [UO2(IBA)3]
-.  
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Fig.4.16 Capacity factor (k’) of U and Th on BEHSA modified support. Column: 
BEHSA modified 10 cm length monolith support; Mobile phase: 0.15 M α-HIBA; pH: 3, 
flow rate: 2 mL/min 
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These complexes are mainly sorbed on C18 column through van der waals interaction. The 

highest separation factor was obtained when the BEHSA content on the coated support was 

high, clearly indicating the influence of the amide moiety in selectively complexing and 

retaining uranium over thorium.  

4.3.3.3.2 Uranium and Thorium separation with HNO3 as mobile phase 

 The retention of U and Th on the BEHSA coated monolith support with HNO3 as 

eluent was also investigated. The absence of a complexing agent, e.g., α-HIBA in the 

mobile phase will be of great use for collecting the pure fractions of metal ions especially 

when the system is scaled up for preparative separations. Thorium did not elute with    

0.001 N HNO3, whereas “U” eluted with severe tailing. Employing HNO3 as mobile phase 

(pH: 2.4), U (tr: 0.88 min) and Th (tr: 9.3 min) were separated from each other. However 

with HNO3 (pH: 2), the separation was achieved in about 0.38 min (Fig.4.18A).  
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With HNO3 as mobile phase, uranium elutes prior to thorium, indicating the dominance of 

cation-exchanging ability of BEHSA. In another study, the elution behavior of uranium and 

thorium was investigated on 5 cm length monolith support modified with BEHSA.  In these 

studies, BEHSA solutions of 1.34 to 11.92 mM were employed for column modification. 

The separation of “U” from “Th” was demonstrated in 0.34 min with the modified monolith 

(Fig.4.18B) support. The use of HNO3 (pH: 2.18) from 5 cm length BEHSA modified 

monolith resulted in a separation time of 0.41 min.  

4.3.4. Comparison of performance of monolithic column with 1.8 micron particle 

based column during dynamic ion exchange chromatographic studies 

The column efficiency (N) of monolithic column employed in the present work is 

about 1,10,000 plates per meter for the separation of organic compounds. However, when 

monolithic column was modified with ion-pairing reagent, CSA, the column efficiency in a 

typical experiment reduced to about 44,000 (maximum observed in the present study). 

Similarly, the column efficiency of 1.8 micron based support is 1,80,000 plates per meter 

for isolation of organic compounds. This column when operated under dynamic ion 

exchange mode has provided in a typical experiment, about 1,00,000 plates per meter. Thus 

modification of both monolith as well as 1.8 micron based supports with ion-pairing reagent 

has resulted in only about 40-50% of the total number of original plates / column efficiency. 

Still the total number of plates available are sufficiently large enough for significant 

reduction in separation times of individual lanthanides/ actinides. Though the number of 

plates observed with monolith column in dynamic ion exchange experiments is less 

compared to 1.8 micron support, the fact that the monoliths can be operated at much higher 

flow rates with lower back pressure has resulted in overall reduced separation time. Under 

typical experimental condition, various parameters such as capacity factor (k’), separation 
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factor (α), number of theoretical plates (plates/meter) etc for separation of lanthanides on 

different supports (25 cm length (5 µm), 5 cm length (1.8 µm), 3 cm length (1.8 µm) and 10 

cm length monolith reversed phase supports) are compared (Table.4.10).   

 
Table.4.10. Comparison of column parameters for separation of lanthanides  
 
Experimental conditions: Mobile phase: 0.1 M α-HIBA + 0.01 M CSA, pH: 3.5, Flow rate:                                
2 mL/min 

Capacity factor, k’ (k’=tr-t0/t0); to observed with 25 cm, 5 cm, 3 cm and 10 cm length 
columns are 1.31, 0.41, 0.32 and 0.80 respectively.  
 
* Maximum pressure tolerance of monolithic columns: 200 bar 
* Pressure for the delivery of mobile phase at a flow rate of 2 mL/min:  

• 210 bar for 25 cm length (5 µm),  
• 290 bar for 5 cm length (1.8 µm),  
• 180 bar for 3 cm length (1.8 µm) and  
• 38 bar for 10 cm length monolith reversed phase supports.   

* Approximate number of theoretical plates (plates/meter):  
• 37,000 for 25 cm length (5 µm),   
•  70,000 for 5 cm length (1.8 µm),  
• 1,00,000 for 3 cm length (1.8 µm) and  
• 44,000 for 10 cm length monolith supports.  
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Based on the total number of plates that are available, the 25 cm length column is 

expected to give marginally better separation factor compared to the other two columns. 

This is because, the total number of separation stages / plates computed from a 25 cm length 

column (~ 9250 plates in total) are higher than one observed with monolith (~  4400 in 

total) as well as with one obtained on a 1.8 micron based 3 cm length column (~ 3000 in 

total). However, it has been observed that the separation factors observed with both 

monolithic and 1.8 micron based 3 cm length columns are in general, marginally higher 

compared to the one observed with the 25 cm length 5 micron based support (Table 4.10). 

Further studies are required to understand this surprising trend, i.e. column behaviour 

during dynamic ion-exchange chromatographic experiments.  The separations with 3 cm 

length (1.8 µm) as well as 10 cm length monolith columns are generally faster compared to 

25 cm length (5 µm) column; this is because the separation factor achieved with 25 cm 

length could be achieved with use of only 3 cm in column length by the reduction in particle 

size to 1.8 micron.   

The capacity factor, of lanthanides observed from 3 cm as well as  5 cm length (1.8 

µm) columns is higher compared to the one observed with the 25 cm length (5 µm) column 

(Table.4.10). This is due to the lower void volume (to) observed with both 3 and 5 cm 

length (1.8 µm) columns compared to the 25 cm length (5 µm) column.  

4.4 Conclusion   

Monolithic columns were employed in a dynamic ion-exchange mode for the 

development of rapid separation of individual lanthanides using a monolith support in about 

2.8 min, possibly the fastest liquid chromatographic procedure developed till date in 

literature. The BEHSA modified monolith supports offered rapid separation, excellent base-

line resolution and higher separation factor for U and Th, compared to the bare monolithic 
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support. The development of rapid separation procedures using monolith based supports 

offer new avenues for detection and estimation of lanthanides and actinides in various 

stages of the nuclear fuel cycle.   
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Chapter-5 

Burn-up Measurement on Dissolver Solution of Nuclear Reactor Fuels 
using HPLC 

 
 

5.1 Atom percent determination of burn-up on dissolver solution of a fast reactor fuel 

5.1.1 Introduction 
 

Estimation of burn-up is an important parameter for the study of fuel performance, 

an indication of energy production from unit mass of fuel [57, 63, 167-169]. The 

measurement of burn-up on dissolver solution of fast reactor fuel subjected to high burn-up 

is challenging due to the high levels of radioactivity associated with the fuel. Various 

methods have been developed to measure the burn-up of dissolver solution of spent nuclear 

fuels. Among these, isotope dilution mass spectrometric technique (IDMS) is a well 

established technique and is a classical method for the measurement of burn-up on nuclear 

reactor fuels [56, 64-66]. The schematic diagram indicating various steps of the IDMS 

technique is shown in Fig. 5.1. HPLC based technique has also been developed for rapid 

and accurate determination of burn-up of nuclear reactor fuels [47-48, 68, 170].  

In this chapter, results on burn-up determination of Fast Breeder Test Reactor 

(FBTR) spent fuel using HPLC based rapid separation methods are discussed. The dynamic 

ion-exchange HPLC technique using small particle based support (1.8 µm) as well as 

monolith based support was employed for the first time for the determination of lanthanides 

and actinides and hence burn-up of FBTR spent fuel discharged at a burn-up of a                   

~ 155 GWd/t.  
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Fig.5.1. Schematic of mass spectrometric technique for burn-up determination on 
nuclear reactor fuels 
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In the initial studies, U and Pu present in the dissolver solution of FBTR fuel were 

removed by an ion-exchange chromatography. The fission product fraction after removal of 

U and Pu was subsequently injected into HPLC system for the assay of burn-up monitors 

i.e. La and Nd. Reversed phase chromatographic technique was employed for the 

determination of uranium and plutonium in the dissolver solution. Subsequently, HPLC 

technique using monolith support was demonstrated for the first time for the direct injection 

of dissolver solution from FBTR without any pre-separation of matrix uranium and 

plutonium. The atom percent fission was determined based on these measurements and the 

results are discussed.  

5.1.2 EXPERIMENTAL 

5.1.2.1 Studies involving dissolver solution of spent fuel (FBTR)   

The U-Pu mixed carbide pellets from the fuel pin irradiated in FBTR with a nominal 

burn-up of about 1,55,000 MWd/t were dissolved in 12 M HNO3 medium [48]. In some 

experiments, U and Pu present in dissolver solution were separated from fission products on 

an anion exchange column (Dowex Anion exchange, 100-200 mesh, 1×8 mm) using 1:1 

HNO3 medium. Uranium and plutonium were eluted from the column subsequently using   

3 N HNO3 and 0.5 N HNO3 respectively. Lanthanide fission products, uranium, and 

plutonium fractions were brought into 0.01 N HNO3 medium as a feed for their individual 

separation using HPLC. In a few experiments, the dissolver solution containing U, Pu, and 

lanthanides and other fission products in HNO3 medium was evaporated to near dryness, re-

dissolved in 0.01 N HNO3 (or α-HIBA medium) and directly injected into the HPLC system 

for the assay of lanthanides, uranium and plutonium with appropriate dilutions.   

 

 



 110

5.1.3 RESULTS AND DISCUSSION 

5.1.3.1 Estimation of lanthanides in dissolver solution of fast reactor fuel using small 

particle (1.8 µm) based support 

 The lanthanides present in dissolver solution of the spent fuel were mutually 

separated using dynamic ion-exchange with 3 cm length column (1.8 µm) and the resultant 

chromatogram is shown in Fig.5.2. All lanthanides were eluted in about 4.2 min.  
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Fig.5.2. Separation of individual lanthanide fission products from dissolver solution 
using 1.8 µm based support. Column: 3 cm length 1.8 µm reversed phase. Mobile phase: 
0.1 M α-HIBA and 0.02 M CSA; pH: 3.6; Flow rate: 4 mL/min. Detection: PCR with 
arsenazo(III) at 655 nm. 
  

5.1.3.2 Separation and determination of lanthanides in dissolver solution of fast 

reactor fuel using monolith support 

 In the initial studies, the lanthanide fraction after the removal of U and Pu by anion 

exchange chromatography was employed for the determination of Nd or La concentration in 
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the dissolver solutions. However to reduce the overall separation time, direct injection of 

dissolver solution was also investigated and the results are shown in Fig.5.3.  
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Fig.5.3. Direct injection of dissolver solution (burn-up~ 155 Gwd/ton) using monolith 
support. Column: 10 cm length monolith; Mobile Phase: 0.03 M CSA + 0.06 M α-HIBA; 
pH: 3.61; flow rate: 4 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: 
dissolver solution evaporated and re-dissolved in α-HIBA medium.  
 
 
The lanthanides present in the dissolver solution were mutually separated as well as 

resolved from uranium and plutonium under dynamic ion-exchange conditions from 

monolithic column. The concentration of La, Ce, Pr, Nd, and Sm were determined in the 

dissolver solution using a calibration plot. The fission product monitor, lanthanum present 

in dissolver solution was well separated from uranium and Pu(IV) in about 1.8 min under 

the experimental condition with 0.01 M CSA + 0.1 M α-HIBA; pH: 3.6 and flow rate:         

5 mL/min (Fig.5.4). The concentration of lanthanum measured under these conditions 

agreed well with the results of the experimental conditions used in Fig.5.3. 
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Fig.5.4. Separation and estimation of lanthanum from uranium and plutonium present 
in dissolver solution in 1.8 min using monolith support. Column: 10 cm length monolith; 
Mobile Phase: 0.01 M CSA + 0.1 M α-HIBA; pH: 3.6; flow rate: 5 mL/min; PCR flow rate: 
1 mL/min; Detection: 655 nm; Sample: Dissolver solution in 0.1 M α-HIBA. Inset: La (tr: 
1.77 min) isolated from U, Pu and other fission products in the dissolver solution. 
 

The concentrations of lanthanides (La, Ce, Pr, Nd and Sm) and actinides (U and Pu) 

in the dissolver solution of fast reactor fuel were estimated using (A) small particle based 

and (B) monolith supports and the results are shown in Table.5.1. Data on the atom percent 

burn-up determined using La and Nd as fission monitors are also included.  These studies 

established that the dynamic ion exchange HPLC technique using reversed phase supports 

can be used for direct assay of lanthanides present in the dissolver solution without the need 

for pre-separation of the matrix component, U and Pu. 
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Table.5.1. Estimation of lanthanides, uranium and plutonium in dissolver solution 
using (A) small particle and (B) monolith supports for measurement of atom percent 
burn-up 

* A and B: Two different aliquots of dissolver solution 
 

Lanthanide fission products such as Nd and La satisfy the major requirements of a fission 

monitor, as they are stable, do not migrate appreciably in the fuel and have large and well 

known fission yields [38]. The fission yield of La for Pu-239 and U-238 fast fission differs 

by about 3.53% (139La yield for the fast fission of Pu-239 and U-238 is 5.83 and 6.04 

respectively; the yields are expressed as the number of fission product atoms formed in one 

hundred fissions). Thus neglecting the contribution by U-238 in the formation of La would 

result in only a maximum error of about 3–4 % in the fission yield calculation. Hence, La is 

 
 
 
 
 

Element 

(A) 
 

(B) 
 

Estimation on small particle (3 cm 
length with particle size 1.8 µm) 

based support 
 
 

Estimation on monolith 
 (10 cm length) based support 

 
 
 

Concentration (per 
gram of dissolver 

solution) 

Atom percent 
 burn-up 

Concentration 
(per gram of 

dissolver 
solution) 

Atom percent 
 burn-up 

La 144 µg/g 15.7 166.6 µg 
 

16 

Ce 251 µg/g  283.1 µg 
 

 

Pr 139 µg/g  152.4 µg 
 

 

Nd 410 µg/g 15.4 474.5 µg 15.7 

Sm 122 µg/g  133.7 µg 
 

 

U 8.0 mg/g  9.05 mg 
 

 

Pu 14.7 mg/g  16.7 mg 
 

 



 114

an ideal fission monitor despite of its yield being one third of that of Nd. Moreover, the 

fission product “La” is essentially monoisotopic, (139La) and thus allows use of chemical 

techniques for its assay. The use of Nd as fission monitor demands calculation of the 

individual yields both from U-238 and Pu-239 as they differ by about 23 % i.e. total Nd 

yield for Pu-239 and U-238 fast fission is 16.41 and 20.22 respectively. As the fuel 

employed in the FBTR is plutonium rich (70 % PuC and 30 % UC), the La and Nd yields 

corresponding to Pu-239 were employed to compute the burn-up. The atom percent fission 

obtained for fast reactor fuel using total La, i.e. essentially 139La as fission monitor showed 

good agreement with the use of total Nd (143Nd, 144Nd, 145Nd, 146Nd, 148Nd and 150Nd) as 

fission monitor. 

5.1.3.3 Separation and determination of U and Pu in dissolver solution of fast reactor 

fuel using small particle (1.8 µm) based support 

 The uranium present in dissolver solution of the spent fuel was separated from 

plutonium using reversed phase HPLC with 3 cm length column (1.8 µm) and the resultant 

chromatogram is shown in Fig.5.5 and Fig.5.6. U(VI) is well separated from Pu(III) as well 

as Pu(IV). The concentrations of total uranium in the dissolver solution (Table.5.1) were 

determined using calibration plots. The retention times for Pu(III) as well as Pu(IV) were 

identified by individually injecting these samples (pure Pu(III) and Pu(IV)) in reversed 

phase HPLC system. The retention of Pu(III) is almost comparable to that of lanthanides. 

These studies indicated that Pu(IV)-hydroxy isobutyrate complexes are more hydrophobic 

compared to Pu(III) complexes and hence Pu(IV) is eluted later. However for the 

quantitative analysis, Pu was reduced to Pu(III) and its concentration in dissolver solution 

was obtained using a calibration plot, which was prepared using plutonium standards. 
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Fig.5.5. Injection of dissolver solution into small particle (1.8 µm) based reversed 
phase support after separation from fission products by anion exchange. Column: 3 cm 
length 1.8 µm reversed phase; Mobile phase: 0.1 M α-HIBA, pH: 3.5, flow rate:  2 mL/min; 
Detection: PCR with arsenazo(III) at 655 nm (fraction collected, redissolved in 0.01 N 
HNO3).  

 

However, the retention or capacity factors of Pu(IV) are lower compared to U(VI) 

which is possibly due to the formation of anionic species e.g. [Pu(IBA)4(OH)2]
2-, similar to 

thorium, which is expected to have a lower retention on a hydrophobic support. These 

studies indicated that uranium-hydroxy isobutyrate complexes are more hydrophobic 

compared to Pu(III) as well as Pu(IV) complexes. The concentration of uranium in the 

dissolver solution was also estimated by the Davis-Gray technique [151]. The HPLC results 

were found to be within ±1% with Davis-Gray method. The reversed phase HPLC 

technique also showed promising features for the assay of plutonium in its various 

oxidation states.  
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Fig.5.6. Direct injection of dissolver solution into small particle (1.8 µm) based without 
any pre-separation. Column: 3 cm length 1.8 µm reversed phase support; Mobile phase: 
0.1 M α-HIBA, pH: 3.5, flow rate:  2 mL/min; Detection: PCR with arsenazo(III) at 655 nm 
(dissolver solution was diluted in 0.01 N HNO3).  
 . 
 
5.1.3.4 Separation and determination of uranium and plutonium using monolithic 

column   

 Uranium and plutonium present in dissolver solution were determined by both 

dynamic ion-exchange and reversed phase chromatographic techniques. Uranium as well as 

plutonium were not determined in the same run along with lanthanides since the U and Pu 

peaks showed near saturation during the assay of the lanthanide fraction. Hence, the 

dissolver solution was directly injected after appropriate dilution for the determination of 

uranium or plutonium. Experimental conditions, nearly similar to one employed in Fig.5.3 

were used for the assay of uranium, Pu(IV) and Pu(III) (Fig.5.7).    
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The reversed phase HPLC technique using monolith support was also employed in 

the present study for the determination of uranium (Fig.5.8) and Pu(III) (Fig.5.9).  The 

results are found to be in good agreement (±2%) with the one obtained using the dynamic 

ion-exchange technique.  
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Fig.5.7. Direct injection of dissolver solution for uranium and plutonium assay by 
dynamic ion exchange. Column: 10 cm length monolith; Mobile Phase: 0.03 M CSA + 
0.06 M α-HIBA; pH: 3.61; flow rate: 2 mL/min; PCR flow rate: 1 mL/min; Detection:     
655 nm; Sample: dissolver solution (in 0.01 N HNO3) + hydroxylamine hydrochloride (Pu 
reduced to Pu(III)). 
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Fig.5.8. Direct assay of uranium present in dissolver solution using reversed phase 
monolith support. Column: 10 cm length monolith; Mobile Phase: 0.1 M α-HIBA; pH: 
3.2; flow rate: 2.5 mL/min; PCR flow rate 1 mL/min; Detection: 655 nm; Sample: Dissolver 
solution in 0.01 N HNO3 medium; 20 µL injected. (NaNO2 was added to keep Pu in Pu(IV) 
state)  
 
 
 
 

 

 

 

 

 
 
 
 
 
 
 
Fig.5.9. Direct plutonium assay from dissolver solution using reversed phase monolith 
support. Column: 10 cm length monolith; Mobile Phase: 0.1 M α-HIBA; pH: 4.2; flow 
rate: 2 mL/min; PCR flow rate: 1 mL/min; Detection: 655 nm; Sample: dissolver solution in 
0.01 N HNO3 + hydroxylamine hydrochloride (Pu in Pu (III)). 
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5.1.3.5 Identification of americium in dissolver solution 

 Americium, the minor actinide, present in the dissolver solution was identified by 

injecting pure Am(III) and measuring its retention time (Fig.5.10). The “Am” fraction was 

also collected and analysed using a HP Ge detector.  These studies established the potential 

application of the LC technique for “Am fraction collection” as well as its assay in dissolver 

solutions, HLW etc. 

0 2 4 6 8

0

1x105

2x105

0

5x104

1x105

 

Am(2.85)

 

Lanthanide fraction
Nd(3.2)

Eu

Sm
Pr

Ce

La

Retention time(min)

A
bs

(a
rb

it
ra

ry
 s

ca
le

)

Am spiked Lanthanide fraction

Eu

1.8

1.8

(2.2)

2.2

(3.7)

(3.7)
(4.6)

(4.6)

(6.4)

(6.4)

Sm

Nd(3.2)

Pr
Ce

La

Am(2.85)

 

 

 
 
Fig.5.10. Identification of Am from dissolver solution. Column: 10 cm length monolith; 
Mobile Phase: 0.015 M CSA + 0.1 M α-HIBA; pH: 3.4; flow rate: 3 mL/min; PCR flow 
rate: 1 mL/min; Detection: 655 nm. (In these experiments major amount of U and Pu was 
removed prior to identification of Am) 
 

5.1.3.6 Minimisation of radiation exposure and waste 

 The contact radiation dose for about 0.1 g diluted dissolver solution was found to be  

~ 0.3 mSv ( 0.1 g of the dissolver solution was containing 17 µg La, 47 µg Nd, 900 µg of U 

and 1670 µg of Pu). In this part of work, typically 0.1 g of the dissolver solution was diluted 
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with HNO3 / HIBA medium and directly injected into the HPLC for the determination of 

lanthanide fission products, uranium, and plutonium. The development of the rapid 

separation technique using monolith, which resulted in isolation of “La”   from the dissolver 

solution in about 1.8 min, Pu(III) from other actinides and fission products in 1.18 min, and 

that of UO2
+2 from other actinides and fission products in about 1.35 min resulted in the 

minimization of radiation exposure to the personnel. Though it is difficult to quantify at this 

stage, the reduction in separation times of U, Pu, and La’s achieved in the present work, 

would  probably reduce the overall exposure easily by about 10 times. The overall reduction 

in separation time also reduces the waste that is generated during the course of the 

campaign. 

5.1.4 Conclusion 

The rapid separation techniques using small particle based (1.8 µm) as well as 

monolith based supports were demonstrated for the assay of uranium, plutonium, and 

lanthanides present in the dissolver solution of a fast reactor fuel discharged at about 155 

GWd/ton. The dynamic ion-exchange technique was employed for measuring the 

concentrations of fission product lanthanides such as La, Ce, Pr, Nd and Sm in the dissolver 

solution of fast reactor fuel.  

Uranium and plutonium concentrations were measured accurately in the dissolver 

solution of fast reactor fuel using reversed phase as well as dynamic ion-exchange based 

HPLC techniques. A dynamic ion exchange chromatographic technique was also developed 

for the identification of the minor actinide, americium. 
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5.2 Determination of lanthanides in uranium matrix using single stage double column 

chromatography and its application to burn-up measurement of nuclear reactor fuels 

 
5.2.1 Introduction 

The most common method for the determination of lanthanides in uranium matrix 

involves removal of uranium by a suitable technique such as solvent extraction [171-172], 

extraction chromatography [100] and anion-exchange followed by determination of 

lanthanides using liquid chromatography, ICP-AES etc. In one of the studies [100], 

lanthanide fission products present in dissolver solution of nuclear reactor fuel were 

separated from uranium matrix using a di-(2-ethylhexyl phosphoric acid) (HDEHP) coated 

column. In some studies, lanthanides and uranium present in comparable levels was 

separated and determined [68, 112, 173]. Separation of lanthanides as group i.e. total 

lanthanides in uranium matrix of salts from pyrochemical studies using extraction 

chromatographic technique was also reported [105-106].  

In the determination of lanthanides in uranium matrix, e.g. lanthanide impurity in 

the pellets of UO2 demands development of HPLC technique where uranium to lanthanides 

ratio could be 105:1 to as high as 106:1. Moreover, loading analytical column with large 

amounts of uranium during HPLC run results in long regeneration times for subsequent 

analysis. In one of the technique reported in literature [174], uranium matrix was removed 

on a semi-preparative reversed phase column (21.2 ×100 mm, reversed phase C18) and 

lanthanides were separated subsequently on a cation exchange column using single stage 

chromatographic method. In these studies, uranium containing solution with a concentration 

as high as 5 mg/mL was injected into the liquid chromatographic system; using 20 mg 

uranium loading onto the column, lanthanide impurities in uranium matrix were 
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determined. To avoid use of expensive preparative columns and also for the multiple 

analysis of lanthanide fission products such as Sm, Pr and Nd in uranium matrix, a single 

stage dual column chromatographic technique has been developed in the present work to 

overcome the difficulties associated with uranium interference.   

Organophosphorous compounds are attractive candidates for the extraction of 

actinides [175-182] and their extraction efficiency in ascending order is phosphates, 

phosphonates, phosphinites and phosphine oxides. The most widely used neutral extractants 

are tri-n-butylphosphate (TBP) and tri-n-octyl phosphine oxide (TOPO). TOPO offers a 

very high distribution ratio for uranium and lower distribution ratio for lanthanides and 

other fission products [183] and hence a promising candidate for pre-concentration of 

uranium by extraction chromatographic technique. Since its aqueous phase solubility is very 

low, it is an attractive candidate for holding uranium during extraction chromatographic 

technique. Extraction of uranium with TOPO can be represented as 

( ) ( )2 3 2 32 2
 UO NO          2TOPO   UO NO 2TOPO+ ⇔  

This chapter also deals with the separation and determination of lanthanides in 

uranium matrix using single stage dual column HPLC technique. In these studies, two 

columns were connected in a series, first column (5 cm length reversed phase support) 

modified with TOPO for holding uranium and the second one, an analytical column (10 cm 

length monolithic reversed phase support, modified into a cation exchange column by ion-

interaction chromatography, with an ion pairing reagent, CSA) for individual separation of 

lanthanides. During a chromatographic run, uranium is retained in the first column by 

complex formation with TOPO and lanthanides are passed on to the second column, where 

they get isolated from each other. Samples of lanthanides in uranium matrix of various 

proportions were injected into the coupled dual column for separation and determination of 
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lanthanides in uranium matrix. Studies were carried out to study the factors affecting the 

retention of uranium, lanthanides and other fission products such as Zr, Mo, Cs, Ba, Sr, Ru, 

Rh, and Pd on the TOPO modified column. Based on these studies, a single stage coupled 

column chromatographic method has been developed for the rapid and accurate 

determination of lanthanides in uranium matrix. The technique was demonstrated for the 

determination of atom percent burn-up on the dissolver solution from a PHWR nuclear 

reactor fuel (MAPS, Kalpakkam, India) and the results are discussed. The retention 

behavior of Pu(III), Pu(IV), and Am(III) was also investigated on the coupled column. 

Subsequently, the lanthanide fission products were separated and determined from a 

dissolver solution of a fast reactor fuel (FBTR) and these results are discussed.  

5.2.2 EXPERIMENTAL 

5.2.2.1 Column-1:  

5.2.2.1.1 Preparation of TOPO modified reversed phase (5 cm length) support       

TOPO modified support was prepared by passing a solution of TOPO (100 mL) 

through a reversed phase support at a typical flow rate of 0.2 mL/min. TOPO solutions were 

prepared in a methanol-water mixtures (typically,  75:25 v/v methanol to water). Higher 

methanol content was employed in some studies to ensure complete dissolution of TOPO. 

Acetone-water mixture was also employed in one of these studies to prepare TOPO 

modified support. When the coating was completed, the column was washed with about 20 

mL water. After the completion of studies with a particular TOPO sorbed support, the same 

was washed and removed completely with ~ 25 mL of methanol. The same 5 cm length 

column was reused for all studies carried out in the present work. All the experiments were 

carried out at 25oC.  The amount of TOPO sorbed / coated onto the support was determined 

by gravimetry (Table.5.2).   



 124

5.2.2.1.2 Preparation of TOPO modified 25 cm (4.6 mm dia) length reversed phase 

support       

TOPO coated 25 cm length reversed phase support was prepared by passing 3.91 

mmol TOPO (TOPO dissolved in 500 mL of methanol (71%)–water (29%) mixture) 

through a 25 cm length reversed phase support at a  flow rate of 0.25 mL/min. Actual 

amount of TOPO coated on to the column was estimated by gravimetry (Table.5.2).   

 
Table.5.2. Preparation of TOPO modified 5 cm and 25 cm length support: coating 
solutions and % sorption 
 
 
Reversed 

phase 
supports  

Coating 
solution 

(%) 
 

Amount of 
TOPO passed 

(mmol) 

Amount of TOPO 
coated (mmol) 

% TOPO 
sorbed on 
column  

 
 
 
 
 

5 cm 
 
 
 
 

MeOH-Water 
(84: 16) 

1.33 
 

0.16 12.2 % 

MeOH-Water 
(75 : 25) 

1.13 
 

0.21 
 

18.6 % 

MeOH-Water 
(75 : 25) 

1.44 
 

0.28 

 
19.4 % 

MeOH-Water 
(70 : 30) 

1.85 
 

0.43 
 

23.2 % 

MeOH-Water 
(70 : 30) 

2.20 
 

0.54 24.6 % 

Acetone-Water 
(65 : 35) 

 

2.20 
  

0.12  

 
5.5 % 

25 cm MeOH-Water 
(71 : 29) 

3.91 1.60 40.92% 
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5.2.2.2 Column-2: Modification of 10 cm length reversed phase monolithic support 

into a dynamic ion-exchange column 

The reversed phase monolith support was modified into a dynamic ion-exchange 

column using water soluble ion-pairing reagent, CSA. A mobile phase solution (CSA+      

α-HIBA) was passed through the reversed phase support (typically 30 mL) to establish a 

dynamic ion-exchange surface, after which samples were introduced into the HPLC system 

for separation.  

5.2.2.3 Dissolution of spent fuel (PHWR)   

 The fuel pellets (UO2) from the PHWR fuel pin were dissolved in boiling 8 M 

HNO3 medium [49]. The dissolver solutions containing U, Pu, and fission products in 

HNO3 medium were evaporated to near dryness, re-dissolved in 1 N HNO3 medium. The 

dissolver solution was directly injected into the HPLC system with appropriate dilutions 

using 0.01 N HNO3 medium for assay of lanthanides, uranium and plutonium.  

5.2.3 RESULTS AND DISCUSSION 

5.2.3.1 Separation of lanthanides in U matrix on analytical column 

In dynamic ion-exchange chromatographic technique, lanthanides such as Sm and 

Nd could be well separated from uranium, only if lanthanide to uranium ratio does not 

exceed 1:500. When lanthanide to uranium ratio was raised to 1:1000, lanthanides such as 

Sm, Nd and Pr could not be resolved from matrix uranium (Fig.5.11). Thus for samples 

with higher uranium to lanthanide ratio, e.g. 2000:1, individual lanthanides could not be 

separated from each other and determined in a single chromatographic run because of 

uranium interference. This will be the case for dissolver solutions from PHWR subjected to 

a burn-up of around 5000 MWd/ton, where uranium to neodymium ratio could be ~ 2000:1. 

Considering these aspects, a coupled dual column chromatographic technique has been 
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developed in the present study to overcome the difficulties associated with uranium 

interference during the quantitative determination of lanthanide fission products such as 

Sm, Pr, and Nd in the uranium matrix.  
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Fig.5.11. Separation of individual lighter lanthanides on a monolithic column in the 
presence of uranium. Column: 10 cm length reversed phase monolithic column; Mobile 
phase: 0.1 M α-HIBA + 0.015 M CSA; pH: 3.52; Flow rate: 2 mL/min; PCR flow rate: 0.5 
mL/min; Detection: 655 nm; Sample: Lanthanides (La, Ce Pr, Nd, Sm and Eu; 10 ppm 
each) and U (up to 50 mg/mL) in 0.01 N HNO3; 100 µL sample injected. 
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5.2.3.2 Separation of lanthanides from uranium matrix using single stage double 

column chromatographic method  

Individual separation of lanthanides from each other as well as from uranium matrix 

was studied using single stage double column chromatographic technique. In this technique, 

TOPO coated 5 cm length reversed phase support was connected in a series ahead of an 

analytical column, which was dynamically modified into a cation exchanger using CSA.     

 In this method, uranium & lanthanides solutions were injected directly into the 

HPLC system containing the dual (coupled) column in series. The schematic of double 

column chromatography for separation of lanthanides from uranium matrix is shown in 

Fig.5.12.  

 

 

 

 

 

 

 

 

 
Fig.5.12. Schematic of single stage dual column chromatographic technique for 
separation of lanthanides in uranium matrix 
 
 
Separation of individual lanthanides on a monolithic column using dynamic ion-exchange 

chromatographic technique was studied with and without use of TOPO coated column 

(Fig.5.13). A mobile phase consisting of CSA (0.015 M) and α-HIBA (0.1M) was 
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employed for isolation of individual lanthanides. Initially lanthanide separation was carried 

out on dynamically modified monolithic column (without TOPO coated column) and total 

separation time was 8.63 min. Under similar experimental conditions, separation of 

lanthanides was studied by connecting two columns in series, i.e. TOPO sorbed support was 

the first, followed by dynamically modified analytical column. The total separation time of 

lanthanides was marginally enhanced and was found to be 9.02 min. The separation factor 

of some adjacent lanthanides was calculated and the results are given in Table.5.3. These 

studies have established that TOPO coated support did not affect the performance of 

analytical column and hence TOPO coated column was connected ahead of a monolithic 

analytical column for the separation and determination of lanthanides in uranium matrix. 
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Fig.5.13. Separation of lanthanides using dynamic ion-exchange chromatography with 
and without connecting TOPO coated column. Columns: 5 cm length TOPO coated 
column (0.21 mmol sorbed); Analytical column: 10 cm length reversed phase monolith 
support; Mobile phase: 0.1 M α-HIBA + 0.015 M CSA; pH: 3.5; Flow rate: 2 mL/min; PCR 
flow rate: 0.5 mL/min; Detection: 655 nm; Sample: Lanthanides (~ 10 ppm) in 0.01 N 
HNO3; 20 µL injected. 
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Table.5.3. Separation factors for some adjacent lanthanides on a monolithic column 
with and without TOPO coated column 

 
Lanthanides Separation factor(α)  

Monolithic 
column 

only 

Dual column 
(TOPO coated 

column + 
monolithic 
column) 

La:Ce 1.44 1.45 
Ce:Pr 1.26 1.27 
Pr:Nd 1.17 1.16 
Nd:Sm 1.59 1.60 
Sm:Eu 1.26 1.27 
Eu:Gd 1.14 1.15 
Gd-Tb 1.37 1.37 
Tb-Dy 1.29 1.29 

 
Columns used. Study.1. 10 cm monolith support only; Study.2: Column.1: 0.21 mmol 
TOPO sorbed 5 cm length support+Column.2: 10 cm length monolith; Mobile phase:            
0.1 M α-HIBA + 0.015 M CSA; pH: 3.5; Flow rate: 2 mL/min. 
 

5.2.3.3 Breakthrough studies on TOPO coated column  

Initially uranium loading capacity on the TOPO coated column was investigated. 

Breakthrough studies were carried out on a 0.21mmol TOPO loaded support and a profile 

under typical experimental condition is shown in Fig.5.14. In this study, a uranium solution 

of 25 µg/mL in 0.01 N HNO3 medium was passed through the column at a flow rate of 0.5 

mL/min. 100% breakthrough was observed after passing about 260 mL of solution. About 

6.3 mg of uranium could be loaded on to the column during these studies. These studies 

have established that lanthanides in uranium matrix can be directly injected for selective 

sorption of uranium during chromatographic runs. Similar studies were also carried out with 

0.54 mmol TOPO sorbed support and the uranium loading capacity was found to be ~15 mg 

under the above experimental conditions.   
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Fig.5.14. Breakthrough profile of uranium on TOPO coated support.                                            
U(VI) solution (25 ppm in 0.01 N HNO3) was passed through a TOPO sorbed 5 cm length 
reversed phase support. Flow rate: 0.5 mL/min; Actual amount of TOPO sorbed on the 
reversed phase support was 0.21 mmol. 
 
 
5.2.3.4 Separation of lanthanides from uranium matrix: Influence of TOPO content on 

the separation   

The separation of individual lanthanides from uranium matrix was studied using 

coupled column method. In these studies, the uranium loading capacity of 0.12, 0.16, 0.21, 

0.39, 0.44 and 0.54 mmol TOPO sorbed columns were investigated. Samples of lanthanide 

(e.g. 4 µg/mL) in uranium matrix were injected (20 µL) consecutively into the HPLC 

system, i.e. after the elution of last lanthanide, lanthanum, the next sample was injected and 

so on. The results of these studies are shown in Table.5.4. For example, when sample 

solutions containing lanthanides (4 µg/mL) with uranium (10 mg/mL) were injected into the 

HPLC with coupled column consisting of 0.54 mmol sorbed TOPO support and a 
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monolithic column, 27 consecutive injections could be performed for separation and 

determination of lanthanides in uranium matrix (Fig.5.15). Uranium elution was observed 

during the 28th injection of the sample, i.e. the overloaded uranium from the first column 

(TOPO sorbed support) was transferred to the analytical column (second column), from 

where it was eluted. Thus, 7, 15, 16, 24, 25 and 27 successive injection of samples 

(lanthanides 4 µg/mL and uranium 10 mg/mL) could be carried out with 0.12, 0.16, 0.21, 

0.39, 0.44 and 0.54 mmol TOPO sorbed supports respectively. As expected, uranium was 

retained on the modified reversed phase support and eluted at different time intervals 

depending upon the amount of TOPO sorbed onto the reversed phase support.  

In a typical experiment, 45 successive injections of sample (lanthanide to uranium 

ratio 1000, where lanthanide concentration was 4 µg/mL and that of uranium was                    

4 mg/mL) were carried out prior to matrix uranium elution in the determination of 

lanthanides (Fig.5.16). The following results were observed from coupled column method 

containing 0.21mmol TOPO sorbed support. When the ratio of lanthanide to uranium was 

1:2500 (lanthanides: 4 µg/mL, U:10 mg/mL), 16 successive chromatographic runs could be 

carried out; similarly, when the ratio was 1:7500 (Las: 4 µg/mL, U: 30 mg/mL), five 

consecutive samples could be separated and determined; when the ratio was raised to 

1:12,500 (lanthanides: 4 µg/mL, U:50 mg/mL), three chromatographic runs were carried 

out; when La to U ratio was further raised to 1:15,000 (lanthanides: 4 µg/mL, U: 60 

mg/mL), two chromatographic runs could be successively carried out prior to uranium 

elution. Samples with lanthanide to uranium ratio, as high as 1: 25,000 (lanthanides: 4 

µg/mL, U: 100 mg/mL) were also successfully determined for the lanthanides and uranium 

interference was observed from the second run onwards. The 10 % breakthrough data for 

uranium loading on the TOPO sorbed column can be employed for prediction on the 
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number of samples that can be injected prior to uranium elution during dual column 

chromatographic studies on the determination of lanthanides in uranium matrix. Uranium 

elution from experiments involving “successive injection method” is mainly influenced by 

amount of TOPO sorbed on the support and volume and concentration of HIBA that has 

been passed through the column. It has been established that the prediction of uranium 

elution from dual column is close to the experimentally observed results (Fig.5.17 and 

Table.5.5).  

 
Table.5.4. Separation of lanthanides in the presence of uranium matrix. Influence of 
uranium and TOPO contents on separation behaviour 
Experimental: Column-1: 5 cm length TOPO coated column; Column-2: 10 cm length 
monolithic support; Mobile phase: 0.015 M CSA + 0.1 M HIBA; pH: 3.5, flow rate:                
2 mL/min; Lanthanides: 4 ppm each 
 

TOPO sorbed 
on 5 cm length 
column (mmol) 

Concentration of 
U injected 

(mg/mL) into 
HPLC 

Results 

0.12 10 mg/mL Lanthanides resolved from each other 
up to 7 injections; U elution begins at 
8th injection. 

0.16  10 mg/mL Lanthanides resolved from each other 
up to 15 injections; U elution begins 
at 16th injection. 

0.21 4 mg/mL Lanthanides resolved from each other 
up to 44 injections; U elution begins 
at 45th injection. 

10 mg/mL Lanthanides resolved from each other 
up to 16 injections; U elution begins 
at 17th injection  

30 mg/mL Lanthanides resolved from each other 
up to 5 injections; U elution begins at 
6th injection  

50 mg/mL Lanthanides resolved from each other 
up to 3 injections; U elution begins at 
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4th injection  

60 mg/mL Lanthanides resolved from each other 
up to 2 injections; U elution begins at 
3rd injection  

100 mg/mL Lanthanides resolved from each other 
for the first run; U elution begins at 
2nd injection 

0.39 10 mg/mL Lanthanides resolved from each other 
up to 24 injections; U elution begins 
at 25th injection  

0.44 10 mg/mL Lanthanides resolved from each other 
up to 25 injections; U elution begins 
at 26th injection  

0.54  10 mg/mL Lanthanides resolved from each other 
up to 27 injections; U elution begins 
at 28th injection  
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Fig.5.15. Elution behaviour of lanthanum in the presence of matrix uranium in a dual 
coupled column chromatography. Column.1.: 5 cm length TOPO coated reversed phase 
support (0.54 mmol TOPO sorption); Column.2: 10 cm monolithic column. Mobile phase: 
0.015 M CSA+ 0.1 M α-HIBA; pH: 3.5; Flow rate: 2 mL/min; PCR flow rate: 0.5 mL/min; 
Detection: 655 nm; Sample: Mixture of U (10 mg/mL) and La (4 µg/mL) in 0.01 N HNO3; 
20 µL injected. 
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Fig.5.16. Separation of lanthanides from uranium matrix using single stage double 
column chromatographic technique. Column.1: TOPO coated reversed phase support of 5 
cm length (0.21 mmol TOPO sorption); Column.2. Monolithic column modified to cation 
exchange. Mobile phase: 0.1 M α-HIBA + 0.01 M CSA; pH: 3.3; Flow rate: 2 mL/min; 
PCR flow rate: 0.5 mL/min; Detection: 655 nm; Sample: Mixture of U (4 mg/mL) and 
lighter lanthanides (4 µg/mL) in 0.01 N HNO3 acid; 20 µL injected. 

 

The uranium sorption capacity in the dynamic mode i.e. chromatographic run mode 

was studied on column-1 in the presence and absence of CSA using HIBA as the 

complexing reagent for elution. Though the ion-pairing reagent, CSA is expected mainly to 

modify the column-2 i.e. reversed phase monolithic column into a cation exchange type, it 

is expected that CSA may also sorb on to the TOPO coated column-1 by dispersion forces. 

The results observed in the present study indicated that uranium sorption capacity of the 

column-1 has not been significantly altered in the presence of CSA.  

 



 135

 

 

 

 

 

 

 

 

 

 
 

Fig.5.17. Uranium loading on TOPO coated supports. Column.1: 5 cm length TOPO 
sorbed reversed phase support + Column.2: dynamically modified 10 cm length reversed 
phase monolith support  
 
 
Table.5.5 Predicted and experimentally observed number of injections on the TOPO 
coated support 
 

TOPO sorbed 
on 5 cm length 
column (mmol) 

Concentration of 
U injected 

(mg/mL) into 
HPLC 

Number of injections 

Predicted from 
plot 

Experimentally 
obtained 

0.16 10 mg/mL 12 15 

0.21 4 mg/mL 39 44 

10 mg/mL 15 16 

30 mg/mL 6 5 

50 mg/mL 3 3 
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5.2.3.4.1 Lanthanides in uranium matrix (1:106) 

In some studies, a solution of lighter lanthanides (La-Eu; 0.1 µg/mL) in uranium 

matrix (100 mg/mL) was directly injected (100 µL) into the dual column HPLC system. In 

these studies, a 25 cm length reversed phase column sorbed with 1.60 mmol TOPO was 

connected in series with a 10 cm length monolith column (dynamically modified into cation 

exchange) for the separation and determination of lanthanides. Eleven sample solutions of 

lanthanides in uranium matrix (1 in 106) were consecutively injected for the determination 

of lanthanides (Fig.5.18). These studies have demonstrated that lanthanide impurities in 

uranium matrix can be determined without matrix removal. Regeneration of TOPO sorbed 

25 cm length column was carried out using 100 mL of 0.2 M EDTA (pH: 6). 
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Fig.5.18. Separation of lanthanide impurities in uranium matrix (~ 1 part lanthanide 
in 106 part uranium) using dual column technique. Column.1.: 25 cm length reversed 
phase support (1.60 mmol TOPO sorbed) + Column.2: dynamically modified 10 cm length 
reversed phase monolithic column; Mobile phase: 0.1 M α-HIBA + 0.02 M CSA; pH: 3.48; 
Flow rate: 1.5 mL/min; PCR flow rate: 0.5 mL/min; Detection: 655 nm; Sample: U (100 
mg/g) and lanthanides (0.1 µg/g of La, Ce, Pr, Nd, Sm and Eu) in 0.01 N HNO3; 20 µL 
injected. (Top figure shows individual lanthanide separation in one particular run) 

 
 
5.2.3.5 Significance of use of 5 cm length TOPO coated column  
 

In the present study, 5 cm length TOPO coated column was mainly employed for 

the following reasons:  
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(1) To maintain near similar total separation time of lanthanides from (A) an analytical 

monolithic column of 10 cm length and (B) dual column, 5 cm length TOPO coated column 

connected in series with an analytical monolithic 10 cm length column under given 

experimental condition. Use of longer TOPO coated column, e.g. 25 cm length may lead to 

longer separation time of lanthanides from dual columns compared to the use of 5 cm length 

column (higher void volume with 25 cm over 5 cm length column). 

(2) Use of longer TOPO coated columns i.e. 25 cm length over 5 cm one  during dual 

column chromatographic method should result in higher uranium loading as relatively 

larger quantities of TOPO can be coated on a 25 cm over 5 cm length support due to 

additional availability of sites for TOPO sorption (through dispersion forces).  

3. However, in a particular study, we have also employed a 25 cm length TOPO coated 

column in series with a monolithic column for assay of lanthanides in uranium matrix. In 

these studies, uranium contents were far higher, i.e. 1 part lanthanide in 106 parts of 

uranium. Thus to accommodate larger quantity of uranium, a longer TOPO coated column 

(25 cm length) was employed over a smaller column length (5 cm length). 

5.2.3.6 Regeneration of “uranium sorbed TOPO coated column” 

After completion of set of chromatographic experiments, regeneration of TOPO 

sorbed column was carried out using α-HIBA or EDTA as the complexing agent to remove 

the sorbed uranium from the support. In the initial studies, uranium from the support was 

eluted with 0.15 M α-HIBA solution (pH: 2.8). Uranium was eluted with severe tailing from 

the TOPO coated support. Subsequently, 0.2 M solution of EDTA (pH: 6) (50 mL) was 

employed as the complexing reagent for the elution of uranium. A severe tailing, which was 

observed with HIBA, was not observed when EDTA was employed as a complexing 
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reagent. The column was subsequently washed with water followed by methanol and the 

same was recoated for different TOPO loading studies.   

5.2.3.7. Retention behavior of fission products, Pu(III), Pu(IV) and Am(III) on TOPO 

coated reversed phase support 

The elution behaviour of various fission products was investigated on a TOPO 

coated reversed phase support. In the initial studies, a simulated fission product solution 

containing 250 µg/mL of each of these metal ions, i.e. Mo, Sr, Ba, Ru, Zr, Pd, Rh, Nd and 

Cs were injected (injected amount ~ 40-50 µg) in to the HPLC system containing TOPO 

coated column. A mobile phase solution of 0.01 N HNO3 was used for elution. In total, ten 

eluted fractions of 2 mL each were collected and the elements such as Sr, Ba, Cs, Rh Zr, 

Mo, Ru, and Pd were analysed using ICP-AES technique for the fission products. 

 The elution of fission products from TOPO coated column from HNO3 medium is 

shown in Fig.5.19a. Fission products such as Nd, Sr, Ba, Ru, Rh, and Cs were eluted in the 

first fraction; the metal ions, Mo and Pd were eluted under six fractions; however Zr could 

not be eluted with 0.01 N HNO3 medium. The elution behaviour was subsequently 

investigated using 0.1 M α-HIBA (pH: 3.5) as the mobile phase and the results are shown in 

Fig.5.19b.  It was observed that most of the fission products such as Mo, Sr, Ba, Ru, Zr, Rh, 

Nd and Cs were eluted in the first fraction (i.e. 2 mL) and Pd elution was observed till four 

fractions. The experiment was also carried out in the presence of matrix uranium and 

similar elution behaviour was observed for the above fission products. Uranium however 

did not elute from the TOPO coated column under these experimental conditions. 
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Fig.5.19. Elution behaviour of fission products on TOPO coated reversed phase 
support. Column: 5 cm length reversed phase support modified with 0.21 mmol TOPO; 
5.19a. Mobile phase: 0.01 N HNO3; 5.19b. Mobile phase: 0.1 M α-HIBA; pH: 3.5; Flow 
rate: 2 mL/min; PCR flow rate: 0.5 mL/min; Detection: 655 nm; Sample: simulated fission 
products (each metal ion ~ 200-250 µg/mL; 200 µL injection; injected amount 40-50 µg of 
each element) in 0.01 N HNO3. 
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close to dead volume, i.e. t0 indicating their poor affinity on TOPO coated column 

(Fig.5.20). However, uranium was strongly complexed and retained on the TOPO coated 

support.  
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Fig.5.20. Retention behaviour of Pu(III), Pu(IV) and Am(III) on TOPO coated 
reversed phase support: Column: 5 cm length reversed phase support (0.21 mmol TOPO 
sorbed); Mobile phase: 0.1 M α-HIBA; pH: 3.5; Flow rate: 2 mL/min; PCR flow rate: 0.5 
mL/min; Detection: 655 nm; Sample: Am(~4ppm), Pu(III) and Pu(IV) ~ 20 ppm in 0.1 M 
HIBA; 20 µL injected. 
 

5.2.3.8 Burn-up determination of PHWR fuel by single stage double column 

chromatography 

Lanthanide fission products such as La, Ce, Pr, Nd and Sm in the dissolver solution 

of PHWR fuel were separated and estimated without removal of “matrix uranium” using 

single stage dual column chromatographic technique. The initial studies were carried out 

with a simulated dissolver solution. A mobile phase made of 0.015 M CSA with 0.1 M      

α-HIBA (pH: 3.4) was employed for individual separation of lanthanide fission products. In 

these studies, 30 consecutive injections were carried out and lanthanides (~ 3 µg/mL) were 
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separated and determined prior to elution of matrix uranium (5 mg/mL) (Fig.5.21). Thus the 

support has been qualified for 30 successive analysis of sample of dissolver solution. 

Subsequently, dissolver solution from PHWR fuel was injected into HPLC system for 

individual separation of lanthanides fission products (Fig.5.22). Plutonium present in the 

dissolver solution was converted to Pu(IV) by adding NaNO2 prior to sample injection. The 

concentration of La, Ce, Pr, Nd and Sm were estimated in the dissolver solution using 

calibration plots and the results are shown in Table.5.6.  Reversed phase HPLC technique 

was employed for the estimation of uranium and plutonium using monolithic column with 

0.1 M α-HIBA (pH of 3.5) as the mobile phase. Americium, the minor actinide present in 

the dissolver solution was identified by injecting pure Am(III) as well as spiking with 

dissolver solution (Fig.5.23). The atom percent burn-up of the dissolver solution was 

determined using La, Pr and Nd as fission monitors [38]. The atom percent burn-up of 

dissolver solution of PHWR fuel was found to be 0.943 with La as fission monitor; 0.967 

with Pr as fission monitor and 0.961 with Nd as fission monitor. These studies established 

that the TOPO coated single stage dual column chromatographic technique can be used for 

direct assay of lanthanide fission products present in dissolver without pre-separation of 

“matrix” uranium. These studies also can be applied to estimate the lanthanide fission 

products in dissolver solution of nuclear reactor fuel subjected to a very low burn-up (when 

Nd to U ratio as low as ~ 1:10,000).  
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Fig.5.21. Separation of simulated dissolver solution containing lanthanides from 
uranium matrix using single stage double column chromatographic support. 
Column.1.: 5 cm length reversed phase support (0.21 mmol TOPO sorbed)+ Column.2: 
dynamically modified 10 cm length reversed phase monolith support; Mobile phase: 0.1 M 
α-HIBA + 0.015 M CSA; pH: 3.4; Flow rate: 2 mL/min; PCR flow rate: 0.5 mL/min; 
Detection: 655 nm; Sample: Mixture of U (5 mg/g) and lanthanide fission products            
(3 µg/g) in 0.01 N HNO3; 20 µL injected. 
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Fig.5.22. Direct assay of lanthanide fission products present in the dissolver solution of 
PHWR spent fuel using single stage double column chromatographic technique. 
Columns: (1). 5 cm length reversed phase with 0.21 mmol TOPO sorption + (2). 
dynamically modified 10 cm length reversed phase monolith support; Mobile phase: 0.1 M 
α-HIBA + 0.015 M CSA; pH: 3.35; Flow rate: 2 mL/min; PCR flow rate: 0.5 mL/min; 
Detection: 655 nm; Sample: dissolver solution of PHWR spent nuclear fuel; 20 µL injected. 
 
Table.5.6 Estimation of lanthanides and actinides in dissolver solution of PHWR spent 
fuel - determination of atom percent burn-up 
 
 
 
 
 

• Approximately 50% fissions were from U-235 and 50% from Pu-239 towards the 
total fission; the same was arrived by measuring Nd/Sm ratio from HPLC 
experiments. The value of fractional fission yield (Y) employed in the determination 
of atom% fission was Nd (18.58/100); La (6.19/100) and Pr(5.57/100) [38] 

Uncertainties in the measurement ± 2-3 % 

Element Concentration 
(per gram of 

dissolver 
solution) 

Burn-up 
(atom 

percent) 

La 10.0 µg  0.943 
Ce 19.2 µg  
Pr 9.3 µg 0.967 
Nd 32.0 µg 0.961 
Sm 7.9 µg  
Eu 0.6  µg  
U 29.2 mg  
Pu 116 µg  
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Fig.5.23. Identification of Am(III)/Pu(III) from di ssolver solution of PHWR spent fuel 
using single stage double column chromatographic support.  Columns: 5 cm length 
reversed phase support coated with 0.21 mmol TOPO + dynamically modified 10 cm length 
reversed phase monolith support; Mobile phase: 0.1 M α-HIBA + 0.015 M CSA; pH: 3.35; 
Flow rate: 2 mL/min; PCR flow rate: 0.5 mL/min; Detection: 655 nm; Sample: dissolver 
solution of PHWR spent nuclear fuel in 0.01 N HNO3 acid; 20 µL injected. 
 

 5.2.3.9 Elution behaviour of U, Pu, Am and lanthanide fission products present in the 

dissolver solution of fast reactor fuel  

The coupled column chromatographic technique was also employed to separate and 

estimate lanthanide fission products from dissolver solution of a fast reactor fuel subjected 

to a burn-up of ~ 155 GWd/t (Fig.5.24).  
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Fig.5.24. Elution behaviour of plutonium and lanthanide fission products present in 
the dissolver solution of fast reactor fuel by single stage double column 
chromatography: Columns: 5 cm length reversed phase support coated with 0.21 mmol 
TOPO + dynamically modified 10 cm length reversed phase monolith column; Mobile 
phase: 0.1 M α-HIBA + 0.015 M CSA; pH: 3.45; Flow rate: 2 mL/min; PCR flow rate: 0.5 
mL/min; Detection: 655 nm; 20 µL injected. 
 

 

Plutonium present in the dissolver solution was adjusted to +4 oxidation state prior 

to sample injection. The dissolver solution from fast reactor was directly injected into the 

HPLC system, containing TOPO coated column connected in a series with dynamically 

modified reversed phase monolith support. Uranium was sorbed on first column, whereas 

plutonium, americium and lanthanide fission products were transferred to the second 

column, where lanthanide fission products were separated from each other. The 

concentrations of lanthanide fission products in the dissolver solution were estimated and 

the results are shown in Table.5.7.  In the measurement of lanthanides fission products, 
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interference of Pu (in +4 oxidation state) was not observed due to early elution of Pu(IV) 

(1.8 min) compared to lanthanide fission products.   

 
Table.5.7. Estimation of lanthanide fission products, U and Pu in dissolver solution of 
Fast Reactor Fuel 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

• Uncertainties in the measurement ± 2-3 % 
 

5.2.3.10 Advantages of burn-up measurements with HPLC technique 

The determination of atom percent burn-up has been generally carried out using a 

well established Isotope Dilution Mass Spectrometric (IDMS) technique [65]. Estimation of 

lanthanide fission products as well as uranium and plutonium for the determination of atom 

percent burn-up using HPLC technique is less time consuming compared to the steps 

involved in the method using IDMS technique. For the IDMS method, fission monitor    

(Nd-148 is generally used as burn-up monitor) and heavier elements (U and Pu) are purified 

and obtained in multiple separation stages. Initially uranium and plutonium will be isolated 

from fission products from 1:1 HNO3 medium using an anion exchange column. Uranium is 

later eluted using 3 N HNO3 and plutonium is subsequently eluted using 1 N HNO3. The 

fission products containing lanthanide fraction will be isolated from each other in a second 

Element Concentration 
(per gram of 

dissolver solution) 

Burn-up 
(atom 

percent) 
La 33 µg 15.9 

Ce 56 µg  

Pr 30 µg  

Nd 95 µg 15.7 

Sm 27 µg  

U 1800 µg  

Pu 3350 µg  
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stage using an anion exchange column using methanol-HNO3 medium for the isolation of 

pure neodymium fraction. Thus the isolation of U, Pu and fission product monitor demands 

multiple separation steps. However, in the present HPLC method of study, separation and 

determination of uranium, plutonium and lanthanide fission products was carried out in a 

single step. The precision and accuracy of the chromatographic technique with post-column 

derivatisation technique employed in the present study is generally found to be ± 2-3 %. 

Earlier studies from our laboratory [49] have established that atom percent results obtained 

by HPLC are ± 2-3 % of mass spectrometry results. 

5.2.4 Conclusion 

A single stage dual column chromatographic technique was developed and 

demonstrated for the separation and determination of lanthanides in uranium matrix. The 

uranium loading capacity on the TOPO coated column was studied in detail and it was 

established that the use of supports with higher “TOPO load” resulted in higher uranium 

loading. Successive injection of lanthanide samples in uranium matrix was demonstrated 

and lanthanides were separated and quantitatively determined. Lanthanide fission products 

such as La, Ce, Pr, Nd and Sm in the dissolver solution of PHWR fuel were separated and 

determined without removal of matrix uranium for the burn-up measurements. The 

retention behaviour of Am(III), Pu(III), Pu(IV) and fission products such as Zr, Mo, Cs, Ba, 

Sr, Ru, Rh, Pd was also investigated on the dual column. Samples with lanthanide to 

uranium ratio, as high as 1 in 106 were directly injected into the HPLC system for the 

quantitative separation and determination of lanthanides. The single stage chromatographic 

technique can also be extended for the determination of lanthanide impurities in samples of 

UO2 pellet without removal of uranium matrix. 
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Chapter-6 
 

Correlation of Retention of Lanthanide and Actinide Complexes with 
Stability Constants and their Speciation 

 
6.1 Introduction 

One of the important factors governing the separation efficiency of individual 

lanthanides/actinides is the stability constant of the metal–ligand complex. Therefore, 

stability constant data of lanthanide/actinide complexes are important in the development of 

high performance separation procedures. A wide variety of techniques are available for the 

determination of stability constant. However, these are in most cases amenable for 

measurements of a single metal ion only. Chromatographic methods on the other hand 

provide the interesting possibility of computing the stability constant of several metal ions 

in one single experiment or set of experiments. Chromatographic and electrophoretic 

methods have been studied for the estimation of stability constant of metal complexes from 

the retention data [120, 184-188]. Retention model of metal ions using ion chromatography 

were reported in literature [189-190].  In chromatographic techniques, stability constants of 

metal complexes were determined through the measurement of changes in either capacity 

factor (chromatography) or the distribution ratio (ion-exchange) of the analyte upon a 

change in complexing agent concentration. In most systems investigated in literature, the 

dependence of reciprocal values of capacity factors (1/k’) on the ligand concentration [L] 

was carried out and a linear plot of 1/k’ vs ligand concentration was obtained. The 

assumption involved in these studies is the presence of a single predominant complex. 

Typically six different ligand concentrations were used to obtain the plot in these studies 

[189-190]. A gel chromatographic method was also reported for the determination of 

stability constant of metal complexes [191]. The metal complex was eluted prior to free 
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metal ion and stability constants were determined from concentrations of free metal ion and 

metal complex. The stability constant of metal complexes has been traditionally determined 

experimentally, using methods such as potentiometry [192-194], polarography [195], 

conductometry [196-197], spectrophotometry [198], solvent extraction [199] and ion 

exchange [200-201].  

  In the present work, the correlation of retention of lanthanide and some actinide 

complexes with their respective stability constant is attempted.  A large set of data on the 

capacity factor of lanthanides and some actinides generated under various experimental 

conditions of mobile phase composition was investigated in detail. From these studies, a 

correlation has been established between the retention of the complexes of lanthanides (e.g. 

lanthanides with HIBA) and the concentrations of each of the individual species, i.e. free 

metal ion [M3+], dipositive [ML]2+, monopositive [ML2]
+, neutral [ML3] and anionic species 

[ML 4]
-. From these correlations, the stability constant of other lanthanides and actinides 

were estimated.   

Based on these studies, a correlation has been developed, which recognizes the 

competition for the metal ion between the organic acid, e.g., α-HIBA and an ion-pairing 

reagent, RSO3H (CSA) with that of stability constant. The chromatographic runs were 

carried out at two different pH at lower ligand [A-] concentrations, and these results were 

employed to correlate capacity factor with stability constant i.e. the capacity factors 

obtained in two different runs were correlated with [A -] and β1 and β2 were estimated by 

solving two simultaneous equations. β3 was subsequently estimated by carrying out the 

chromatographic run at relatively higher pH. Studies were also taken up to employ a single 

chromatogram for the estimation of stability constant at various ionic strengths. 
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After validation of the correlations, studies were carried out to develop a procedure 

for the estimation of stability constant of lanthanides / actinides with a ligand, whose value 

is not reported. A reversed phase chromatographic technique was investigated for individual 

separation of some of the actinides. The speciation data obtained from stability constant 

determination was employed to explain the retention behaviour of actinide complexes. 

 6.2. EXPERIMENTAL  

The dynamic ion-exchange separation of lanthanides and some actinides was 

investigated by varying the concentration of ion-pairing reagent (CSA), complexing agent 

(e.g., α-HIBA), mobile phase pH and mobile phase flow rate. All chromatographic studies 

were carried out at 25oC. Experiments were performed with α-HIBA, mandelic acid, lactic 

acid and tartaric acid as the complexing agents for separation of individual lanthanides and 

some actinides.    

6.3. RESULTS AND DISCUSSION 

6.3.1. Estimation of capacity factor of lanthanides and actinides based on their species  

The retention of lanthanides and actinides was studied as function of CSA and        

α-HIBA concentrations; similarly, retention was also studied as a function of mobile phase 

pH. In a typical study, the pH of the mobile phase (0.1 M α-HIBA and 0.01 M CSA) was 

increased from 2.5 to 3.5. The capacity factor for lanthanides, Pu(III) and Am(III) was 

found to decrease with increase in pH (Fig.6.1). In another study, the CSA concentration 

was varied from 0.0025 to 0.01 M at a mobile phase pH 2.7. The capacity factor for 

lanthanides and actinides increases with the increase in CSA concentration (Fig.6.2).  
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Fig.6.1. Retention of lanthanides, Am(III) and Pu(III) as a function of mobile phase 
pH. Mobile phase: 0.1 M HIBA + 0.01 M CSA; Flow rate: 2 mL/min; PCR flow rate: 0.5 
mL/min; Detection: 655 nm; Sample: lanthanides (12 ppm), Pu(III) (~10ppm) and Am(III) 
(~4 ppm) in  0.01 N HNO3 

   

pH: 3.0 
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Fig.6.2. Retention of lanthanides, Am(III) and Pu(III) as a function of CSA 
concentration. Mobile phase: 0.1 M HIBA + CSA (0.0045M-0.0085M); pH: 2.7; Flow 
rate: 2 mL/min; PCR flow rate: 0.5 mL/min; Detection: 655 nm; Sample: lanthanides       
(12 ppm), Pu(III) (~ 10ppm) and Am(III) (~ 4 ppm) in 0.01 N HNO3. 
 
 

The capacity factor for metal ions decreases with increase in α-HIBA concentration. 

For a fixed concentration of CSA, the capacity factor of an analyte decreases with an 

increase in the concentration of α-HIBA and pH.  Under a given set of conditions, such as 

pH and concentration of the eluent (e.g. α-HIBA), the analytes can be present in mobile 
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phase in the form of various species. Each of these complex stoichiometries does not yield 

separate peak in the chromatogram, but all of the complexes together produce a single peak. 

However, as the relative proportions of these complexes change, for example, by changes in 

pH, the capacity factors are altered.  For lanthanides, fractions of various species were 

calculated using stability constant data from corresponding metal-ligand equilibrium 

equations (6.1-6.8). It was seen from the calculated fraction of species that at one particular 

pH, fraction of uncomplexed species is more for “La” whereas, fraction of anionic species 

is more for “Lu”. Hence for each lanthanide, distribution of relative proportion of the 

species will mainly decide the retention time.   

The concentration of each of the species is given by the corresponding metal-ligand 

equilibrium, which is summarized as follows:  

+2 +3 -
1

2+1 +3 -
2 1 2

3 1 2

                         LnA  = K  Ln  A  ................... (6.1)

                        LnA   = K K  Ln  A ...............(6.2)

                        LnA  =  K K

          
          
  

3+3 -
3

4-1 +3 -
4 1 2 3 4

K  Ln  A ..............(6.3)

                       LnA  =  K  K  K   K  Ln  A ......(6.4)

      
          

 

where [Ln+3] and [A-] are the concentrations of the uncomplexed metal and ligand anion 

respectively.  K1, K2, K3, K4 are the stepwise stability constants. The overall stability 

constants, βi are defined as follows: 

1 1 2 1 2 3 1 2 3 4 1 2 3 4= K ;   = K K ;   = K K K ;  and  = K K K K ............(6.5 )β β β β              

The total metal ion concentration (Tm), can be written as 

+3 +2 +1 -1
m 2 3 4T  = Ln  + LnA  + LnA  + LnA  + LnA ...............(6.6)                  

which can be expressed in terms of the stability constant as 
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{ }2 3 4+3 - - - -
m 1 1 2 1 2 3 1 2 3 4  T  = Ln  1 + K A  + K K A  + K K K A  + K K K K A  ....................(6.7)                  

 

From a knowledge of [A-], K1, K2, K3 and K4, the free metal ion concentration [Ln+3] can be 

calculated from equation 6.7. F Ln
+3, F LnA

+2, F LnA2
+1, F LnA3 and F LnA4

-1 were calculated by 

using equations (6.8), with the use of literature value of stability constant, ligand 

concentration [A-], and total metal ion concentration (Tm) for each pH. [A-] was calculated 

from the knowledge of the pKa [103, 202-203] of the acid eluent and pH of the solution. 

+3
+3 mLn

+2
+2 mLnA

+1
+1 2 mLnA2

LnA 3 m3

-1
-1 4 mLnA4

   F  = Ln *100/T ;  ...................(6.8) 

  F  = LnA *100/T ;

 F = LnA *100/T ;

 F  = LnA *100/T ;

 F = LnA *100/T

 

From these studies, a correlation was established between capacity factor and metal-ligand 

species, which was derived from stability constant data and is shown in equation - 6.9 

1 +3 2 +2 3 +1 4 5 -1LnALn LnA LnA LnA2 43

i (1-5) i i

k' = x  F  + x  F  + x  F  + x  F  + x  F .......... (6.9)

x   = A+ B  pH
 

Species, F Ln
+3, F LnA

+2, F LnA2
+1, F LnA3 and F LnA4

-1 are fractions of uncomplexed, 

dipositive, monopositive, neutral and anionic species respectively of lanthanides with        

α-HIBA. x1, x2, x3, x4, and x5 correspond to coefficients representing uncomplexed, 

dipositive, monopositive, neutral and anionic species respectively. 

Capacity factor, k’ were different for different lanthanides. Five lanthanides were 

chosen to solve the equation (6.9). For each lanthanide we have one equation, hence for five 

lanthanides, five equations were obtained. Solving five simultaneous equations by matrix 
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method, the values of x1 to x5 were obtained. These coefficients / constants depend on pH, 

hence x1 to x5 were plotted against pH and fitted linear plots. Parameters Ai and Bi were 

obtained from these plots. Subsequently, the term, (A i + Bi pH) was calculated, which is 

same for all lanthanides but vary as a function of pH. By substituting the values of (Ai + Bi 

pH) and F Ln
+3, F LnA

+2, F LnA2
+1, F LnA3, F LnA4

-1 at particular pH for various lanthanides, the 

capacity factors were estimated (Table.6.1). The estimated retention (k’) data for all 

lanthanides with the exception of La (especially at pH 2.6) agreed very well with the 

experimental one.    

 The following expression was developed in the present study for the prediction of 

retention i.e. capacity factor (k’) of metal ion: 

( ) ( ) ( )
( ) ( )

1 1 +3 2 2 +2 3 3 +1 Ln LnA LnA2

4 4 LnA 5 5 -13 LnA4

1 1

2

k' =  A + B  pH  F  +  A + B  pH  F  + A + B  pH   F  + 

A + B  pH   F  + A + B  pH  F .......... (6.10)

A  = 10.722                                B = -3.305

A =  -0.498               2

3 3

4 4

5 5

                 B = 0.236

A =  -0.015                               B = -0.016

A =  1.871                               B = - 0.596

A =  -2.605                             B =   0.868

 

* pH employed : 2.6, 2.7, 2.8, 2.9 and 3 

* Stability constant data for Pr, Sm, Gd, Dy, and Yb were used to obtain coefficients in the 

equation 6.10 by matrix method.   
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Table.6.1. Comparison of experimentally measured capacity factor (k’) of lanthanides 

and some actinides with the predicted one   

 

6.3.2 Estimation of stability constant and its validation (method-1)  

The above studies have established a correlation between retention of 

lanthanides/some actinides and stability constant on a chromatographic support. Hence an 

attempt was made in the present study to relate stability constant directly with capacity 

factor of lanthanide / actinide, concentration of ion-pairing reagent, [RSO3
-] and [A-]. In this 

study, equations were derived for the capacity factor based on a model, describing a 

competition for lanthanide complexation between the ion pairing reagent, RSO3H, namely 

CSA and the hydroxyacid ligand.  These equations were then used for estimating the 

stability constants of the lanthanide-hydroxyacid complexes. 

Acid dissociation constant of the ion pairing reagent, CSA is given as:. 

- +
3- +

3 3
3

  RSO  H
RSO H = RSO  + H        K =   ....................(6.11)

RSO H

      
  

 

Lanth
anides 

pH: 2.6 pH:2.7 pH:2.8 pH 2.9 pH:3.0 

Exp. k’  Pred.  
k’ 

Exp.  k’ Pred.  k’ Exp.  k’ Pred.  k’ Exp.  k’ Pred.  k’ Exp.  k’  Pred.  k’ 

La 73.30 83.65 61.28 61.12 42.69 43.86 33.70 30.42 23.95 20.54 

Ce 59.46 62.99 48.36 46.67 32.51 34.79 25.31 25.65 17.74 18.81 
Pr 51.40 53.35 40.87 38.37 27.04 27.75 21.00 19.72 14.58 13.84 

Nd 46.60 44.29 36.64 32.67 23.99 24.53 18.45 18.30 12.83 13.51 
Sm 33.91 34.49 25.78 24.00 16.34 16.89 12.55 11.63 8.59 7.80 
Eu 28.31 30.74 21.35 21.28 13.30 14.93 10.15 10.23 6.96 6.79 
Gd 25.67 27.21 18.95 18.49 11.80 12.57 8.97 8.47 6.13 5.32 
Tb 19.18 18.89 13.97 12.95 8.61 9.01 6.54 6.02 4.52 3.61 
Dy 15.40 15.29 11.10 10.86 6.83 7.77 5.21 5.27 3.64 3.17 
Ho 13.31 13.88 9.52 10.02 5.85 7.25 4.46 4.97 3.13 3.09 
Er 11.21 10.00 7.96 7.80 4.95 5.53 3.75 3.72 2.65 2.39 
Tm 9.50 9.29 6.75 6.51 4.22 4.52 3.19 3.07 2.28 2.32 
Yb 7.90 8.07 5.64 5.38 3.58 3.58 2.71 2.52 1.97 2.49 
Lu 7.14 4.79 5.07 2.60 3.20 1.35 2.42 1.02 1.76 1.86 
Am 41.33 42.41 32.86 30.20 21.29 21.20 16.38 14.65 11.31 9.89 
Pu 43.94 42.88 34.20 30.33 22.28 21.32 17.12 14.91 11.93 10.26 
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Similarly, the dissociation of the weak hydroxy acids e.g. HIBA is given as: 

+ -HA  H  + A⇔  

The equation depicting the equilibrium constant of the metal complexes with ion pairing 

reagent can be written as:. 

[ ]
3-

3 3 s -
3

RSO M]  
RSO  + M  RSO M      K  =  ...............(6.12)

RSO  M

  ⇔   
 

The equilibrium for the first stepwise stability constant (K1) for the lanthanide complexes 

with the hydroxyacid is written as follows 

[ ]
[ ]

1-
1 1 -

MA  
M + A   MA          K  = 

 M A
⇔   

 

which yields  

[ ] [ ] -
1 1MA  = K  M  A ........................ (6.13)    

It is thus asserted that the capacity factor of the analyte is inversely proportional to the 

concentration of the analyte complex with the hydroxy acid (MA1) and directly proportional 

to the concentration of the complex with the ion pairing reagent, RSO3
-. This is based on the 

fact that the larger the concentration of metal complex with the ion-pairing reagent, the 

more strongly bound the lanthanide ion onto the stationary phase resulting in a higher 

capacity factor.  Conversely, a higher concentration of the analyte complex with the 

hydroxyacid implies a larger fraction of the analyte in the mobile phase resulting in a 

shorter retention. The capacity factor actually observed therefore results from a competition 

between these two factors and is expressed as:   



 159

[ ]

[ ]

, 3

1

, 3

1

RSO M
            k         

MA

X RSO M
 or,      k  = , .............(6.14)

MA

α
  

  
 

where X is a proportionality constant that depends on instrumental factors such as length of 

the column, flow rate, etc. 

Substituting for the concentration of [RSO3M] and [MA1] from Eq. 6.12 and 6.13, we can 

write k’ as 

[ ]{ }
[ ]{ }

-
, s 3

-
1

-
, 3

-
1

X K  RSO  M  
              k  = 

K  M A

Y RSO  
   or,       k  = ................. (6.14a),

K  A

  
  

  
  

 

where the constants, X (from Eq. 6.14) and Ks (from Eq. 6.12) have been replaced by a 

single constant, “Y” where sY = X.K .    

It must be recognized that in equation 6.14a for the capacity factor, only the first 

stability constant, K1, of the metal complex with the hydroxyacid, has been considered.  

Equation 6.14a is therefore applicable only under experimental conditions where the 

equilibrium involving the first stability constant is exclusively operative or dominant.  This 

is the case when the concentration of [A-] is very small at lower pH or lower concentrations 

of the hydroxyacids. As the [A-] is increased, there is a progressive involvement of higher 

order equilibria.  Under conditions where both K1 and K2 are important, Eq. 6.14a must be 

expanded as follows: 
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{ }
-

, 3

2- -
1 1 2

Y RSO  
k  =  ............. (6.15),

K  A  + K  K  A

  
      

 

It can be seen that  k’ is inversely proportional to the concentrations of both MA1 and MA2, 

and the sum of MA1 and MA2 concentrations together yield the amount of the analyte 

present in the mobile phase.  Equation 6.15 can be rewritten to yield an equation where  

(k’) -1 is expressed as a polynomial in [A-], where the coefficients of the polynomial involve 

the overall stability constants.   

2 3 4- - - -
1 2 3 4,

-Y RSO3
 =  A  +  A  +  A  +  A ...... (6.16)

k
β β β β

                    

In the execution of the fitting procedure for the determination of the stability 

constants, first consider experimental conditions, where only [MA1] and [MA2] are 

dominant and hence only the terms involving β1 and β2 in equation 6.16 need to be retained.  

With α-HIBA, this condition is achieved by maintaining the pH of the eluent solution to 

values below 2.8.  Chromatograms were recorded for various values of pH over the range 

2.5 to 3.2 for the reasons explained in the estimation of β3. In a chromatographic run at a 

given pH of the eluent, the capacity factor, k’ was determined for each of the lanthanides.  

The value of [RSO3
-] at a given pH is determined from the pKa value of the ion-pairing 

reagent. A fit of the terms of the left hand side of the truncated Eq. 6.16, against [A-] yields 

both β1 and β2 for a given analyte.    

-
2 3 - -

1 2,

Y RSO  
 =  A  + A .........(6.17)

k
β β

           

However, in order to perform the fit, knowledge of the value of “Y” is necessary and its 

determination is discussed below.  
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 “Y” is given as  

sY = X.K  

where X is an instrumental parameter and Ks is the stability constant of the analyte complex 

with the ion pairing reagent, CSA.  The values of Ks for the different analytes with CSA are 

not available in the literature and hence “Y” has to be determined experimentally, for which 

the following method was devised.   A lanthanide, which we shall refer to as the “calibrant 

analyte”, was chosen, for which the stability constant, K1 and K2 for the complexes with the 

hydroxyacid is known. At a given pH, [RSO3
-] can be calculated from its pKa value. From 

the experimentally determined capacity factor for this lanthanide, the constant “Y”, the only 

unknown, was determined.  Using this value for the constant Y, fit to Eq. 6.17 was 

performed to determine the stability constants for the other lanthanides and actinides.   

 
6.3.2.1 Estimation of β3  

 The higher order stability constants become significant as the concentrations of [A-] 

increases, which in effect was achieved as the pH was increased.  Chromatograms recorded 

at pH greater than 3.0 therefore allow for the determination of β3 and even β4. Using 

experiments performed at low pH values (e.g. 2.5-2.8), β1 and β2 were first determined.  The 

values for lower order stability constants were then fixed at these values during the 

determination of β3.  

The method was validated by the estimation of stability constant of lanthanides and 

actinides with α-HIBA using a single calibrant, Sm and the results are shown in Table.6.2.  
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Table.6.2. Stability constant of lanthanides with α-HIBA estimated for 0.2 M ionic 
strength at 250C (method-I) 
 
Chromatographic exp. conditions: α-HIBA: 0.1 M; CSA: 0.005 M, pH: 2.6 & 2.7 used for 
logβ1 & logβ2, pH: 3 for logβ3. 
*Lit.data (R. Portanova et al, 2003, [192]): for 0.2 M ionic strength at 250C. 
Calibrant: Sm.  
 
 

Lanthanides 

& Actinides 

log(β1) 

 

log(β2) log(β3) 

*Lit. 

Data 

Present 

study 

Lit. 

Data 

Present 

study 

Lit.Data Present 

study 

La 2.3 2.55(10.8) 4.04 4.03(0.25) **  # 

Ce 2.55 2.58(1.17) 4.08 4.35(6.61) 5.49 5.91(7.65) 

Pr 2.59 2.60(0.38) 4.37 4.54(3.89) 5.60 5.53(1.25) 

Nd 2.74 2.64(3.65) 4.42 4.58(3.62) 5.98 6.26(4.68) 

Sm 2.75 2.70(1.82) 4.77 4.85(1.68) 6.17 6.37(3.24) 

Eu 2.79 2.76(1.07) 4.86 5.00(2.88) 6.34 6.67(5.20) 

Gd 2.79 2.81(0.72) 4.98 5.01(0.60) 6.50 6.71(3.23) 

Tb 2.92 2.89(1.03) 5.24 5.15(1.72) 6.86 7.05(2.7) 

Dy 2.94 3.04(3.4) 5.45 5.20(4.59) 7.29 7.13(2.19) 

Ho 2.98 3.06(2.68) 5.54 5.30(4.33) 7.44 7.10(4.56) 

Er 3.01 3.08(2.32) 5.70 5.41(5.09) 7.58 7.35(3.03) 

Tm 3.1 3.12(0.64) 5.79 5.51(4.83) 7.71 7.37(4.41) 

Yb 3.13 3.14(0.32) 5.87 5.63(4.09) 7.94 7.66(3.52) 

Lu 3.18 3.16(0.63) 6.05 5.69(5.95) 8.07 7.75(3.96) 

Pu **  2.66 **  4.60 **  # 

Am **  2.7 **  4.61 **  # 

 
** Not available in literature. 
# unable to estimate from fit. 
Parenthesis: % Deviation from literature data. 
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The percentage deviation in the estimates of log β1, log β2 and log β3 using the single 

calibrant is generally found to be ± 5% with few exceptions. It is clear from this study that 

this method is not restrictive and use of single calibrant yield good estimates of the stability 

constants of entire lanthanides and some actinides such as Pu(III) and Am(III). The method 

was also validated by estimation of stability constants of lanthanides with lactic acid 

(Table.6.3) and mandelic acid (Table.6.4). The results are again in good agreement with 

the literature data. The approach was employed to estimate stability constant of lanthanides 

with tartaric acid for which most of the data is not available in literature (Table.6.5).  

 
Table.6.3. Stability constant of lanthanides with lactic acid estimated for 2 M ionic 
strength at 250C (method-1) 
Chromatographic Exp: 0.008 M CSA + 0.05 M Lactic acid, pH 2.6 & 2.7 for logβ1 & logβ2, 
pH: 2.8 for logβ3. 
Lit.data(R. Portanova et al, 2003 [192]): for 2 M ionic strength at 25oC. 
Calibrant: Sm. 
 

** Data not available in literature. 
# unable to estimate. 
Parenthesis: % Deviation from literature data. 

Lanthanides 

(III) 

log β1 log β2 log β3 

Lit.data  Present 

study 

Lit.data Present study Lit.data Present study 

La 2.27 2.29(0.88) 3.95 3.89(1.52) 5.06 5.35(5.73) 
Ce 2.33 2.31(0.86) 4.10 4.09(0.24) 5.21 5.96(14.39) 
Pr **  2.49 **  4.01 **  6.01 
Nd 2.47 2.43(1.62) 4.37 4.51(3.20) 5.60 6.07(8.39) 
Sm 2.56 2.50(2.34) 4.58 4.65(1.53) 5.90 # 
Eu 2.53 2.56(1.18) 4.6 4.63(0.65) 5.88 # 
Gd 2.53 2.55(0.80) 4.63 4.66(0.65) 5.91 5.97(1.01) 
Tb **  2.70 **  4.74 **  5.77 
Dy 2.72 2.71(0.37) 4.77 4.88(2.31) 6.77 6.72(0.74) 
Ho 2.71 2.73(0.74) 4.97 4.87(2.01) 6.55 6.63(1.22) 
Er 2.77 2.83(2.16) 5.11 5.06(0.98) 6.70 6.82(1.79) 
Tm **  2.82 **  5.19 **  # 
Yb 2.85 2.79(2.10) 5.27 5.3(0.57) 6.9 6.85(0.72) 
Lu **  2.81 **  5.7 **  7.45 
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Table.6.4. Stability constant of lanthanides with mandelic acid estimated for 0.1 M 
ionic strength at 250C  
Chromatographic exp. conditions: mandelic acid: 0.05 M; CSA: 0.006 M, pH: 2.52. 
Lit.data(R. Portanova et al, 2003[192]) in parenthesis: 0.1 M ionic strength at 250C 
Calibrants: Eu (method-I); La, Nd, Ho, Yb (method-II)  
 

A: Estimation of stability constant (method-1) 
B: Estimation based on Speciation data (method-2) 
** data not available in literature. 
% Deviations are found to be 0.32% to 8.92% from lit.data. 

 

 

 

 

Lanthanide 

(III) 

A 

 

 

Lanthanide 

B  

log(β1) 

 

log(β2) 

 

log(β1) 

 

log(β2) 

 

La 2.57(2.55) 4.74(4.14) La 2.53(2.55) 4.13(4.14) 

Ce 2.68(** ) 4.90(** ) Ce 2.63(** ) 4.40(** ) 

Pr 2.79(2.76) 5.09(4.65) Pr 2.70(2.76) 4.56(4.65) 

Nd 2.80(2.83) 5.11(4.77) Nd 2.75(2.83) 4.66(4.77) 

Sm 2.84(2.90) 5.15(4.75) Sm 2.86(2.90) 4.88(4.75) 

Eu 2.88(2.95) 5.17(5.07) Eu 2.93(2.95) 5.01(5.07) 

Gd 2.90(2.88) 5.18(5.01) Gd 2.98(2.88) 5.10(5.01) 

Tb 2.96(3.01) 5.21(5.25) Tb 3.06(3.01) 5.27(5.25) 

Dy 3.01(3.03) 5.23(5.29) Dy 3.10(3.03) 5.37(5.29) 

Ho 3.03(3.05) 5.26(5.35) Ho 3.11(3.05) 5.44(5.35) 

Er 3.07(3.15) 5.27(5.41) Er 3.16(3.15) 5.53(5.41) 

Tm 3.08(3.20) 5.30(5.56) Tm 3.19(3.20) 5.60(5.56) 

Yb 3.13(3.29) 5.30(5.76) Yb 3.30(3.29) 5.75(5.76) 

Lu 3.15(3.25) 5.31(5.83) Lu 3.32(3.25) 5.80(5.83) 
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Table.6.5. Stability constant of lanthanides with tartaric acid estimated for 0.015 M 
ionic strength at 250C (method-1) 
Chromatographic exp. conditions: tartaric acid: 0.05 M; CSA: 0.003 M, pH: 2.5 & 2.7 for 
logβ1 & logβ2, Chromatographic temp: 250C 
Lit.data (V. V. Nikonorov et al, 2010 [186]): for 0.015 M ionic strength at 250C 
Calibrant: Pr  
 

Lanthanides 

(III) 

log β1 log β2 

Lit.data  Present study Lit.data Present study 

La 3.89 4.19 7.31 7.33 

Ce 3.96 4.25 7.45 7.47 
Pr 4.04 4.38 7.6 7.58 
Nd 4.02 4.48 7.56 7.64 
Sm 4.05 4.50 7.63 7.73 
Eu **  4.50 **  7.73 
Gd **  4.56 **  7.67 
Tb **  4.53 **  7.64 
Dy **  4.52 **  7.64 
Ho **  4.53 **  7.64 
Er **  4.62 **  7.67 
Tm **  4.64 **  7.71 
Yb **  4.78 **  7.78 
Lu **  4.89 **  7.80 

               ** data not available in literature. 

 

6.3.2.2 Influence of column length, mobile phase flow rate, RSO3
-, [A-] on Y 

 

Capacity factor, '

-Y RSO  3
k  = ......... (6.15)

2- -K  A  + K  K  A1 1 2

   
              

  

The constant in equation 6.14a, Y, is composed of two terms, “Ks”, the stability 

constant of the analyte CSA complex and “X”, which is an instrument dependent parameter.  

For a fixed concentration of A- and RSO3
- concentration, X can be expected to increase with 

increase in the length of the column. The value of the constant, X, was found to be ~2 times 

larger when experiments were run using 25 cm length reversed phase column compared 
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with that observed with a 10 cm length monolith column. At fixed A- concentration and 

fixed column length, X (instrument parameter constant) should not vary with increase of 

RSO3
- concentration; hence Y which is the product of Ks.X (Ks is constant) will not vary as 

well. However, capacity factor increases with increase of RSO3
- concentration, keeping the 

ratio of [RSO3
-1]/ k’ constant, Y remaining unchanged. This was examined by carrying out 

an experiment with varying concentrations of CSA and the capacity factor was proportional 

to RSO3
- concentration, keeping the Y constant.  Similarly, concentration of A- was varied 

in some experiments, and Y remained constant with changes in A- concentration (changes 

in A- was altering the capacity factor, e.g., increase in A- reducing the capacity factor and 

vice versa). In some studies, Y value was also measured under various mobile phase flow 

rates (1-5 mL/min) and exponential variation of Y value from 1 mL/min to 5 mL/min was 

observed (Table.6.6).  

 
Table.6.6. Variation of Y (Ks.X) as a function of mobile phase flow rates for calibrant, 
Sm 
 
Chromatographic exp. conditions: α-HIBA: 0.1 M; CSA: 0.005 M, pH: 2.6; 
Chromatographic temp: 250C 
 

Flow rate 
(mL/min)  

 

Y (K s.X) value of  
calibrant, Sm 

1 52367 

2 26183 

3 17455 

4 13094 
 

5 
 

10512 
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Thus Y, product of instrument factor, X and Ks remains constant and can only be 

altered by varying the mobile phase flow rate, altering the column length, type of column 

i.e., relative hydrophobicity etc. 

6.3.3 Estimation of stability constant of unknown complexing agent with metal ion  

Equation 6.14a for two different complexing agents can be written as  

-Y R SO  3,k  =  ................. (6 .18 )(acid1) -K  A1(acid1)

-Y R SO  3,k  =  ................. (6 .19 ),(acid2) -K  A1(acid2)

   
   

   
   

 

On rearrangement of equation 6.18 and 6.19 results (at a lower pH e. g. pH: 2.6) the 

following: 

,

,

  k . K(acid1) 1(acid1)
K =  ...........(6.20)1(acid2)

k (acid2)

 

where k’ (acid 1) & k’  (acid 2) are capacity factors of metal ions with acid1 and acid2 

respectively; K1 (acid1) & K1 (acid2): are stepwise stability constants of metal ions with acid1 & 

acid2 respectively. From relative retention data and logβ1 with known system, stability 

constants of metal ions with unknown ligands can be estimated.  The validity of the method 

was tested using HIBA as well as lactic acid and the results are given in Table.6.7. This 

method can be applied to estimate stability constant of actinides with ligands, which are of 

importance in the chelation therapy, e.g., in the treatment of internal contamination of 

actinides. Similarly, successful design of new ligands for individual separation of actinides / 

lanthanides, demands knowledge of stability constant and the chromatographic technique 

developed in the present study offers an alternate method of quick estimation.  
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Table.6.7. Estimation of stability constant of lanthanides with a ligand (method-1) 
whose data is not reported: Validation of the method  
 

 
 

Lanthanides 
(III) 

 
 

Chromatographic data with HIBA 
used to estimate logβ1 with lactic acid 
and mandelic acid (A) 

Chromatographic data with lactic acid  
used to estimate logβ1 with HIBA and 
mandelic acid (B) 

logβ1 with 
α-HIBA at 
2M ionic 
strength 

 

Estimated 
data with  
lactic acid 

at 2M 
ionic 

strength 

Estimated 
data with  
mandelic 

acid at 2M 
ionic 

strength 

logβ1 with 
lactic acid at 
0.1M ionic 

strength 

Estimated 
data with 
HIBA at  

0.1 M ionic 
strength  

Estimated 
data with 
mandelic 
acid at         
0.1 M 
ionic 

strength 
logβ1 logβ1   ** logβ1*** log β1 logβ1  **          logβ1*** 

La 2.31# 2.6 (2.27) 2.20 (1.93) 2.44* 2.04 (2.3) 1.83 (2.55) 
Ce 2.43* 2.69 (2.33) 2.24 (2.17) 2.23# 2.17 (2.55) 1.78 (NA) 

        Pr 2.51# 2.74 (NA) 2.27 (2.30) 2.69* 2.19 (2.59) 1.85 (2.76)  
Nd 2.62* 2.84 (2.47) 2.34 (2.43) 2.38# 2.26(2.74) 1.88 (2.83) 
Sm 2.75* 2.88 (2.56) 2.37 (2.47) 2.49# 2.45 (2.75) 1.97 (2.90) 
Eu 2.70* 2.78 (2.53) 2.24 (2.25) 2.90# 2.82 (2.79) 2.37 (2.95) 
Gd 2.82* 2.86 (2.53) 2.35 (2.42) 2.96* 2.86 (2.79) 2.39 (2.88) 
Tb 2.83* 2.81 (NA) 2.30 (2.52) 2.96# 2.98 (2.92) 2.45 (3.01) 
Dy 2.94# 2.89 (2.72) 2.35 (2.57) 3.09* 3.08 (2.94) 2.49 (3.03) 
Ho 3.05* 2.97 (2.71) 2.43 (2.54) 3.09#  3.17 (2.98) 2.55 (3.05) 
Er 3.07* 2.97 (2.77) 2.40 (2.68) 3.21* 3.27 (3.01) 2.60 (3.15) 
Tm 3.05* 2.94 (NA) 2.34 (NA) 3.26# 3.36 (3.1) 2.65 (3.20) 
Yb 3.07# 2.97 (2.85) 2.32 (2.72) 3.41# 3.51 (3.13) 2.76 (3.29) 
Lu 3.12# 3.01 (NA) 2.35 (2.77) 3.40* 3.62 (3.18) 2.85 (3.25) 

(A):   
Lit.data (R. Portanova et al, 2003 [192]) in parenthesis.  
* Literature data available only for Ce, Nd, Sm, Eu, Gd, Tb, Ho, Er, and Tm at 25oC 
# Estimated using method-I at 25oC; lit.data not available for La, Pr, Dy, Yb and Lu 
**     Estimated stability constant compared with lit.data at 2 M ionic strength and 25oC;                
*** Estimated stability constant compared with lit.data at 2 M ionic strength at 25oC;   
NA- lit. data not available.            
(B):   
Literature data (R. Portanova et al, 2003 [192]) in parenthesis.  
* Lit.data available only for La, Pr, Gd, Dy, Er and Lu at 25oC 
# estimated by method-I, present study at 25oC 
**    Estimated stability constant data at 0.1 M ionic strength compared with lit.data at 0.2 
M ionic strength and 25oC as lit.data at 0.1 M ionic strength is not available. 
*** Estimated stability constant at 0.1 M ionic strength compared with stability constant of              
lit. data at 0.1 M ionic strength at 25oC. 
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6.3.4 Estimation of stability constant from speciation data (method-2) 

The well known lanthanide contraction can be used for the prediction of stability 

constants of metal complexes, for a given ionic strength. The precision of the method 

depends on the use of 4 or 5 or 6 calibrants for the estimation of stability constant of other 

lanthanides. A study was also taken up in the present work for the estimation of stability 

constant with use of three or four lanthanide calibrants for any given ionic strength. In this 

method, it is recognized that for a given set of conditions, such as pH and concentration of 

the eluents, a lanthanide has a characteristic capacity factor. It has been established that, a 

given capacity factor uniquely fixes the relative concentration of the various 

stoichiometries, e.g., Ln+3, LnA+2 etc. which in turn can be used to determine the stability 

constants.  

In order to establish a correlation between the fraction of various species and the 

capacity factors, four representative lanthanides (e.g., Lu, Ho, Gd and Pr) are chosen for a 

given concentration of the eluents and pH.  For the experimental conditions adopted in this 

study, each of the lanthanides manifest different fraction of each of the stoichiometries, due 

to their differences in the stability constants. Fig.6.3a shows the plot of [Ln+3] vs. capacity 

factor (k’) for the lanthanides, while each of the Fig.6.3b-e, show the plot of the fractions of 

the complexed species for each of the lanthanides. Each of the plots demanded a different 

functional form to provide the best fit.  While in Fig.6.3a, the data fits into a straight line 

fit, Fig.6.3b and c sought a polynomial of order 2, while Figs.6.3d and 6.3e were best fit 

using an exponential. It is reiterated that all the five figures constitute a single experiment. 

These plots provide the fractions of each of the stoichiometries of the complexes of other 

lanthanides, once their capacity factors are known. From a knowledge of the fractions of 

each stoichiometric species, the calculations of Eqs. 6.2-6.5 can be reversed to obtain the 
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stability constants. Likewise, from the observed capacity factors of Pu3+ and Am3+, the 

corresponding stability constants were also determined.  In the fitting process, the linear fit 

incorporates two fit parameters, while the second order polynomial and the exponential fit 

required three fit parameters, which demands the use of at least four data points. Hence four 

lanthanides, e.g. Pr, Gd, Ho and Lu spanning the range of entire lanthanide series were 

chosen for the purpose of the fit. The validation of the method was tested by the estimation 

of stability constant of entire lanthanides, Pu3+ and Am3+ with α-HIBA (Table.6.8). 

Similarly, the method was validated by estimation of stability constant of lanthanides with 

mandelic acid (Table.6.4). The method was also validated by estimation of stability 

constant of lanthanides with lactic acid (Table.6.9). It is established that the logβ values 

estimated from this method are generally in very good agreement with the literature data 

(±5%). 
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Fig.6.3a                                                Fig.6.3b                                          Fig.6.3c    
 

 

 

 

 

                                    
                                  Fig.6.3d                                                         Fig.6.3e      
 
 

Fig.6.3. Plot of uncomplexed (M+3), dipositive (MA+2), monopositive (MA2
+1), neutral 

(MA 3) & anionic (MA 4
-1) species of lanthanides (Pr, Gd, Ho, Lu)-HIBA complexes 

against capacity factor (k’). 
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Table.6.8. Stability constant of lanthanides with α-HIBA (method-2), estimated for                
0.2 M ionic strength at 250C  
Chromatographic exp. conditions: HIBA: 0.1 M; CSA: 0.005 M, pH: 2.6. 
*Lit.data(R. Portanova et al, 2003 [192]): for 0.2 M ionic strength at 250C. 
Calibrants: Pr, Gd, Ho and Lu. 
 
Lanthanides 

& Actinides 

log(β1) 

 

log(β2) log(β3) log(β4) 

*Lit. 

Data 

Present 

study 

Lit. 

Data 

Present 

study 

Lit. 

Data 

Present 

study 

Lit. 

Data 

Present 

study 

La 2.3 2.32(0.87) 4.04 4.08(0.99) **  5.23 **  # 

Ce 2.55 2.50(1.96) 4.08 4.15(1.71) 5.49 5.63(2.55) **  # 

Pr 2.59 2.58(0.38) 4.37 4.35(0.46) 5.60 5.67(1.25) 6.38 # 

Nd 2.74 2.63(4.01) 4.42 4.50(1.81) 5.98 5.76(3.68) 6.58 6.22(5.47) 

Sm 2.75 2.74(0.36) 4.77 4.81(0.84) 6.17 6.22(0.81) 7.38 6.33(14.2) 

Eu 2.79 2.78(0.36) 4.86 4.94(1.64) 6.34 6.43(1.42) 7.59 6.95(8.43) 

Gd 2.79 2.81(0.72) 4.98 5.01(0.60) 6.50 6.54(0.61) 7.65 7.25(5.23) 

Tb 2.92 2.86(2.05) 5.24 5.20(0.76) 6.86 6.88(0.29) 8.09 8.02(0.86) 

Dy 2.94 2.91(1.02) 5.45 5.35(1.83) 7.29 7.12(2.33) 8.5 8.51(0.12) 

Ho 2.98 2.94(1.34) 5.54 5.45(1.62) 7.44 7.29(2.01) 8.74 8.81(0.80) 

Er 3.01 2.97(1.33) 5.70 5.59(1.93) 7.58 7.48(1.32) 9.03 9.13(1.11) 

Tm 3.1 3.02(2.58) 5.79 5.73(1.03) 7.71 7.68(0.39) 9.33 9.44(1.18) 

Yb 3.13 3.11(0.64) 5.87 5.97(1.70) 7.94 7.93(0.13) 9.72 9.79(0.71) 

Lu 3.18 3.19(0.31) 6.05 6.09(0.66) 8.07 8.10(0.37) 9.99 10.01(0.20) 

Pu **  2.65 **  4.61 **  5.94 **  # 

Am **  2.67 **  4.60 **  6.00 **  # 

 
** Not available in literature. 
# unable to estimate from fit. 
Parenthesis: % Deviation from literature data. 
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Table.6.9. Stability constant of lanthanides with lactic acid (method-2), estimated for  
2 M ionic strength & 0.1 M ionic strength at 250C 
 
Chromatographic Exp: 0.008M CSA+0.05M lactic acid; pH: 2.6 
Lit.data: for 2 M & 0.1 M ionic strength at 25oC;  
La, Sm, Ho and Yb- calibrants (2 M ionic strength) & La, Gd, Lu - calibrants (0.1 M 
ionic strength) 
 
 

lanthanides 2 M ionic strength 
 

lanthanides 0.1 M ionic strength 
 

log(β1) log(β2) log(β3) log(β1) log(β2) 

La 2.26(2.27)  3.92(3.95)  5.09(5.06)  La 2.23(2.44) 3.60(4.32) 

Ce 2.38(2.33) 4.18(4.10)  5.41(5.21)  Ce 2.23(** ) 3.95(** ) 

Pr 2.46(** )  4.35(** )  5.64 (** ) Pr 2.33(2.69) 4.08(4.96) 

Nd 2.50(2.47)  4.44(4.37)  5.78(5.60) Nd 2.38(** ) 4.10(** ) 

Sm 2.58(2.56)  4.63(4.58)  6.04(5.90)  Sm 2.49(** ) 4.57(** ) 

Eu 2.59(2.53) 4.67(4.60) 6.10(5.88)  Eu 2.90(** ) 4.86(** ) 

Gd 2.59(2.53)  4.67(4.63)  6.10(5.91)  Gd 2.90(2.96) 4.86(5.09) 

Tb 2.63(** )  4.76(** )  6.24(** ) Tb 2.96(** ) 4.98(** ) 

Dy 2.68(2.72)  4.87(4.77)  6.40(6.77)  Dy 3.03(3.09) 5.32(5.38) 

Ho 2.71(2.71)  4.95(4.97)  6.50(6.55)  Ho 3.09(** ) 5.37(** ) 

Er 2.75(2.77)  5.05(5.11) 6.64(6.70)  Er 3.17(3.21) 5.49(5.57) 

Tm 2.78(** ) 5.14(** ) 6.78(** ) Tm 3.26(** ) 5.61(** ) 

Yb 2.83(2.85) 5.26(5.27)  6.95(6.90)  Yb 3.41(** ) 5.79(** ) 

Lu 2.86(** )  5.32(** )  7.03(** )  Lu 3.51(3.40) 5.91(5.82) 

Literature data (R. Portanova et al, 2003 [192]  in parenthesis.  
** literature data not available. 
% deviations from lit.data: 0.44 to 6.48%.   
 

6.3.4.1 Influence of RSO3H on retention 

Increase in the proportion of uncomplexed species [M+3] of a metal ion increases 

capacity factor while, formation of complexed species, e.g., with organic acid α-HIBA, 

reduces the capacity factor in general for a given RSO3
- concentration (Fig.6.4). These 

studies clearly established that KS (lanthanide stability constant with RSO3H, e.g. CSA) 
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increases from La to Lu. However for a given metal ion and [A-], capacity factor increases 

proportionally with increase in RSO3
- concentration.  
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Fig.6.4. Plot of uncomplexed [M+3] against capacity factor for all the lanthanides. 
Mobile phase: CSA (0.01 M) and α-HIBA (0.1 M).  Experiment was carried out in the pH 
region of 2.6 to pH 3.1 at 0.1 increments. 
 
 
6.3.5 Correlation of retention with stability constant – estimation of stability constant 

at different ionic strengths 

Most of the chromatographic studies were carried out in the present work at an ionic 

strength ~0.1 M. The same chromatogram was used for estimating stability constants at 

different ionic strengths, e.g., 0.5 M (Table.6.10). A good agreement was established with 

the literature values, i.e., estimated stability constants were for an ionic strength, similar to 

that of the calibrants. Similarly, lanthanide separations were also performed in the present 

study at α-HIBA concentrations of 0.05 M. Stability constant of calibrants at 0.2 M / 0.5 M 
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ionic strength were employed for estimation of stability constants of unknowns (Table.6.11 

& Table.6.12).  

 
 
Table.6.10. Stability constant of lanthanide - HIBA complexes (method-1), estimated 
at 0.5 M ionic strength at 25oC 
Lit.data (R. Portanova et al, 2003 [192]): for 0.5 M ionic strength and 25oC. 
Exp: 0.005 M CSA + 0.1 M HIBA; pH 2.6 & 2.7 (25oC). 
Sm-calibrant. 

 
lanthanides log β1 log β2 

Lit.data Present 
study 

Lit.data Present 
study 

La 2.22 2.36(6.30) 3.67 4.01(9.26) 
Ce 2.37 2.40(1.26) 4.01 4.25(5.98) 
Pr 2.48 2.44(1.61) 4.12 4.38(6.31) 
Nd 2.54 2.48(2.36) 4.32 4.45(3.01) 
Sm 2.63 2.55(3.04) 4.60 4.68(1.74) 
Eu 2.71 2.60(4.06) 4.92 4.81(2.23) 
Gd 2.71 2.63(2.95) 4.97 4.87(2.01) 
Tb 2.87 2.75(4.18) 5.21 5.02(3.64) 
Dy 2.95 2.85(3.39) 5.32 5.13(3.57) 
Ho 2.98 2.91(2.35) 5.42 5.20(4.06) 
Er 3.03 3.02(0.33) 5.54 5.27(4.87) 
Tm 3.13 3.09(1.28) 5.62 5.33(5.16) 
Yb 3.18 3.20(0.63) 5.76 5.39(6.42) 
Lu 3.21 3.27(1.87) 5.85 5.42(7.35) 

Am+3 **  2.54 **  4.58 

Pu+3 **  2.51 **  4.56 

 
** lit data not available. 
Parenthesis: % Deviation from literature data.                                                                 
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Table.6.11. Stability constant of lanthanide -HIBA complexes (method-1 & method-2), 
estimated at 0.2 M ionic strength at 25oC 
 
Lit.data (R. Portanova et al, 2003[192]): for 0.2 M ionic strength and 25oC. 
Exp: 0.008 M CSA + 0.05 M HIBA. 
Sm-calibrant (method-1) & Pr, Gd, Ho and Lu- calibrants (method-2)  
 

 
Literature data [R. Portanova et al, 2003] in parenthesis. 
** data not available in literature. 
# unable to estimate from fit. 
% deviations from lit.data:  0.36 to 13.00 % (method-1) 0.18 to 16% (method-2).   
 
 
 
 
 

Lanthanide 

(III) 

method-1  

Lanthanide 

method-2 

log(β1) 

 

log(β2) 

 

log(β1) 

 

log(β2) 

 

log(β3) 

 

log(β4) 

 

La 2.60(2.30) #(4.04) La 2.28(2.30) 4.28(4.04) 4.98(** ) # (** ) 

Ce 2.61(2.55) #(4.08) Ce 2.46(2.55) 4.27(4.08) 5.34(5.49) # (** ) 

Pr 2.65(2.59) #(4.37) Pr 2.57(2.59) 4.35(4.37) 5.62(5.60) #(6.38) 

Nd 2.76(2.74) 3.98(4.42) Nd 2.63(2.74) 4.45(4.42) 6.23(5.98) #(6.58) 

Sm 2.74(2.75) 4.80(4.77) Sm 2.76(2.75) 4.77(4.77) 6.48(6.17) 6.18(7.38) 

Eu 2.76(2.79) 4.95(4.86) Eu 2.81(2.79) 4.95(4.86) 6.56(6.34) 6.80(7.59) 

Gd 2.78(2.90) 5.01(4.98) Gd 2.84(2.79) 5.03(4.98) 6.69(6.50) 8.11(7.65) 

Tb 2.81(2.92) 5.21(5.24) Tb 2.90(2.92) 5.27(5.24) 7.03(6.86) 7.92(8.09) 

Dy 2.85(2.94) 5.35(5.45) Dy 2.94(2.94) 5.44(5.45) 7.27(7.29) 8.47(8.50) 

Ho 2.90(2.98) 5.40(5.54) Ho 2.97(2.98) 5.53(5.54) 7.40(7.44) 8.74(8.74) 

Er 2.88(3.01) 5.54(5.70) Er 3.00(3.01) 5.66(5.70) 7.58(7.58) 9.13(9.03) 

Tm 2.90(3.10) 5.63(5.79) Tm 3.03(3.10) 5.77(5.79) 7.73(7.71) 9.42(9.33) 

Yb 2.91(3.13) 5.74(5.87) Yb 3.07(3.13) 5.89(5.87) 7.89(7.94) 9.74(9.72) 

Lu 2.93(3.18) 5.79(6.05) Lu 3.09(3.18) 5.96(6.05) 7.98(8.07) 9.89(9.99) 

Am+3 2.63(** ) 4.93(** ) Am+3 2.60(** ) 4.55(** )   

Pu+3 2.70(** ) 4.73(** ) Pu+3 2.67(** ) 4.68(** )   
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Table.6.12. Stability constant of lanthanide-HIBA complexes (method-1 & method-2), 
estimated at 0.5 M ionic strength at 25oC 
 
Lit.data (R. Portanova et al, 2003 [192]): for 0.5 M ionic strength and 25oC. 
Exp: 0.008 M CSA + 0.05 M HIBA. 
Sm-calibrant (method-1) & La, Gd, Ho and Lu- calibrants (method-2)  

 

 
Literature data (R. Portanova et al, 2003[192]) in parenthesis. 
** data not available in literature. 
# unable to estimate from fit. 
% deviations from lit.data:  0.63 to 8.10 % (method-1) 0.12 to 3.63% (method-2).   
 
 

Lanthanide 

(III) 

method-1  

Lanthanide 

method-2 

log(β1) 

 

log(β2) 

 

log(β1) 

 

log(β2) 

 

log(β3) 

 

La 2.40(2.22) 3.94(3.67) La 2.21(2.22) 3.61(3.67) # (** ) 

Ce 2.42(2.37) 4.23(4.01) Ce 2.37(2.37) 4.17(4.01) # (** ) 

Pr 2.45(2.48) 4.37(4.12) Pr 2.47(2.48) 4.41(4.12) # (** ) 

Nd 2.46(2.54) 4.46(4.32) Nd 2.52(2.54) 4.53(4.32) # (** ) 

Sm 2.56(2.63) 4.67(4.60) Sm 2.66(2.63) 4.82(4.60) # (** ) 

Eu 2.61(2.71) 4.82(4.92) Eu 2.72(2.71) 4.95(4.92) # (5.91) 

Gd 2.64(2.71) 4.86(4.97) Gd 2.75(2.71) 5.02(4.97) # (6.01) 

Tb 2.76(2.87) 5.04(5.21) Tb 2.84(2.87) 5.20(5.21) # (6.19) 

Dy 2.87(2.95) 5.16(5.32) Dy 2.90(2.95) 5.33(5.32) 7.42(7.16) 

Ho 2.91(2.98) 5.22(5.42) Ho 2.94(2.98) 5.40(5.42) 7.55(7.41) 

Er 3.00(3.03) 5.27(5.54) Er 3.00(3.03) 5.51(5.54) 7.74(7.56) 

Tm 3.08(3.13) 5.34(5.62) Tm 3.06(3.13) 5.61(5.62) 7.87(7.84) 

Yb 3.20(3.18) 5.40(5.76) Yb 3.13(3.18) 5.72(5.76) 8.03(8.02) 

Lu 3.27(3.21) 5.42(5.85) Lu 3.17(3.21) 5.78(5.85) 8.10(8.21) 

Am+3 2.51(** ) 4.40(** ) Am+3 2.56(** ) 4.41(** )  

Pu+3 2.54(** ) 4.43(** ) Pu+3 2.54(** ) 4.37(** ) 5.28(** ) 
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A good agreement has been established with the literature data in both the cases. 

These studies established that, even though the absolute value of capacity factors is a 

function of ionic strength, the trend of relative variation of capacity factor with mobile 

phase composition remains more or less similar and least affected by ionic strength 

variation. Fig.6.5 depicts stability constant of lanthanide-HIBA complexes at two different 

ionic strengths. An important and significant observation established in these studies is that 

the same chromatogram can be used to estimate stability constants of metal ions at various 

ionic strengths and a single chromatogram is generally adequate.  
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Fig.6.5. Stability constant of lanthanide-HIBA complexes (logβ1) at two different ionic 
strengths [192].  
 

6.3.6 Estimation of stability constant of transition metal ions, Th(IV) and Pu(IV) 

              Method-2 approach was also employed to estimate stability constant of transition 

metal ions such as Mn+2, Fe+2, Co+2, Ni+2, Cu+2, Zn+2 and Cd+2 with HIBA. Calibrants 



 179

chosen from this group e.g. Mn+2, Ni+2, and Cu+2 enabled the estimation of stability constant 

of transition metal ions only (Table.6.13). Th(IV) retention and stability constant data [192] 

was used to estimate stability constant of Pu(IV) and Zr(IV) [204]. The logβ1 and logβ2 for 

Pu(IV)-HIBA complexes were estimated and found to be 6.48 and 8.72 respectively.  

 
 
Table.6.13. Stability constant of transition metal complexes with HIBA (method-2), 
estimated for 1 M ionic strength 
Lit.data: for 1.0 M ionic strength at 250C 
Chromatographic exp. conditions: HIBA: 0.1 M; CSA: 0.001 M, pH: 2.49; (25oC)  
Calibrants: Mn, Ni, Cu  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Literature data ( Portanova et al, 75 (2003)495[192]).  
** lit. data not available 

 
 
The stability constant of Zr-HIBA complexes are found to be in good agreement with the 

literature data (±10%). Ks, which is the stability constant of the analyte with CSA, varies 

significantly for the +2, +3 and +4 oxidation states and hence demanded a different 

calibrant. These studies established that the estimation of stability constant is generally 

 

Transition 

metals 

log(β1) 

 

log(β2) log(β3) 

*Lit.data Exp. 

data 

Lit.data Exp. 

data 

Lit.data Exp. 

data 

Mn(II) 0.96 1.3 1.54 2.00 1.74 2.14 

Fe(II) **  1.51 **  2.75 **  3.14 

Co(II) 1.45 1.46 2.43 2.62 2.73 3.02 

Ni(II) 1.67 1.51 2.80 2.75 3.20 3.14 

Cu(II) 2.74 2.75 4.34 4.36 4.74 4.75 

Zn(II) 1.70 1.57 2.97 2.88 3.39 3.28 

Cd(II) 1.24 1.26 2.16 2.3 2.4 2.14 
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applicable within a group of metal cations with similar properties, e.g. lanthanides and 

actinides of +3 oxidation states and demands different calibrant for different group of metal 

ions. 

 
6.3.7 The advantages and limitations of estimation of stability constant by   

chromatographic retention correlation   

The stability constant values estimated in the present study are found to be in very 

good agreement with the experimental data reported in the literature. The chromatographic 

method is fast and estimation of stability constant can be done in a very short time, which is 

an additional advantage, especially in dealing with radioactive elements. A single 

chromatogram can be used for estimation of stability constant at various ionic strengths. 

The experimental data also demonstrate that the method can be applied for the estimation of 

stability constant of metal ions with a ligand, whose value is not reported. The estimation of 

stability constant of actinide biological complexes is of great importance and liquid 

chromatographic technique developed in the present study offers an alternate method of 

estimation.    

             One calibrant data is required for the correlation of retention with the stability 

constant. These studies established that the estimation of stability constant is generally 

applicable within a group of metal cations with similar properties, e.g., lanthanides and 

actinides of +3 oxidation states and demands different calibrant for different group of metal 

ions. 
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6.3.8 Speciation of actinides and their retention behavior on reversed phase 

chromatography 

Estimated stability constants data using present study were employed for speciation 

of Pu(III), Pu(IV) and PuO2
+2 with α-HIBA as a function of pH (Fig.6.6). In the case of 

Pu(III), dominant species are, dipositive species, [Pu(IBA)+2] at pH 2.8,  monopositive 

[Pu(IBA)2
+] from pH 3 to 3.5 and neutral species, [Pu(IBA)3] at pH 4. The anionic species, 

[Pu(IBA)4]
- increase from 0.3 to about 9.6% when pH was altered from 2.8 to 4. In the case 

of Pu(IV), dominant species is the neutral one, [Pu(IBA)4] from pH 2.8 to 4. In the case of 

PuO2
+2, dominant species are, monopositive [PuO2(IBA)+] at pH 2.8 and neutral species, 

[PuO2(IBA)2] from pH 3 to 4. The anionic species [PuO2(IBA)3]
- increase from 4.4 to 35% 

when pH was raised from 2.8 to 4. The speciation of behaviour of Am(III)-HIBA 

complexes was more or less similar to Pu(III) / Nd(III), the neutral species content increases 

when pH was raised to 4 (Fig.6.7).  

Retention of Pu(III), Pu(IV) and PuO2
+2, Am(III) along with UO2

+2, and Th(IV) 

species was investigated on reversed phase based monolith support. In this study, 0.1 M    

α-HIBA solutions of pH 2.8, 3, 3.5 and 4 were employed as the mobile phase and the results 

are shown in Fig.6.8. Retention of all species in general increases with mobile phase pH. It 

was observed that at pH: 4, PuO2
+2 has higher retention compared to Th(IV), UO2

+2, Pu(IV) 

and Pu(III). Elution behavior of these elements can be explained based on the speciation 

diagram generated from the stability constant data. It was observed that the percentage of 

uncomplexed species decreases and that of ionic / neutral species increases with increase of 

pH.  The total percentage of anionic and neutral species for PuO2
+2, Pu(IV) and Pu(III) with 

α-HIBA are 90, 96 and 58 % respectively.  
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Fig.6.6. Speciation of (a) Pu(III)-HIBA, (b) Pu(IV)-HIBA and (c) PuO2
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complexes as a function of mobile phase (0.1 M α-HIBA) pH. 
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Fig.6.8. (A) Elution behaviour of Pu(III), Pu(IV), PuO2

+2, Am(III), UO 2
+2 and Th(IV) 

on a reversed phase HPLC as a function of pH. (B) Elution behaviour at pH:4. Mobile 
phase: 0.1 M α-HIBA; Flow rate: 2 mL/min; Column: 10 cm monolith support; Detection: 
PCR with arsenazo(III) at 655 nm; Sample: U(28 ppm), Th(20 ppm) and Pu(~ 20 ppm). 
 

pH: 4.0 
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Table.6.14. Percentage of total species (neutral + anionic) of Nd(III)-HIBA, Am(III)-
HIBA, Pu(III)-HIBA, Pu(IV)-HIBA, Th(IV)-HIBA, UO 2

+2-HIBA and PuO2
+2-HIBA – 

elution sequence of lanthanide and actinides  
 
 

* Separation carried out on a monolith support; 0.1 M α-HIBA- used for elution.  
* (Pu+3, Am+3, Nd+3)-have least retention during reversed phase chromatographic 
experiments and elute together 

 

The retention of actinides e.g., plutonium on the reversed phase support was 

attributed to the formation of both neutral and anionic species with HIBA (Table.6.14), 

e.g., in the case of PuO2
+2–HIBA complexes, both species, [PuO2(IBA)2] and [PuO2(IBA)3]

- 

become dominant with the increase of pH from 2.8 to 4. Despite, [PuO2(IBA)3]
- being 

anionic, it is sufficiently hydrophobic (higher carbon moiety) and exhibit reversed phase 

retention through dispersion forces (i.e., van der Waal forces) on a hydrophobic C18 surface. 

The monopositive species, [PuO2(IBA)] + has the least retention compared to the other two 

species on a hydrophobic support. The retention of PuO2
+2 / Pu(IV) is higher compared to 

pH %Neutral + % Anionic species of actinides and lanthanide 
with HIBA 

 

Elution order 

Nd+3  
 

Am+3  Pu+3  Pu+4       Th+4  UO2
+2 

 
PuO2

+2 

 
Elution Sequence 

2.8 9.3 
 

8.9 8.7 76.0 75.7 45.7 48.2 (Pu+3, Am+3, Nd+3),       
PuO2

+2, UO2
+2, 

Th+4 & Pu+4 
3 17.5 

 
15.9 14.8 82.2 58.0 58.0 58.8 (Pu+3, Am+3, Nd+3),       

(Pu+4, Th+4), PuO2
+2 

& UO2
+2 

 
3.5 46.9 

 
39.2 38.4 92.1 92.1 83.5 80.7 (Pu+3, Am+3, Nd+3),       

(Pu+4, Th+4), PuO2
+2 

& UO2
+2 

 
4 68.1 

 
56.9 57.8 95.5 95.5 93.0 90.2 (Pu+3, Am+3, Nd+3),       

Pu+4, Th+4, UO2
+2,  

& PuO2
+2 
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Pu(III) species in the reversed phase chromatography. Though percentage of total species 

i.e. neutral for Pu(IV)  is marginally higher compared to PuO2
+2, the lower retention of 

Pu(IV) was observed possibly due to hydrolysis of Pu(IV)-HIBA complex. 

 

6.4 Conclusion 

 A chromatographic method has been demonstrated for the correlation of capacity 

factor with the stability constant of lanthanides, and some actinide complexes. The stability 

constants estimated using chromatographic studies are found to be in very good agreement 

with the established experimental methods of literature.  The chromatographic method is 

fast and estimation of stability constant can be done in a very short time which will be an 

added advantage in dealing with radioactive elements. The experimental data also 

demonstrate potential application of the method for the estimation of stability constants of 

metal ions with a ligand whose value is not reported.  
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Chapter-7 

Influence of Temperature on the Elution Behaviour of Lanthanides and 
Some Actinides on Reversed Phase Supports 

 
 
7.1 Introduction 
 

Temperature plays an important role in liquid chromatographic technique for 

improving the separation efficiency [205-206]. Generally, mobile phase viscosity decreases 

with increase in temperature, leading to reduction in column back pressure. Knowledge of 

temperature effect on thermodynamic and kinetic aspects of chromatographic separation is 

also essential for method development. The effect of temperature on solute retention of 

metal ions such as alkali, alkaline-earth and transition metals was studied and reported 

[207-208]. Effect of temperature on ion chromatographic separation of lanthanides was also 

investigated [209-211].  

In chromatography, temperature effect on solute retention can be expressed by 

simplified van’t Hoff equation [212-214] and it relates the capacity factor (k’) of solute to 

the temperature via enthalpy and entropy of exchange of solute between two phases. The 

modified version of van’t Hoff equation l n ' l n
H S

k
R T R

φ − ∆ ∆= + +  
has 

been derived from relation between capacity factor (k’) and thermodynamic equilibrium 

constant (K) [215] and is shown in equation 7.1 

l n ' l n l n . . . . . . . . . . . . . . ( 7 . 1 )k K φ= +  

where  

k’= Capacity factor (k’= tr-t0/t0),  

K= Equilibrium constant for the distribution of solute between mobile and  



 187

      stationary phase, 

φ= Phase ratio (volume of the stationary phase divided by the volume of mobile  

     phase).   

Parameters, such as enthalpy and entropy, can be obtained from van’t Hoff plot, 

ln(k’) vs. 1/T. These parameters can determine the sorption process of solute between 

mobile phase and stationary phase during chromatographic separation. van’t Hoff plot can 

be linear as well as nonlinear depending on the parameters such as ∆H and phase ratio on 

temperature. Linear plot of ln k’ vs. 1/T was observed when phase ratio is constant and ∆H 

is independent of temperature. However, nonlinear plot of ln k’ vs. 1/T was reported with 

assumption of temperature dependent behaviour of ∆H and changes in phase ratio [216-

221].  

This chapter describes the influence of temperature (25°C to 85°C) on the retention 

of lanthanides and some actinides on dynamic ion-exchange and reversed phase based 

chromatographic systems. The retention of uranium and thorium was investigated on a 

reversed phase based support using α-HIBA, mandelic acid and lactic acid as a function of 

temperature. Capacity factors of lanthanides, U and Th were correlated with the temperature 

using van’t Hoff plot. The enthalpy of sorption (∆Hsorption) of lanthanides, uranium and 

thorium was calculated and these results are discussed. 

7. 2 EXPERIMENTAL  

The HPLC column was kept inside a thermostat compartment/oven (HPLC 

technology) and allowed to equilibrate to the desired temperature (± 1 oC) for at least 30 

min prior to sample injection. Mobile phase employed was also heated to desired 

temperature using an oil bath. The post column reagent was cooled to ~ 100C to reduce the 

temperature of column effluent before reaching the detector.  
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7.3 RESULTS AND DISCUSSION 

7.3.1 Effect of temperature on chromatographic separation of lanthanides and some 

actinides on reversed phase support 

7.3.1.1 Isocratic elution of lanthanides on 25 cm (5 µm) and 3 cm (1.8 µm) length 

reversed phase supports 

In these studies, retention of lanthanides was investigated on 25 cm length (5 µm) 

and 3 cm length (1.8 µm) reversed phase supports under dynamic ion-exchange conditions 

as a function of temperature. Influence of temperature on the separation of lanthanides was 

studied in the temperature range of 250C to 850C. In a typical study, mobile phase employed 

for the individual separation of lanthanides was a solution made of α-HIBA (0.1 M) and 

CSA (0.015 M) with pH 2.9 and 3.4. Under typical experimental condition, total separation 

time of lanthanides was about 62 min at 250C and 36 min at 850C (Fig.7.1). A reduction of 

retention time of lanthanides by a factor of 1.8 times was observed with increase of 

temperature, from 25 to 850C. This is due to faster analyte mass transfer at higher 

temperatures as viscosity of mobile phase decreases with increase in temperature. Peak 

broadening was noticed in the case of some lighter lanthanides, e.g., Nd-La especially 

above 650C; splitting of peak, e.g., for La-Gd was observed at 85oC. A linear variation of 

ln(k’) vs 1/T plot was obtained at pH 2.9 and 3.4 for all lanthanides (Fig.7.2).  
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* Retention time of broader peak (i.e., lighter lanthanides peak at higher temperature) was 
measured from the center of the top of the peak 
 
Fig.7.1. Isocratic elution of lanthanides on 25 cm length support as a function of 
temperature. Mobile phase: 0.1 M α-HIBA + 0.015 M CSA; pH: 2.9; Column: 25 cm 
length (5 µm) reversed phase support; Flow rate: 3 mL/min; PCR flow rate: 2 mL/min; 
Detection: 655 nm; Sample: lanthanides (20 ppm) in 0.01 N HNO3; Injected volume: 20 µL 
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* pH change at higher temperature is assumed to  be constant 
 
Fig.7.2. Plot of ln(k’) vs 1/T for lanthanides from a 25 cm length column. Mobile phase: 
0.1 M α-HIBA + 0.015 M CSA; (a) pH: 2.9 and (b) pH: 3.4; Column: 25 cm length (5 µm) 
reversed phase support; Flow rate: 3 mL/min; PCR flow rate: 2 mL/min; Detection:                 
655 nm; Sample: lanthanides (20 ppm) in 0.01 N HNO3; Injected volume: 20 µL 
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van’t Hoff plot was linear with positive slope for all lanthanides indicating 

exothermic sorption process for these ions between stationary phase and mobile phase. 

Exothermic behaviour indicates favorable desorption process compared to the adsorption 

process at elevated temperatures. Enthalpy of sorption (∆Hsorption) of lanthanides was 

obtained from slope of van’t Hoff plots and the values are shown in Table.7.1.  

 
Table.7.1 Slope from van’t Hoff plot and enthalpy of sorption of lanthanides on 25 cm 
and 3 cm length supports 
 
 

# could not calculated 
* Error in slope/∆H estimated from the error of linear fit of ln(k’) vs 1/T 

 

Lanthanides 25 cm  length (5 µm) support 
 

3 cm  length (1.8 µm) support 
 

pH:2.9 pH:3.4 pH:3.2 

Slope from 
van’t Hoff plot 

(-∆H/R) 
(K) 

Enthalpy of 
sorption 

(∆Hsorption) 
(kJ/mol) 

 

Slope from 
van’t Hoff plot 

 (-∆H/R) 
(K) 

Enthalpy of 
sorption 

(∆Hsorption) 
(kJ/mol) 

 

Slope from 
van’t Hoff plot 

(-∆H/R) 
(K) 

Enthalpy of 
sorption 

(∆Hsorption) 
(kJ/mol) 

 
La 1353±124 -11.0±1.0 1033±89 -8.6±0.7 1573±105 -13.17±0.03 

Ce 1328±119 -11.1±1.0 872±82 -7.2±0.7 1550±6 -12.9±0.05 

Pr 1320±135 -11.0±1.1 800±92 -6.6±0.7 1496±96 -12.4±0.8 

Nd 1301±129 -10.8±1.1 621±73 -5.2±0.6 1488±124 -12.4±1.0 

Sm 1222±120 -10.2±1.0 568±100 -4.7±0.7 1312±267 -10.9±2.2 

Eu 1152±117 -9.6±1.0 442±80 -3.7±0.6 1224±210 -10.8±1.7 

Gd 1092±105 -9.1±0.9 373±66 -3.1±0.5 1163±69 -9.7±0.6 

Tb 895±125 -7.4±1.0 356±138 -2.9±1.1 870±420 -7.2±3.5 

Dy 781±124 -6.5±1.0 293±83 -2.5±0.7 746±397 -6.2±3.3 

Ho 707±135 -5.9±1.1 264±39 -2.2±0..3 661±416 -5.5±1.9 

Er 604±121 -5.0±1.0 # # 664±235 -5.5±3.5 

Tm 549±126 -4.6±1.0 # # 639±60 -5.3±0.5 

Yb 473±105 -3.9±0.9 # # 619±297 -5.1±2.5 

Lu 383±91 -3.2±0.7 # # 580±3 -4.82±0.03 
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It can be seen from Table.7.1 that at pH: 2.9, the enthalpy of sorption (-∆Hsorption) 

decreased from 11.0±1.0 kJ/mol for lanthanum to 3.2±0.7 kJ/mol for lutetium. The decrease 

in ∆Hsorption from La to Lu with the decrease in capacity factor from La to Lu correlates well 

with the increasing ionic potential of lanthanide cations, from La to Lu. Increase in ionic 

potential across the lanthanide series results in enhanced complexation with complexing 

agent, e.g. α-HIBA across the series, i.e., from La+3 to Lu+3.  

Separation of individual lanthanides on dynamically modified 3 cm length (1.8 µm) 

support was also studied as function of temperature and the results are shown in Fig.7.3.  
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Fig.7.3. Elution behaviour of lanthanides on 3 cm length support as a function of 
temperature. Mobile phase: 0.05 M α-HIBA + 0.01 M CSA; pH: 3.2; Column: 3 cm length 
(1.8 µm) reversed phase support; Flow rate: 2 mL/min; PCR flow rate: 2 mL/min; 
Detection: 655 nm; Sample: lanthanides (~20 ppm) in 0.01 N HNO3; Injected volume:       
20 µL 

 
 
Total retention time was reduced to approximately half of its initial time at 700C 

compared to one at 250C. In this study, at temperature > 750C, broadening of lighter 
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lanthanides peak was also observed. The mobile phase employed was a mixture of solution 

of CSA (0.01 M) as ion-pairing reagent and α-HIBA (0.05 M, pH 3.2). Enthalpy of sorption 

(∆Hsorption) of lanthanides on dynamically modified 3 cm length (1.8 µm) reversed phase 

support was calculated from slope of van’t Hoff plots (Fig.7.4). Table.7.1. shows the value 

of ∆Hsorption for lanthanides. These values are varying from -13.17±0.03 kJ/mol (La+3) to      

-4.82± 0.03 kJ/mol (Lu+3).  
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Fig.7.4. Plot of ln(k’) vs 1/T for lanthanides from a 3 cm length (1.8 µm) column. 
Mobile phase: 0.05 M α-HIBA + 0.01 M CSA; pH: 3.2; Column: 3 cm length (1.8 µm) 
reversed phase support; Flow rate: 2 mL/min; PCR flow rate: 2 mL/min; Detection:         
655 nm; Sample: lanthanides (12 ppm) in 0.01 N HNO3 

 

 
A temperature gradient was also employed to separate individual lanthanides in an 

isocratic mode. In this method, with a constant mobile phase composition, i.e., isocratic 

mode, temperature of the column was altered from 250C to 850C during a chromatographic 

run. Lanthanides were separated from each other in about 17 min (Fig.7.5) in these studies.   
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In another study, separation of lanthanides was also carried out at lower 

temperature, i.e., 100C. Mobile phase employed for separation of individual lanthanides was 

a mixture of solution of CSA (0.01 M) and α-HIBA (0.05 M) with pH of 3.2. However, 

there was no noticeable change in separation time compared to the one obtained at 250C. 
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 Fig.7.5. Elution of lanthanides using temperature gradient (250C-900C). Mobile phase: 
0.05 M α-HIBA + 0.01 M CSA; pH: 3.2; Column: 3 cm length (1.8 µm particle) reversed 
phase support; Flow rate: 2 mL/min; PCR flow rate: 2 mL/min; Detection: 655 nm; Sample: 
lanthanides (~20 ppm) in 0.01 N HNO3; Injected volume: 20 µL  
*Temperature was raised from 250C to 900C in a span of 9 minutes (80C raise per min) 
 
 
7.3.1.2 Separation of U & Th on 25 cm (5 µm) and 3 cm (1.8 µm) length reversed phase 

supports as a function of temperature  

 
The effect of temperature on retention of actinides such as uranium and thorium on 

reversed phase support was also investigated in the temperature range of 250C to 850C. A 

solution of 0.1 M α-HIBA with pH 3.25, 3.60 and 4.00 was used as eluent for separation of 

U & Th on a 25 cm length reversed phase column (Fig.7.6).  
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Fig.7.6. Retention of U & Th - HIBA complexes on a 25 cm length reversed phase 
support as a function of temperature. Mobile phase: 0.1 M α-HIBA; pH: (A) pH: 3.25, 
(B) pH: 3.50 and (C) pH: 4.00; Column: 25 cm length (5 µm) reversed phase support; Flow 
rate: 2 mL/min; PCR flow rate: 2 mL/min; Detection: 655 nm; Sample: U (65 ppm) & Th 
(75 ppm) in 0.01 N HNO3; Injected volume: 20 µL. 
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It was observed that the retention of uranium reduced appreciably with raise in 

column temperature whereas retention of Th almost more or less unchanged with raise in 

temperature. Fig.7.7 shows van’t Hoff plots of U and Th with 0.1 M α-HIBA with pH 3.25, 

3.50 and 4.00. In the case of uranium, van’t Hoff plot was observed with positive slope, 

indicating exothermic behaviour of sorption process. However, slope of van’t Hoff plot was 

negative for thorium, indicating endothermic behaviour of sorption process. Enthalpy of 

sorption (∆Hsorption) for uranium and thorium was also calculated from slope of van’t Hoff 

plots and the values are shown in Table.7.2.   

The elution behviour of uranium and thorium was also studied on a 3 cm length (1.8 

µm) reversed phase support as function of temperature (250C-750C). In these studies, 

retention of uranium decreased with increase of temperature whereas retention of thorium 

marginally increased with raise in temperature (Fig.7.8).  In these studies, van’t Hoff plots 

of ln(k’) vs 1/T for U and Th were observed with positive and negative slope respectively 

(Fig.7.9). Enthalpy of sorption (∆Hsorption) of uranium and thorium was calculated from 

slope of van’t Hoff plots and the values are shown in Table.7.3.   
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Fig.7.7. Plot of ln(k’) vs 1/T for U and Th for 25 cm length column. Mobile phase: 0.1 
M α-HIBA; pH: 3.25, 3.50 & 4.00; Column: 25 cm length (5 µm) reversed phase support; 
Flow rate: 2 mL/min; PCR flow rate: 2 mL/min; Detection: 655 nm; Sample: U (65 ppm) & 
Th (75 ppm) in 0.01 N HNO3 
 
 
Table.7.2 Enthalpy of sorption of U & Th on 25 cm length reversed phase support  
 
 

Actinides 0.1 M α-HIBA 
 

Enthalpy of 
sorption 

(∆Hsorption)(kJ/mol) 

at pH:3.25 
 

Enthalpy of 
sorption (∆Hsorption) 
(kJ/mol)   at pH:3.5 
 

Enthalpy of 
sorption (∆Hsorption) 
(kJ/mol)   at pH:4 

 

U 
 

-7.2±0.5 -16.2±0.6 
 

-16.1±1.1 

Th 
 

2.64±0.02 0.25±0.06 0.9±0.7 
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Fig.7.10. Retention behaviour of U & Th on reverse phase-HPLC as a function of 
temperature. Mobile phase: 0.1 M α-HIBA; pH: 3.50; Column: 3 cm (1.8 µm) length 
reversed phase support; Flow rate: 2 mL/min; PCR flow rate: 2 mL/min; Detection: 655 
nm; Sample: U (65ppm) & Th (75ppm) in 0.01 N HNO3 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7.8. Retention of U & Th – HIBA complexes on 1.8 micron reversed phase support 
as function of temperature. Mobile phase: 0.1 M α-HIBA; pH: (A) pH: 3.5, (B) pH: 4.0; 
Column: 3 cm length (1.8 µm) reversed phase support; Flow rate: 2 mL/min; PCR flow 
rate: 2 mL/min; Detection: 655 nm; Sample: U (65 ppm) & Th (75 ppm) in 0.01 N HNO3; 
Injected volume: 20 µL 
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Fig.7.9. Plot of ln(k’) vs 1/T for U and Th for 3 cm length 1.8 micron reversed phase 
column. Mobile phase: 0.1 M α-HIBA; pH: 3.50 & 4.00; Column: 3 cm length (1.8 µm) 
reversed phase support; Flow rate: 2 mL/min; PCR flow rate: 2 mL/min; Detection:          
655 nm; Sample: U (65 ppm) & Th (75 ppm) in 0.01 N HNO3 
 
 
Table.7.3 Enthalpy of sorption of U & Th on 3 cm length (1.8 µm) reversed phase 
support  
 
Actinides 0.1 M α-HIBA 

 
0.1 M mandelic acid 

 
0.1 M lactic acid 

 
Enthalpy of 

sorption 
(∆Hsorption) 
(kJ/mol)  at 

pH:3.5 
 

Enthalpy of 
sorption 

(∆Hsorption) 
(kJ/mol)   at pH:4 
 

Enthalpy of 
Sorption 

(∆Hsorption) 
(kJ/mol) 

at pH:2.79 
 

Enthalpy of 
Sorption 

(∆Hsorption) 
(kJ/mol) 
at pH:4 

 
U 
 

-8.0±0.5 -14.1±1.4 
 

-3.2±1.2 
 

-9.0±0.8 
 

Th 
 

5.8±0.8 ~ 0.2 1.2±0.1 
 

5.2±0.3 
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In some experiments, mandelic and lactic acids were also employed as complexing 

agents for elution of uranium and thorium. In the case of mandelic acid (0.1 M with pH 

2.80), retention of thorium-mandelate complexes was found to be higher than that of uranyl-

mandelate complexes (Fig.7.10). Higher retention of Th compared to U could be explained 

from speciation of U and Th- mandelate complexes (Fig.7.11). Complexation of uranyl ion 

(UO2
+2) with mandelic acid results in formation of various species such as UO2

+2, 

[UO2(mandelate)]+, [UO2(mandelate)2] and [UO2(mandelate)3]
-. Similarly, thorium ion 

(Th+4) can also form species such as Th+4, [Th(mandelate)]+3, [Th(mandelate)2]
+2, 

[Th(mandelate)3]
+ and [Th(mandelate)4]. In the case of U, dominant species is, 

monopositive species, [UO2(mandelate)]+ at pH 2.8 and pH 3.0, neutral species, 

[UO2(mandelate)2] at pH 3.5 and anionic species, [UO2(mandelate)3]
- at pH 4.0. In case of 

Th, dominant species is, neutral species, [Th(mandelate)4] at pH 2.8, 3.0, 3.5 and 4.0.  At 

pH 2.8, higher retention of Th is due to the species [Th(mandelate)4] (77.60%), which has 4 

mandelate moieties resulting in stronger hydrophobic interaction, i.e. induced dipole-

induced dipole with the reversed phase support. The lower retention of uranium is due to 

[UO2(mandelate)+2] species (49.93%), which has only one mandelate moiety resulting in 

relatively lower hydrophobic interaction with the reversed phase support. Total separation 

time of uranium and thorium was 41.7 min at pH: 2.80. U and Th separation was also 

investigated at pH: 3.5, U elution was observed in about 7 min. However, Th was not eluted 

from the column even after 100 min. Hence, experiments on the effect of temperature on 

retention of uranium and thorium were carried out at pH 2.80. The retention of uranium was 

reduced from 3.4 to 2.9 min with increase in temperature (250C to 750C), whereas, retention 

time of thorium increased from 41.7 min to 45.1 min and more or less remained constant 

after that. Linear correlation of van’t Hoff plot of ln(k’) vs 1/T with positive slope was 
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observed in case of U and negative slope in the case of Th (Fig.7.12). Enthalpy of sorption 

(∆Hsorption) of uranium and thorium was calculated from slope of van’t Hoff plots and are 

shown in Table.7.3.   
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Fig.7.10. Retention of U & Th – mandelate complexes on a reversed phase HPLC as a 
function of temperature. Column: 3 cm length (1.8 µm) reversed phase support; Mobile 
phase: 0.1 M mandelic acid; pH: 2.79; Flow rate: 2 mL/min; PCR flow rate: 2 mL/min; 
Detection: 655 nm; Sample: U (65 ppm) & Th (75 ppm) in 0.01 N HNO3; Injected volume: 
20 µL 
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Fig.7.11. Speciation of U & Th with mandelic acid as a function of pH 
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Fig.7.12. Plot of ln(k’) vs 1/T for U and Th with mandelic acid. Mobile phase: 0.1 M 
mandelic acid; pH: 2.79; Column: 3 cm length (1.8 µm) reversed phase support; Flow rate: 
2 mL/min; PCR flow rate: 2 mL/min; Detection: 655 nm; Sample: U (65 ppm) & Th (75 
ppm) in 0.01 N HNO3 
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The retention of uranyl-lactate and thorium-lactate complexes is more or less similar 

to retention behaviour of U & Th-HIBA complexes. In a typical experiment, 0.1 M lactic 

acid (pH 4.00) was employed for the separation of uranium and thorium. Uranium-lactate 

complex retention was higher than that observed with the Th-complex. In these studies, 

retention of uranium and thorium was investigated in the temperature range of 250C to 750C 

(Fig.7.13).  
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Fig.7.13. Retention behaviour of U & Th-lactate complexes on a reversed phase 
chromatography as a function of temperature. Mobile phase: 0.1 M lactic acid; pH: 4; 
Column: 3 cm length (1.8 µm) reversed phase support; Flow rate: 2 mL/min; PCR flow 
rate: 2 mL/min; Detection: 655 nm; Sample: U (65 ppm) & Th (75 ppm) in 0.01 N HNO3; 
Injected volume: 20 µL 
 

 

Retention time of uranium was reduced from 4.26 to 3.21 min, whereas that of Th 

was increased from 1.72 to 2.09 min with raise in (250C-750C). Linear correlation of van’t 
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Hoff plot of ln(k’) vs 1/T was also observed with positive slope in case of U and negative 

slope in case of Th (Fig.7.14). Enthalpy of sorption (∆Hsorption) of uranium and thorium was 

calculated from slope of van’t Hoff plots and the values are shown in table (Table.7.3).   
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Fig.7.14. Plot of ln(k’) vs 1/T for U and Th with lactic acid. Mobile phase: 0.1 M lactic 
acid; pH: 4; Column: 3 cm length (1.8 µm) reversed phase support; Flow rate: 2 mL/min; 
PCR flow rate: 2 mL/min; Detection: 655 nm; Sample: U (65 ppm) & Th (75 ppm) in     
0.01 N HNO3 
 

Dybczynski et al has studied elution sequence of lanthanides using ion 

chromatographic system [209]. In these studies, an increase in retention of lanthanides with 

increase in temperature was reported with citric acid as well as tartaric acid as the 

complexing agents. Use of nitrilo triacetic acid resulted in the reduction in overall 

separation time with increase in temperature [209]. However, in our studies an overall 

reduction in separation time was observed at elevated temperature when HIBA has been 

employed for the isolation of individual lanthanides. 
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7.4. Conclusion 
 

Influence of temperature on the retention of lanthanides in a dynamic ion-exchange 

mode and retention of uranium and thorium complexes on a reversed phase 

chromatographic mode was investigated in detail. Linear correlation of van’t Hoff plot of 

ln(k’) vs 1/T for lanthanides and actinides such as U and Th was observed. Enthalpy of 

sorption of lanthanide and actinides were calculated. The results of these studies indicated 

potential use of high temperature liquid chromatography for the development of high 

performance separations. Use of small particle support (e.g. 1.8 micron) at elevated 

temperatures can be employed to reduce the over all separation time. Dynamic ion-

exchange studies at elevated temperature resulted in an overall reduction in separation time 

of individual lanthanides as well as U from Th by a factor of ~ 2. The back pressure reduces 

considerably at higher temperatures and the columns can also be operated at much higher 

flow rates compared to one at room temperature for reducing the overall separation time. 

Use of temperature gradient also provides new avenues for altering the separation 

efficiency. Further studies are required to understand the endothermic behaviour of sorption 

process for thorium. 
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Chapter-8 
 

Task-Specific Ionic Liquids in Liquid Chromatography-Studies on the 
Retention Behaviour of Lanthanides and Some Actinides 

 
 
8.1 Introduction 
 

The cationic or anionic part of room temperature ionic liquids functionalized 

covalently with organic moieties that perform a target specific application are known as task 

specific ionic liquids (TSILs) [222]. The presence of organic moiety in TSILs results in the 

unique and synergistic properties of both room temperature ionic liquid and organic 

functionality. TSILs are suitable for wide variety of applications in synthesis, catalysis and 

separation technology [223]. Protonated betaine bis(trifluoromethyl-sulfonyl)imide 

[Hbet][NTf2] (Fig.8.1A) is a task specific ionic liquid, reported to be a solvent for 

dissolving oxides of some lanthanides and actinides [223-224]. The carboxyl group attached 

to the cationic moiety of [Hbet][NTf2] binds with metal ion through mono- or bidentate 

coordination, which is reported to facilitate the dissolution of oxides. Similarly, 1-butyl-3-

methylimidazolium benzoate (bmim benzoate) is a TSIL as it contains carboxylate ion in 

the anionic part of ionic liquid as shown in Fig.8.1B.   

In the present study, retention of uranium, thorium and lanthanides was investigated 

on reversed phase support modified with TSIL with α-HIBA as the complexing reagent for 

elution of metal ions. Elution profiles of uranium, thorium and lanthanides were studied as a 

function of the ionic liquid concentration, α-HIBA concentration and its pH. Task-specific 

ionic liquids such as bmim benzoate, [Hbet][NTf2] and its precusor [Hbet] Cl, were 

employed along with α-HIBA on a reversed phase support to study the sorption behaviour 

of uranium, thorium and lanthanide ions. The separation factors for U-Th as well as 
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adjacent lanthanides were measured under various experimental conditions. For the first 

time, ionic liquids were investigated for chromatographic separation of individual 

lanthanides and also for the isolation of uranium from thorium. 

N
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CH3

CH3

CH3

-
N(SO2CF2)2

O

O
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N N
+

CH3
CH3

(A)

(B)  
 
Fig.8.1. Structure of ionic liquids, (A) Betaine NTf2 (B) Bmim-benzoate  

 
 

8.2. EXPERIMENTAL 

 Standard solutions of U and Th were injected in to the HPLC system for preparing 

the calibration plots. For e.g., in a typical study, a mobile phase consisting of 0.01 M 

betaine chloride, 0.05 M α-HIBA (pH: 2.42) was employed; a mobile phase flow rate of      

2 mL/min was used for preparing calibration plots (Fig 8.2). 
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Fig.8.2. Calibration plot for U and Th using ionic liquid as mobile phase. Mobile phase: 
0.01 M betaine chloride + 0.05 M α-HIBA; pH: 2.42; Column: 25 cm length (5 µm) C18 
support; Sample: U & Th (5-100 ppm) in 0.01 N HNO3; Det: 655 nm, Sample injected:     
20 µL 

 

8.3 RESULTS AND DISCUSSION 

8.3.1 Retention behavior of U and Th in the presence of TSIL+ α-HIBA system 

Retention of uranium and thorium was investigated using ionic liquids, e.g., betaine 

chloride, betaine NTf2 and bmim-benzoate as the mobile phase. In a typical experiment, 

mobile phase employed was a solution of 0.001 M betaine chloride and 0.05 M α-HIBA.  A 

good base-line separation of U-Th was established (Fig.8.3). Retention of uranium and 

thorium was also investigated using ionic liquid, betaine NTf2 on a modified reversed phase 

support (Fig.8.4). U and Th separation using ionic liquid, bmim-benzoate was also studied 

under various experimental conditions and the results are shown in Fig.8.5.  
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U-Th separation factors for TSILs in the presence of α-HIBA as a function of 

mobile phase pH are shown in Fig.8.6. Highest separation factor is achieved with bmim- 

benzoate. The separation factors increase with increase of mobile phase pH. 

 

0 2 4 6 8

0

1x105

2x105

3x105

4x105

A
bs

(a
rb

itr
ar

y 
sc

al
e)

 

Th (5.19)

U (3.29)

Retention time (min)
 

Fig.8.3. Separation of uranium from thorium (~25 ppm) using ionic liquid, betaine 
chloride. Column: 25 cm length (5 µm) reversed phase support; Mobile phase: 0.001 M 
betaine chloride + 0.05 M α-HIBA; pH: 2.94; Flow rate: 2 mL/min. PCR flow rate:              
1 mL/min; Sample: U & Th (25 ppm) in 0.01 N HNO3; Detection: PCR with arsenazo(III) 
at 655 nm; Loop: 20 µL 
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Fig.8.4. Separation of uranium from thorium (25 ppm) using ionic liquid, betaine 
NTf2. Column: 25 cm length (5 µm) reversed phase support; Mobile phase: 0.001 M betaine 
NTf2 + 0.05 M HIBA; pH: (a) 3.0 (b) 3.5 and (c) 4.0; Flow rate: 2 mL/min. PCR flow rate: 
1 mL/min; Sample: U & Th (25 ppm) in 0.01 N HNO3; Detection: PCR with arsenazo (III) 
at 655 nm; Loop: 20 µL 
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Fig.8.5. Separation of uranium from thorium (~ 50 ppm) using bmim-benzoate +        
α- HIBA. Column: 25 cm length (5 µm) reversed phase support; Mobile phase: 0.001 M 
bmim- benzoate + 0.15 M α-HIBA, pH: (a) 2.6 and (b) 3.5; Flow rate: 2 mL/min. Sample: 
U & Th (50 ppm) in 0.01 N HNO3; Detection: PCR with arsenazo(III) at 655 nm.  
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Fig.8.6. Separation factors for U-Th as a function of mobile phase pH.  
 

8.3.1.1 Retention mechanism of U and Th in the presence of TSIL on the reversed 

phase support 

Retention for uranium and thorium – hydroxyl isobutyrate complexes on a bare C18 

reversed phase column decreases with increase in α-HIBA concentration, but increases with 

increase in mobile phase pH. At lower pH (pH < 3), uranium and thorium elute together as 

these complexes are mainly of positively charged species; at pH ≥ 3, retention of uranium is 

much higher compared to that of thorium complexes; under these conditions, the 

predominant complex of uranium with α-HIBA is the anionic species, [UO2(IBA)3]
- which 

has higher hydrophobicity than the corresponding thorium complex, [Th(IBA)4(OH)2]
2−. 

This results in enhanced affinity for uranium complex over thorium species on the reversed 

phase support, mainly through induced dipole-induced dipole interactions. When TSILs are 

used in the mobile phase along with α-HIBA, retention of U and Th complexes increases 

when mobile phase pH were raised from 3 to 4. Highest separation factor was observed 
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when Bmim benzoate was employed in the mobile phase. In some cases, early elution of 

uranium over thorium was observed, especially when the mobile phase pH was kept at or 

below 3 in experiments where betaine NTf2 / betaine chloride were employed with α-HIBA. 

This is possibly due to the dominance of cation exchange mechanism over hydrophobic 

interaction (induced dipole interaction).  

8.3.2 Retention behavior of lanthanides using ionic liquid, betaine NTf2 as mobile 

phase 

The retention of lanthanides was also examined using TSILs, betaine chloride, 

betaine NTf2 and bmim benzoate with α-HIBA as a complexing agent for elution. The 

retention of lanthanides with ionic liquid, betaine NTf2 is shown in Fig.8.7. Unlike with the 

dynamic ion exchange system, lanthanides were not baseline resolved from each other.  
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Fig.8.7. Separation of lanthanides using ionic liquid [Hbet][NTf2] with α-HIBA as 
mobile phase on reversed phase support. Column: 25 cm length (5 µm) reversed phase 
support; Mobile phase: 0.002 M betaine NTf2 + 0.05 M HIBA, pH: 2.68; Flow rate:            
2 mL/min. Sample: lanthanides (20 ppm) in 0.01 N HNO3; Detection: PCR with 
arsenazo(III) at 655 nm.  
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The reason for the shift in baseline has not been established and further studies are 

required to understand this profile.  However, when Lu+3 alone was injected, the baseline of 

chromatogram has not been affected significantly (Fig.8.8).  
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Fig.8.8. Retention behaviour of lutetium using ionic liquid [Hbet][NTf2] with α-HIBA 
as mobile phase on reversed phase support. Column: 25 cm (5 µm) length reversed phase 
support; Mobile phase: 0.002 M betaine NTf2 + 0.05 M HIBA, pH: 2.68; Flow rate:            
2 mL/min. Sample: Lu (20 ppm) in 0.01 N HNO3; Detection: PCR with arsenazo(III) at     
655 nm.  

 

The separation factors for adjacent lanthanides were calculated and shown in 

Table.8.1. The elution order observed is similar to one observed in a dynamic ion-exchange 

system where Lu+3 is eluted first and La+3 is eluted last. This could be due to strong 

complexation of Lu+3-HIBA system over La+3-HIBA system. It is possible that TSIL, betain 

NTf2 through cation exchange would have complexed Lu+3 preferentially over La+3. The 

stability constant of Lu+3-HIBA complex is far higher compared to that of La+3-HIBA 

complex; hence Lu+3 - complex eluted first and La+3 complex eluted at the end. These 

studies clearly established strong influence of ionic liquid, betaine NTf2 in its complexation 
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with lanthanides. The absence of ionic liquid in the mobile phase, i.e., only with α-HIBA in 

the mobile phase, resulted in a single peak with all lanthanides eluting together. The use of 

TSIL offers new avenues for improving the separation factors by introduction of task 

specific ionic liquids into the chromatographic system.  

Table.8.1 Separation factors for adjacent lanthanides 
 

Lanthanides Separation 
factor 

La:Ce 1.19 
Ce:Pr 1.13 
Pr:Nd 1.07 
Nd:Sm 1.24 
Sm:Eu 1.13 
Eu:Gd 1.06 
Gd-Tb 1.20 
Tb-Dy 1.15 
Dy-Ho 1.09 
Ho-Er 1.11 
Er-Tm 1.10 
Tm-Yb 1.10 
Yb-Lu 1.07 

 
Mobile phase: 0.002 M [Hbet][NTf2] with 0.05 M α-HIBA, pH:2.68                 

 
8.4 Conclusion 
 

Preliminary investigations were carried out in the present work using TSIL as the 

mobile phase. These studies indicated potential application of ionic liquids for the 

development of separation procedures for isolation of individual lanthanides and also for 

the isolation of uranium from thorium. These studies established that TSIL can be employed 

for selective sorption of uranium over thorium. Task specific ionic liquids can be 

synthesized and anchored on a chromatographic support for selective sorption and 

separation metal ions of interest.  
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Chapter-9 
 

Summary and Conclusion 
 

 
This chapter summarises the results of the investigations carried out in the present 

work. Following studies were carried out for the development of high performance 

separation of lanthanides and actinides.  

• Development of rapid separation methods for the isolation of individual 

lanthanides and some actinides on small particle (1.8 µm) based reversed phase 

and monolith based supports. These methods were demonstrated for the 

measurement of atom percent burn-up of   nuclear reactor fuels.  

• A single stage coupled column HPLC technique has been developed and 

demonstrated for separation and determination of lanthanides in uranium matrix. 

This method was applied for the determination of atom percent burn-up of 

nuclear reactor fuels; the method can be employed to estimate lanthanide 

impurities in samples of UO2 (1 in 106) without removal of uranium matrix. 

• The retention of lanthanides and actinide complexes was correlated with their 

stability constant; based on these investigations, a HPLC technique has been 

developed for estimation of stability constant of ligands with lanthanides and 

actinides. Stability constants were also estimated for different ionic strengths. 

Speciation of lanthanides and actinides was carried out using stability constant 

data; the retention behavior of actinide complexes during reversed phase 

chromatographic technique has been explained based on the speciation data. 
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• Influence of temperature on the elution behaviour of lanthanides and                         

actinides was investigated. It was observed in the present study that use of 

elevated temperature (40-80oC) resulted in overall reduction in separation time. 

• Retention of lanthanides and some actinides was investigated using task-specific 

ionic liquids. Separation of uranium from thorium was demonstrated; similarly, 

individual separation of lanthanides was also carried out using TSIL. 

 
9.1 Rapid separation of lanthanides and actinides on small particle based reversed 

phase supports  

High performance liquid chromatographic separation of individual lanthanides as 

well as uranium from thorium was investigated for the first time on small particle (1.8 µm) 

based reversed phase supports. Based on these studies, a dynamic ion-exchange 

chromatographic separation technique was developed using camphor-10-sulfonic acid as the 

ion-pairing reagent and α-HIBA as the complexing reagent for the isolation of individual 

lanthanides as well as for the separation of uranium from thorium. Capacity factor of 

lanthanides was measured as a function of CSA, HIBA and mobile phase pH. Based on 

these studies, separation factor of adjacent lanthanides was measured under various 

experimental conditions. The lanthanides could be isolated from each other in 3.6 min from 

1.8 µm based support using gradient elution. Use of 1.8 micron particle column resulted in 

faster separation of individual lanthanides compared to the use of 5 micron particle of 25 

cm length support, which has resulted in 7.9 min. The column efficiency observed with 1.8 

µm based 3 cm length reversed phase support (N~100,000 plates per meter) is much higher 

than the column efficiency of 5 µm based 25 cm length reversed phase support (N~ 37,000 

plates/meter). Thus use of shorter column length with smaller particle support has been 
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demonstrated in the present study to achieve rapid separations maintaining more or less 

similar separation factor between adjacent lanthanides. 

Reversed phase HPLC technique was demonstrated for the isolation and quantitative 

determination of uranium from thorium as well as lanthanide group from uranium.  Rapid 

separation of lanthanide group from thorium and uranium was achieved in about a minute. 

The rapid separation technique was demonstrated for separation and determination of 

lanthanides in uranium matrix (typically La:U~1:2000) of salts of pyrochemical process 

samples.  

9.2 Liquid chromatographic behavior of lanthanides and actinides on monolith 

supports 

         The retention of lanthanides, and some actinides was studied on a reversed phase 

monolith supports. Individual separation of lanthanides was carried out using a dynamic 

ion-exchange technique in isocratic and gradient elution modes. Capacity factor and 

separation factor of lanthanides was measured as a function of α-HIBA, CSA and mobile 

phase pH. A Rapid separation of individual lanthanides (2.77 min) was demonstrated using 

monolith support and this could be the fastest LC technique reported as of now in literature, 

to the best of my knowledge. The column efficiency of modified monoliths is ~44,000 

plates per meter. The back pressure observed with monolith supports is far too low 

compared to the one observed with small particle supports. Hence monolithic columns were 

operated at higher flow rates in the present study to achieve rapid separation of individual 

lanthanides.  

 The reversed phase retention behaviour of uranium and thorium was also 

investigated on the reversed phase monolith supports of 10 cm length column as well as 5 

cm length column. The retention behavior was also investigated on monolith support 
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modified with bis-2-ethylhexyl succinamic acid (BEHSA), using α-HIBA as well as HNO3 

as the mobile phase. Elution profiles of uranium and thorium were studied as a function of 

the BEHSA concentration, mobile phase composition, and its flow rate. The separation 

factor for U/Th was determined under various experimental conditions. Uranium could be 

isolated from thorium in about 0.34 min using 0.01 N HNO3 as the mobile phase. Thus 

modified monolith supports were employed in the present study for the rapid separation of 

lanthanides and actinides.   

9.3 Burn-up measurement on nuclear reactor fuels using HPLC 

The dynamic ion-exchange techniques using small particle based support as well as 

monolith support were demonstrated for determining the concentrations of lanthanide 

fission products such as La, Ce, Pr, Nd and Sm in the dissolver solution of nuclear reactor 

fuels. Direct injection of dissolver solution on a monolithic support was demonstrated for 

the first time for the determination of atom percent burn-up without pre-separation of matrix 

uranium and plutonium.  

Uranium was separated from Pu(III) as well as Pu(IV) by reversed phase as well as 

dynamic ion-exchange HPLC technique. A reversed phase chromatographic technique has 

been developed for the assay of uranium and plutonium present in the dissolver solution of 

nuclear reactor fuels.  

9.4 Single stage coupled column HPLC technique for separation and determination of 

lanthanides in uranium matrix - application to burn-up measurement on nuclear 

reactor fuel 

Single stage coupled column chromatographic method was demonstrated for the 

first time towards separation and determination of lanthanides in uranium matrix. Tri-n-

octylphosphine oxide modified reversed phase column connected in series with a 
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dynamically modified cation exchange monolithic column accomplished the task of 

individual isolation of lanthanides from uranium matrix. The proposed method eliminates 

the step of uranium matrix removal for the determination of lanthanides. Samples with 

lanthanide to uranium ratio, as high as 1: 106, were directly injected into the “coupled 

double column” for the quantitative determination of lanthanides without uranium matrix 

removal. Samples of lanthanides in uranium matrix could be injected as much as 45 times 

consecutively into the HPLC system for determination of lanthanides without any uranium 

elution. The retention behaviour of Pu(IV), Pu(III), Am(III) and  various fission products 

such as Zr, Mo, Cs, Ba, Sr, Ru, Rh, Pd and lanthanides was  also studied on the TOPO 

modified reversed phase support. The single stage coupled column chromatographic 

technique was also demonstrated for the separation and determination of lanthanide fission 

products in the dissolver solution of PHWR and fast reactor spent fuels for the 

determination of atom percent burn-up.  

 9.5 Correlation of retention of lanthanide and actinide complexes with stability 

constants and their speciation 

Correlation on retention of lanthanide and some actinide complexes on a 

chromatographic column with their stability constant have been investigated in the present 

study. Large number of chromatograms were recorded under various experimental 

conditions. From these studies, a correlation has been established between capacity factor of 

a metal ion, concentration of ion-pairing reagent and complexing agent with the stability 

constant of metal complex.  

Based on these studies, it has been shown that the stability constant of lanthanide 

and actinide complexes can be estimated using a single lanthanide calibrant. Validation of 

the method was carried out with the complexing agents such as α-HIBA, mandelic acid and 
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lactic acid. It was also demonstrated that data from a single chromatogram can be used for 

estimation of stability constant at various ionic strengths and the estimated stability constant 

data are found to be in very good agreement with the experimentally determined values. 

These studies also demonstrated that the method can be applied for estimation of stability 

constant of actinides with a ligand whose value is not reported yet. The chromatographic 

separation method is fast and the estimation of stability constant can be done in a very short 

time, which is a significant advantage especially in dealing with radioactive elements.  The 

stability constant data was also employed to compute speciation of plutonium in different 

oxidation states as well as that of americium with α-HIBA. The elution behavior of 

actinides such as Pu and Am from reversed phase chromatographic technique could be 

explained based on these studies.  

9.6 Influence of temperature on the elution behaviour of lanthanides and                         

some actinides using HPLC 

 The effect of temperature (25°C to 85°C) on the retention of lanthanides and some 

actinides on chromatographic supports was investigated. Dynamic ion-exchange and 

reversed phase chromatographic techniques were employed for the individual separation of 

lanthanides and actinides such as uranium and thorium. It was observed from these studies 

that total retention time was reduced to approximately half of its initial time at 850C 

compared to the one at 250C for individual separation of lanthanides. A temperature 

gradient was also employed to separate the individual lanthanides in an isocratic mode in ~ 

16 min. The retention of actinides such as uranium and thorium was also investigated on a 

reversed phase based support using α-HIBA, mandelic acid and lactic acid as a function of 

temperature from 250C to 850C.   
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Capacity factors of lanthanides, U and Th were correlated as a function of 

temperature using van’t Hoff plot and linear correlation has been established; from this 

study, enthalpy of sorption (∆Hsorption) of lanthanides, uranium and thorium has been 

computed. These studies demonstrated potential use of carrying dynamic ion-

exchange/reversed phase chromatographic techniques at elevated temperature for achieving 

rapid separations.    

9.7 Task-specific ionic liquids in liquid chromatography-Studies on the                         

sorption behaviour of lanthanides and some actinides 

Task-specific ionic liquids such as 1-butyl-3-methylimidazolium benzoate (bmim-

benzoate), protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet][NTf2]) and its 

precursor betaine chloride ([Hbet] Cl) were examined for the first time as mobile phase 

along with complexing reagent, i.e., α-hydroxy isobutyric acid to study the sorption 

behaviour of uranium, thorium and lanthanides on reversed phase chromatographic 

supports. Retention behavior of uranium and thorium was investigated with ionic liquids,   

1-butyl-3-methylimidazolium benzoate and betaine chloride. The separation factors for U-

Th as well as adjacent lanthanide pairs were measured under various experimental 

conditions. Highest separation factor for separation of uranium and thorium was obtained 

with 1-butyl-3-methylimidazolium benzoate as an ionic liquid. Individual separation of 

lanthanides was observed with task specific ionic liquid, protonated betaine 

bis(trifluoromethylsulfonyl)imide [Hbet][NTf2], though the separation efficiency was not on 

par with the one achieved with dynamic ion exchangers.  

 

Future Studies 

The results obtained in this present study indicated some promising research areas 

for the future work. They are listed below.  
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1. The stability constant of lanthanides and actinides with new ligands can be estimated in 

shortest possible time. Precisely predicting retention of actinides, e.g. curium and 

americium can be employed to collect their valuable fractions during their isolation from 

various stages of nuclear fuel cycle.  

2. Single stage dual column chromatography can be employed to estimate lanthanide 

poisons in the samples of UO2 without the removal of uranium matrix. Similarly, 

development of extraction chromatographic methods will be of immense interest and use 

for the determination of various metal ion impurities in plutonium matrix.  

3. Preliminary experiments on the use of ionic liquids as mobile phase for separation of 

lanthanides and actinides indicated promising results. Ionic liquids as well as task specific 

ionic liquids can be incorporated into the stationary phase for isolation of specific metal 

ions.  

4. The use of high temperature liquid chromatographic technique can be examined for 

development of superior isolation procedures for lanthanides and actinides. 

5. The dynamic ion-exchange techniques can be extended for the preparative scale 

purification of actinides such as Am and Cm; similarly, bulk scale isolation of uranium 

from thorium matrix can be examined.    

 

These studies eventually may pave way for the development of superior isolation 

procedures of lanthanides and actinides. 
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