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i  

SYNOPSIS 
 

Since the discovery of radioactivity, it finds application in various fields of science & 

technology. It has enriched our society in several areas namely power production, medical 

science, agriculture, industry and strategic applications. In the field of power production, the 

term Nuclear Fuel Cycle (NFC) is used to describe the entire cycle starting from the mining 

of uranium to the reprocessing of spent fuel and the final disposal of the radioactive waste. 

The process from mining to fuel fabrication is called Nuclear Front End, whereas the 

reprocessing and waste management is termed as Nuclear Back End of the NFC. The main 

source of high-level radioactive waste is the fission products in the spent fuel from nuclear 

reactors. Other sources of radioactive waste arise from nuclear weapons testing, 

decommissioning of nuclear facilities and the waste from radioactive laboratories. It has been 

envisaged that high-level waste originating from the nuclear reprocessing plant will be stored 

underground in geological repositories after suitable treatment [1]. The main objective of 

underground storage of radioactive waste is to isolate it from the environment for a long 

period of time to avoid any possible release to cause any undue radiation exposure [2].  

Nowadays, the back end of the NFC has become the most concerned and challenging 

research area in the nuclear industry, although there are standard protocols in place for the 

management and disposal of radioactive waste. The concern is due to any possible unwanted 

release and migration of radionuclides [3], more specifically those radioisotopes that have 

high yield in the fission/activation process and long half-life [4]. In general, the factors 

affecting the release and migration of the radionuclides in the environment are precipitation, 

complexation and sorption processes. Precipitation process takes the radionuclides in solid 

phase, thereby limits the concentration in the solution phase and thus retards their release and 
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migration. Complexation of the radionuclides with organic and inorganic ligands present in 

aqueous medium can increase the release and migration of the species due to increased 

solibilization of the complexes. This increases the concentration of the radionuclides in the 

mobile phase. Attachment of radionuclides to mineral or rock surfaces in contact with 

aqueous phase, called the sorption process, can reduce the migration process substantially 

[5]. Based on the above three processes, most of the existing literature suggests that the tri 

and tetravalent radioisotopes cause no major hazard, as they have very high tendency to get 

sorbed onto the material engineered for their isolation and also in host rocks [6]. Earlier, a 

two-phase model, consisting of a mobile and a stationary phase, was used to explain the 

migration of radionuclides in aquatic system. However, a recent study reveals the migration 

of 239Pu upto a distance of about 1.3 km in 30 years from the Nevada test site [7]. Penrose et 

al. [8] have studied the behaviour of Pu and Am in the Mortandad canyon and observed the 

migration rate of these radionuclides of about 0.5 km y-1 from the source. The two-phase 

model was unable to explain such fast and long-distance migration of radionuclides observed 

in previous cases. Another drawback of the two-phase model is its inability to explain the 

migration of radionuclides which have very low aqueous solubility. It was suggested that the 

colloids present in groundwater provide an additional phase causing enhanced migration [7]. 

Therefore, a three-phase model consisting of a mobile phase, a stationary phase and 

suspended colloids in mobile phase has been introduced to explain the enhanced migration of 

radionuclides and other contaminants in groundwater [9, 10]. 

The most important natural ligands found in groundwater are the humic acids. The presence 

of humic acid may affect the sorption and migration of radionuclides in the groundwater [11, 

12]. It is reported that the anthropogenic actinides are about 10 times more concentrated in 
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humic acid fraction than in the overall topsoil [13]. The complexation of humic acids with 

radionuclides increases the mean residence time of actinides in the mobile phase, which in 

turn reduces the sorption of the radionuclides to the stationary phase and thus enhances their 

migration. Humic acids can also affect the sorption behaviour of radionuclides by altering the 

oxidation state e.g. U(VI) to U(IV) and Np(V) to Np(IV) [13]. 

Oxides, especially those of Si, Al, and Fe, occur as colloids in groundwater. Various aspects 

of colloids that facilitate the transport of radionuclides in natural groundwater systems have 

been reviewed by Patera et al. [14]. Extensive work has also been carried out to understand 

the sorption of radionuclides on several minerals which include hydrous oxides of Fe [14-

17], Mn [18], Si and Al [19], montmorillonite [20],  bentonite [21] etc., studied for several 

radioisotopes like U, 239Pu, 244Cm, 241Am, 60Co, 152Eu, 230Th, 90Sr, 137Cs and so on. 

Literature regarding leaching, sorption and migration of niobium (94Nb) and protactinium 

(231Pa) [22-24] are scanty and this motivated us to carry out extensive sorption studies for 

these two radionuclides in different hydrous oxides of Si, Fe and Mn, present in aquatic 

systems. The effect of pH, naturally occurring humic acid ligands, ionic strength, 

equilibration time and temperature on the sorption behaviour of 94Nb and 231Pa nuclides on 

silica, iron oxides and manganese dioxide have been evaluated. The sorption mechanism has 

been elucidated based on the classical sorption data (ionic strength and temperature 

dependent sorption study) and the spectroscopic evidences (Extended X-ray Absorption Fine 

Structure) obtained from the present study. In the PhD thesis, the work has been presented 

and discussed in six chapters, briefly described as follows. 
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Chapter 1: Introduction 

This chapter provides the general introduction of the thesis encompassing the basic aspects of 

the element niobium (Nb) and protactinium (Pa). The course, in which 94Nb and 231Pa are 

generated in the nuclear industry, may be described as follows. Zirconium-niobium (Zr-Nb) 

alloy is used as pressure tubes in nuclear power reactors [25] because of its excellent 

mechanical strength [26] and very high resistance to hydride attack. 94Nb (half-life: 2.03 x 

104 y) is generated in the pressure tube by the (n,γ) reaction of the stable isotope 93Nb. The 

presence of 94Nb, along with other fission and activation products in discharged pressure 

tubes, results in large radiation field. The short and medium-lived radioisotopes (half-life: ≤ 

1.5 y) decay off after 8-10 years of cooling [27]. 94Nb activity remains for a prolonged period 

due to the long half-life.  

Thoria is irradiated in a nuclear reactor for the production of fissile isotope 233U via (n, γ) 

nuclear reaction of 232Th and subsequent beta decay of 233Th. Along with 233U, 231Pa (half-

life: 3.27 x 104 y) is also generated via (n, 2n) nuclear reaction of 232Th and consecutive beta 

decay [28]. After extraction of 233U, 231Pa remains in the aqueous phase along with other 

actinides. This aqueous phase is considered as high-level radioactive liquid waste. The severe 

concern in the handling and management of this high-level waste is the presence of 231Pa, 

because the isotope is both long-lived and alpha-emitting [29]. 94Nb and 231Pa are thus two 

important radionuclides in radioactive waste and could have long term radiological impact. 

Chemical properties of these two elements and their comparisons are discussed in this 

chapter, which are the basis of the present thesis work. 
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Chapter 2: Sorption of 94Nb and 231Pa on colloidal silica 

Sorption of niobium (Nb) and protactinium (Pa) on silica colloids was studied using 

radiotracer (94Nb and 231Pa) in the pH range of 2-11 in NaClO4 medium, adopting batch 

equilibration method. Gamma activity measurements were carried out using high purity 

germanium (HPGe) detector coupled to 8k channel analyzer. Silica was characterized using 

X-ray diffraction (XRD), light scattering and surface area measurements. The point of zero 

charge for silica colloids was about pH 2. It is found that both Nb and Pa were strongly 

sorbed on silica colloids in the pH range of 3 to 9 in NaClO4 medium. The sorption is lower 

(70-80 %) below pH 3 and above pH 9. There is no significant change in the sorption 

behaviour of both Nb and Pa on silica colloids in the presence of humic acid between pH 3 to 

9. However, there is a small increase in the sorption below pH 2 and a small reduction in 

sorption above pH 10. 

The pH dependent sorption phenomenon observed can be explained in terms of the chemical 

species of Nb and Pa exist at different pH condition and the variation in the zeta potential of 

silica at different pH. Literature reports suggest that both the elements exist as single 

positively charged species below pH 3 and this was confirmed in the case of Pa by 

determining the average charge (~ +1) in dilute HClO4 medium (0.1 to 3M). Coulombic 

repulsion between the positively charged Pa and positive surface charge on silica colloids 

may be the reason for the lower sorption below pH 3. The strong sorption on silica colloids in 

the pH range 3 to 9 was assigned to the surface complexation between neutral species of 

Nb/Pa with the silanol groups of silica colloids. In basic pH, both Nb and Pa exist as 

negatively charged species and the zeta potential of silica is highly negative. Therefore, 

coulombic repulsion between them reduces the sorption of Nb/Pa on silica colloids in the 
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alkaline condition. 

The slight increase of sorption below pH 2 in the presence of humic acid (HA) may be due to 

sorption of humic acid on silica causing a reduction in surface charge of the colloids. In basic 

medium, carboxylate groups of humic acid may undergo complexation with Nb/Pa, 

increasing the concentration of the metal ions in the solution, and thus reducing their sorption 

on silica colloids. 

Chapter 3: Sorption of 94Nb and 231Pa on various iron oxides 

In this Chapter, results on the sorption of Nb and Pa on various iron oxide colloids are 

reported along with the effect of pH, ionic strength, humic acid and temperature on the 

sorption process. Iron oxides viz. goethite (FeOOH), hematite (α-Fe2O3), and magnetite 

(Fe3O4) were chemically synthesized and characterized by XRD, particle size, surface area, 

and zeta potential measurements. Results show that the sorption of Nb on all the three iron 

oxides was low (10-20 %) at pH 1, increased to ~ 90% at pH 8 and decreased marginally 

above pH 8. Presence of humic acid resulted in increased sorption of Nb/Pa on iron oxides in 

acidic medium, whereas the reverse was observed in basic medium. In acidic medium (pH 1), 

it is observed that the sorption is decreased with an increase in the ionic strength, and the 

effect of ionic strength is found to be strongest in the case of goethite, and least in the case of 

hematite. In basic medium (pH 10), the effect of ionic strength on sorption is quite negligible 

for all three oxides. From the above observations, it is inferred that the sorption in acidic pH 

occurs mainly due to ion-exchange between positively charged species of Nb/Pa and the 

surface –OH groups on the iron oxides. In basic pH, ion exchange phenomenon cannot 

contribute to the sorption, because the existence of Nb/Pa as the anionic species, causing a 

reduction in the sorption. Thermodynamic parameters viz. activation energy, enthalpy, 
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entropy, free energy, and sticking probability were estimated to understand the mechanism of 

the sorption process. Although the enthalpy is found to be positive, the free energy change is 

overall negative, suggesting the sorption process to be an entropy-driven phenomenon. The 

sorption process followed pseudo-second-order kinetics and the sticking probability model of 

sorption indicated that the process is indeed chemisorption. The dissolution study of iron 

oxides shows that the iron concentrations in the supernatant in the case of goethite and 

hematite are negligible throughout the pH range, whereas ~3 % magnetite got dissolved in 

acidic pH. The solubility of magnetite in the acidic region may be due to the presence of 

Fe(II) in its structure which partially goes to the solution phase. From the above studies, it is 

clear that sorption is not influenced by the dissolution of goethite and hematite in acidic pH, 

though a mild effect exists in the case of magnetite.  

Chapter 4: Sorption of 94Nb and 231Pa on manganese dioxide 

The sorption of Nb/Pa on synthesized manganese dioxide has been described in this Chapter. 

The effects of pH, ionic strength, humic acid, temperature and equilibration time were 

investigated in a series of batch equilibrium experiments. The synthesized oxide was 

characterized using XRD, Fourier transform infrared (FTIR) spectroscopy, Scanning electron 

microscopy (SEM), surface area, particle size, and zeta potential measurements. The sorption 

is found to be affected by solution pH, ionic strength and humic acid. The sorption is high in 

neutral and near neutral pH zone (~ 96 %) but lower sorption is observed both in acidic pH 

(70-80 %) and basic pH (~ 85 %) conditions. Sorption decreases in acidic pH with an 

increase in ionic strength and reverse effect is seen in basic pH, although the effect in the 

latter case is less prominent. From the above results, it is inferred that the mechanism of 

sorption is the physisorption or outer sphere complexation at acidic pH and chemisorption or 
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innersphere complexation at basic pH conditions. Presence of humic acid enhances the 

sorption in acidic pH, which indicates that mineral bound humic acid facilitates the sorption 

process at low pH whereas at higher pH, the dissolved humic acid complexes with Nb/Pa 

causing a decrease in sorption on manganese dioxide. The sorption process is found to be 

endothermic in acid medium but the positive entropy change makes the free energy of the 

sorption process negative and hence the process is spontaneous. However, the sorption in 

basic medium is exothermic and the high magnitude of enthalpy change indicates that the 

sorption process follows the chemisorption mechanism. Kinetics of the sorption is found to 

follow pseudo first order rate under acidic pH whereas pseudo second order rate under basic 

pH. Pseudo first order fitting under low pH condition suggests the physisorption mechanism 

whereas pseudo second order kinetic fitting proposes the chemisorption mechanism at high 

pH condition. 

Chapter 5: Evaluation of sorption mechanism using Extended X-ray 

Absorption Fine Structure (EXAFS) 

The sorption experiments discussed in the previous chapters were carried out using tracer 

solutions of 94Nb and 231Pa in nanomolar (nM) concentration, which is not sufficient for 

EXAFS studies as the method require higher concentration. Due to the constraints of 

handling radioactivity at the EXAFS facility, inactive Nb solution was used in elevated 

concentration (mM) for the sample preparation. Nb sorbed silica samples at pH 1.2, 6.5 and 

10.5 were prepared and kept hydrated, to keep the bonding feature intact. Complete drying of 

the samples were avoided because it may change the binding features. 

The EXAFS measurements were carried out at the Energy-Scanning EXAFS beamline (BL-
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9) at the Indus-2 Synchrotron Source (2.5 GeV, 100 mA) in Raja Ramanna Centre for 

Advanced Technology (RRCAT), Indore, India. X-ray absorption spectrometry (XAS) 

measurements were performed in transmission mode placing the slurry sample in a 

transparent glass cuvette in the beam path. The experiments were performed at Nb K-edge 

energy. The same absorption edge position for all three pH condition suggests identical 

oxidation state for Nb. 

The Fourier transform EXAFS spectra of Nb-SiO2 at pH 1.2 suggests that there are two O 

atoms nearest to Nb at a distance 1.98 Å, indicating the presence of niobyl group as 

[O=Nb=O]+ in hydrated condition. The other two O atoms at 2.08 Å may correspond to Nb-

O bond which is longer and less rigid. The same amplitudes of different k -weighted spectra 

for the first and second peaks confirm similar atomic species in both the coordination shells. 

The second co-ordination shell also contains two O atoms with an average distance of 2.43 

Å, which are the characteristics of equatorial water molecules around Nb. From the analysis 

of the EXAFS data at pH 1.2, it is obvious that there is no nearby Si atom upto 3.46 Å and 

the EXAFS data could be fitted satisfactorily with oxygen coordination shells.  

It is inferred that there is no chemical bond formation between colloidal silica and Nb present 

in aqueous media. This finding also explains the low sorption of Nb on colloidal silica at pH 

1.2. Hence the sorption at lower pH may be attributed to physisorption or ion exchange 

mechanism. 

Although the systems at pH 6.5 and pH 10.5 have the same type of environment in the first 

coordination shell, the analysis suggests the presence of Si atom in the second coordination 

sphere. This implies the formation of chemical bond between silica and Nb atoms via oxygen 

bridge. The formation of chemical bonds between Nb and Si leads to high sorption of Nb 
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onto silica at these pH conditions. The Si atom density around Nb atom at pH 6.5 and pH 

10.5 are found to be about 1.32 and 1.65, respectively.  

The EXAFS data of Nb sorbed hematite at three different pH (1, 6 and 10) also confirmed 

that at pH 1, Nb is not coordinated with Fe atom whereas at pH 6 and at pH 10, Nb is 

coordinated with 0.5 and 2 numbers of Fe atoms at 2.93 Å and 2.72 Å distances, respectively. 

These findings support the physisorption mechanism in acidic pH and chemisorption 

mechanism at neutral and basic pH conditions. 

Chapter 6: Summary and future perspectives 

In this Chapter, a brief summary of the research work carried out under the PhD programme 

has been presented, highlighting the major observations and suggesting the future 

perspectives of the present investigation. 

The major outcomes of the present study are as follows: 

(i) The sorption of both 94Nb and 231Pa in the acidic range is low and follow physisorption 

mechanism. The sorption is however quantitative in neutral or near neutral pH region and 

suggested to chemisorption mechanism. These propositions have been established based 

on ionic strength and temperature dependent sorption data as well as from the EXAFS 

spectroscopic evidences. 

(ii) The quantitative sorption in neutral to near neutral pH region indicates that in the natural 

aquatic condition the migration of these two radionuclides is mainly assisted by the 

colloids present in the medium. 
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(iii) The naturally occurring complexing ligand i.e. humic acid, can alter the Nb/Pa sorption 

both in acidic and basic region, either by its self-absorption onto the colloids or by its 

complexation with the radionuclides at those respective pH conditions. 

Future perspective of the present investigation:  

(i) EXAFS investigation in Nb sorbed pyrolusite systems can provide more information on 

the sorption mechanism. 

(ii) More detailed spectroscopic investigations on the sorption behaviour of Nb/Pa on iron 

oxides of mixed oxidation state (magnetite) and studies in regards to changing of metal 

ion oxidation states can provide more insight of the sorption process. 

(iii)  Utilization of laser-based fluorescence techniques to study the sorption mechanisms in 

very low concentration level of the radionuclides can provide more relevant information. 

(iv) Sorption study of 94Nb and 231Pa on naturally occurring bentonite, clay minerals and soil 

samples are worth to be investigated in regard to the migration of radionuclides in aquatic 

systems. 
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6.1. Summary 

In this thesis, the sorption studies of 94Nb and 231Pa on silica, iron oxides and manganese 

dioxides are described. The sorption studies were carried out in batch method. The effect of 

pH, humic acid and equilibration time on sorption, are also studied. The sorption mechanism 

is evaluated using classical sorption studies like ionic strength and temperature dependent 

sorption phenomena and XAFS spectroscopic investigation of the Nb sorbed silica and 

hematite at different pH. A summary of the above research has been presented in this 

chapter, highlighting the major observations and the future perspectives.                                                                              

The major conclusions, drawn from the present studies are: 

(i) Silica particles, one of the most abundant, naturally occurring, inorganic colloidal 

particles, display a range of important interactions with various metal ions and 

radionuclides. Both Nb and Pa are strongly associated with colloidal silica especially in 

the neutral pH to mildly basic pH region. So, in natural aquatic conditions, there is a high 

chance of association of these two radionuclides on silica colloids and therefore strong 

probability of colloid assisted migration. Humic acid has negligible effect on the sorption 

in neutral pH, but increases the sorption in acidic pH and decreases the sorption in basic 

pH. So, in ternary system interaction of Nb/Pa with humic acid can govern the sorption 

on silica in acidic and basic pH conditions. The results of this study will be useful for 

modeling the migration behaviour of Nb and Pa in natural aquatic stream.  

(ii) The sorption of Nb/Pa on all the three iron oxides was low (~ 10-20 %) at pH 1, increased 

to ~ 90 % at pH 8 and decreased marginally above pH 9. Humic acid affects the sorption 

in acidic and basic medium either by its self-absorption onto the colloids or its 

complexation with the radionuclides at those respective pH conditions. In acidic medium, 
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the sorption decreases with increase in ionic strength, which indicates the possibility of 

physisorption i.e., the sorption either by electrostatic interaction or by ion exchange 

phenomenon. In basic medium, the insensitive nature of sorption with respect to ionic 

strength indicates the formation of covalent bond between Nb/Pa species and iron oxides 

surfaces. The sorption followed pseudo-first order-order kinetics at acidic pH but pseudo 

second order in basic pH conditions. The sticking probability values indicate that the 

sorption follows physisorption at acidic pH and chemisorption at basic pH. The activation 

energy for the sorption in acidic pH is positive, which indicates that the energy is required 

to happen the sorption. In basic medium, the negative activation energy signifies that the 

sorption is spontaneous and does not require any activation energy. The sorption is not 

influenced by the dissolution of hematite and goethite but do mildly in the case of 

magnetite in the pH range 1-2, where the solubility of magnetite is near about 3 % of its 

initial weight. This study is important to understand the probable migration of 94Nb and 

231Pa during underground storage of radioactive waste. 

(iii) Both Nb and Pa are strongly sorbed on manganese dioxide even in acidic pH, but the 

sorptions become quantitative in neutral to near neutral pH region. The high sorption on 

manganese dioxide may be due to the low PZC and high surface area of the oxide. In 

acidic pH, mineral bound humic acid enhances the sorption of Nb and Pa, in higher pH, 

dissolved humic acid complexes with Nb/Pa and reduces the sorption. The sorption 

strongly depends on ionic strength of the medium at low pH, infers the outer sphere 

complexation but mild dependence on ionic strength in basic pH reinforces the 

probability of innersphere complexation. The sorption in acidic pH is endothermic, but 

the positive entropy change makes the endothermic sorption process spontaneous. In 
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basic pH, the sorption is exothermic and spontaneous. The high magnitude of the 

enthalpy value suggests the formation of covalent bond between manganese dioxide 

surfaces and the species of Nb/Pa. Pseudo first order fitting in low pH suggests the high 

probability of physisorption whereas pseudo second order kinetic fitting proposes the 

probability of chemisorption at high pH. 

(iv)  The sorption mechanisms of Nb and Pa on silica and hematite were evaluated based on 

ionic strength, temperature dependent sorption studies and the XAFS studies of the Nb 

sorbed silica and hematite at different pH. The ionic strength dependent sorption of 

Nb(V) and Pa(V) on silica and hematite, primarily indicates the Outer Sphere Surface 

complexation which is solely governed by electrostatic forces. On the contrary, the 

inertness of sorption with ionic strength indicates Inner Sphere Surface Complexation in 

neutral and basic medium which is governed by electron sharing or bond formation. 

Enthalpy changes associated with the sorption process at different pH further supports the 

observation of the ionic strength results. EXAFS study of the Nb sorbed colloidal silica at 

different pH clearly shows that in acidic pH, Nb is not coordinated with Si atom, whole 

coordination is satisfied by oxygen atom only. In neutral and basic medium, Nb is bonded 

with one to two Si atom at 3.44 Å and 3.5 Å distances respectively. In the case of 

hematite in acidic pH, there is no evidence of Nb and Fe bonding but in neutral and basic 

medium, Nb is coordinated with 0.5 and 2 numbers of Fe atoms at 2.72 Å and 2.88 Å 

distances respectively. So in the present study, there is a good resonance among the 

chemical, thermodynamic and spectroscopic data which together establish the 

physisorption nature in acid medium and chemisorptions in neutral and basic medium.  
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So in general, the sorption of both 94Nb and 231Pa in the acidic range is low and follow 

physisorption mechanism. The sorption is however quantitative in neutral or near neutral pH 

region and suggest to chemisorption. These propositions have been established based on 

ionic strength and temperature dependent sorption data as well as from the XAFS 

spectroscopic evidences. The quantitative sorption in neutral to near neutral pH region 

indicates that in the natural aquatic conditions the migration of these two radionuclides is 

mainly assisted by the colloids present in the medium. The naturally occurring complexing 

ligand i.e. humic acid, can alter the Nb/Pa sorption both in acidic and basic region, either by 

its self-absorption onto the colloids or by its complexation with the radionuclides at those 

respective pH conditions. 

6.2. Future perspectives 

Future perspective of the present investigation:  

(i) XAFS investigation in Nb sorbed pyrolusite systems can provide more concrete 

information regarding molecular level bond formation or surface complexation during the 

sorption process. 

(ii) Detailed spectroscopic and electrochemical investigations on the sorption behaviour of 

Nb/Pa on iron oxides of mixed oxidation state (magnetite) and studies in regards to 

changing of metal ion oxidation states can provide more insight of the sorption process. 

(iii)Utilization of laser-based fluorescence techniques to study the sorption mechanisms in 

very low concentration level of the radionuclides can provide more relevant information 

as compared to the spectroscopic techniques which performed at elevated concentration 

level where the chances of formation of hydrolysed polymeric species or precipitation 

exist.   
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(iv) Sorption studies of 94Nb and 231Pa on naturally occurring bentonite, clay minerals and soil 

samples are worth to be investigated in regard to the migration of radionuclides in aquatic 

systems, as they are the sorbents present in the geosphere, retard the migration process of 

the radionuclides. 
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The back end of the Nuclear Fuel Cycle (NFC) has become the most concerned and 

challenging area sice several incidents were reported regarding the release and migration of 

radionuclides having high yield in the fission/activation process and long half-life. The 

radionuclides focused in the thesis work are 94Nb and 231Pa, two important radionuclides 

produced in nuclear reactors. The sorption behaviour of these radionuclides on silica, iron 

oxides (Goethite, Hematite and Magnetite) and manganese dioxide colloids and the effect of 

pH, humic acid, ionic strength, temperature, equilibration time were studied in detail.94Nb 

radiotracer was prepared from irradiated Zr-Nb pressure tube and 231Pa radiotracer from 

siliceous cake, a waste of monazite process plant. The sorption is high for silica and 

manganese dioxide even at acidic pH but low in the case of iron oxides. Classical methods 

such as ionic strength and temperature dependent sorptions, were used to explain the sorption 

mechanism. Extended X-ray Absorption Fine Structure (EXAFS) study of the inactive Nb 

sorbed on silica and hematite at different pH conditions has been used to elucidate sorption 

mechanism and correlated with the classical sorption data. The sorption of both 94Nb and 

231Pa in acidic range follow physisorption mechanism and in neutral or near neutral pH 

follow chemisorption mechanism. Naturally occurring complexing ligand humic acid can 

alter the sorption in acidic and basic region either by itself getting sorbed onto colloid or by 

complexing with radionuclides.  

The work is very important as 94Nb and 231Pa are the two isotopes generated in appreciable 

quantity in irradiated Zr-Nb pressure tube and in thorium based nuclear fuel respectively but 

very less studied. The 94Nb tracer preparation explored a new possibility of reusing Zr after 

separation of the long lived 94Nb isotopes. The quantitative sorption of the radionuclides in 

neutral to near neutral pH region indicates in the natural aquatic condition there is a high 

probability of migration of these two radionuclides as pseudo colloids.  
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1.1. Historical aspect of radioactivity 

Uranium (U) was discovered in 1789 in the mineral pitchblende by M H Klaproth and the 

only interest on U was that it is an element, till Henry Becquerel discovered the special 

feature of the element called radioactivity in 1896. Thorium was discovered in 1829 by 

Norwegian mineralogists Morten Thrane Esmark, but its radiological properties got attention 

in the early stage of 20th century. The scenario changed drastically after the discovery of 

neutron by James Chadwick in 1932 which introduced new concept in radioactivity like 

nuclear fission of uranium and artificial transformations of the naturally occurring elements. 

In 1934 research on nuclear fission by emirate scientists like Otto Hahn, Lise Meitner, Enrico 

Fermi and Oppenheimer came out with controlled fission of U for power production in 

nuclear reactor and uncontrolled fission for the production of deadly nuclear weapons. The 

artificial transformation and fission of U resulted generation of variety of radioisotopes which 

can be classified as transuranic isotopes, not present in nature, and the active isotopes of the 

elements, present on their own in the nature. 

The advantages of nuclear energy production are dragging back by its own creation of long 

lived radio isotopes which causes radiation hazards and because of that these days the back 

end of the Nuclear Fuel Cycle (NFC) has also become the most concerned and challenging 

research area in nuclear industry, although there are number of standard protocols for the 

management and disposal of the radioactive wastes are in place. 

1.2. Sources of radioisotopes 

1.2.1. Radioisotopes in nature 

There are three radioactive series of radio isotopes, which are the main sources of 

radioactivity in nature. All the end products in the series shown above are radioactive. The 
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end products of all the three series, as shown in Table 2.1 are, however not radioactive, mere 

stable isotopes. Apart from these other radioisotopes like 3H, 14C, 7Be, 38S, 81Kr, 40K etc 

present in atmosphere also contributes to natural radioactivity. 

Table1.1: Natural radioactive series: Parent isotopes, half lives and their stable 

daughter isotopes 

Series Parent isotope Half-life (y) Stable daughter isotope 

4n Thorium (232Th) 1.40 x 1010 208Pb 

4n+2 Uranium (238U) 4.47 x 109 206Pb 

4n+3 Uranium (235U) 7.04 x 108 207Pb 

 

1.2.2. Uranium Mining and milling 

Starting from mining of uranium ore upto preparation of yellow cake or Ammonium 

Diuranate (ADU) is the part of U mining and milling process. Preparation of uranium dioxide 

or metallic uranium or uranium alloy comes under the part of fuel fabrication. The production 

of large quantity of nuclear fuel is associated with the generation of large amount of 

radioactive waste which contains U, Th and their active daughter products. The management 

of these wastes is a challenge and they are generally stored in tailing ponds which are kept 

well isolated from environment. 

1.2.3. Thorium Mining and milling 

Although thorium (Th) is not a fissile isotope, but mining of thorium is carried out with the 

motif of production of fissile isotope 233U upon irradiation of thorium in nuclear reactor. The 

main ore of thorium is monazite. The mining of thorium is generally easier than uranium as it 

can be extracted from open pit monazite deposits. Management of Th mine tailings is also 

simpler because most of the daughter products are short lived e.g, 220Rn (half-life: 55 s), 
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daughter product of thorium, compared to the equivalent daughter product of uranium, 222Rn 

(half-life: 3.8 d). However, the radioactivity of the mined products is much higher for 

thorium than for uranium, because of the thorium decay chain product 208 Tl, which emits 2.6 

MeV gamma rays. So the trailing product of thorium mining process also stored safely so 

that it cannot come in contact with surrounding environment. 

1.2.4. Nuclear reactor 

Nuclear energy contributed more than 10% of the total electricity consumed in the world and 

nearly 449 nuclear power plant (NPP) providing this huge energy and the number of the NPP 

rising year after year. Along with NPP, there are about 227 research reactors throughout the 

world which are used for different nuclear research and the production of various useful 

radioisotopes. These huge number of nuclear reactor operations generates large quantity 

radioactive waste (IAEA database). In India 22 NPP and 5 research reactors are operating till 

date. 

The “Nuclear Fuel Cycle” (NFC) related to the production of power using nuclear fission, 

starts from the mining of Uranium and ends with the radioactive waste treatment and 

disposal. The process from mining, enrichment and the preparation of fuel assembly is called 

“Front End” and the reprocessing/treatment of spent fuel and the management of radioactive 

waste and their proper disposal comes under the term “Back End”. Each step of the NFC 

involves generation of some sort of radioactive waste. The block diagram of NFC is shown in 

Figure 1.1. 

1.2.5. Spent fuel reprocessing 

The spent nuclear fuel contains fission products, activation products, minor actinides, 

plutonium along with uranium. As a protocol, the spent nuclear fuel is kept as such for 1.5 

years for the decay of the short lived radioisotopes. After that, the spent fuel is reprocessed 
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for the extraction of U and Pu and the process involved is known as PUREX process. The 

residue remains after the extraction of U and Pu, contains many long lived radioisotopes, 

including minor actinides as are given in the following Table 1.2 and 1.3. 

 

 

 

 

 

  
 
  
 
  

  
Figure 1.1: Block diagram of Nuclear Fuel Cycle 
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Table 1.2: List of important radionuclides having high fission yield and long half lives [1] 

Radionuclides Yield (%) 235U(n, f) Half-life (y) Radiation energy (keV) 

135Cs 6.726 2 x 106 β (20) 

137Cs 6.23 30.17 β (500, 1200), γ (662) 

99Tc 6.074 2.1 X 105 β (300) 

90Sr 5.772 28.5 β (500, 2300) 

93Zr 6.375 1.5 x 106 β (60) 

144Ce 5.45 284 d β (300, 3000), γ (133, 697) 

125Sb 0.025 2.77 γ (426, 601) 

129I 0.853 1.57 x 107 β (200), γ (40) 

107Pd 0.191 6.5 x 106 β (30) 

147Pm 2.255 2.62 β (200) 

154Eu 0.000017 8.8 β (100, 200), γ (123) 

155Eu 0.03328 4.96 γ (87, 105) 

151Sm 0.5314 88.8 β (77) 

126Sn 0.1084 2.3 x 105 β (4050), γ (414, 666, 695) 

 

India own large reservoir of thorium which is about 25% of the world’s thorium reserve. 

Thorium is being utilized as blanket material in Fast Breeder Test Reactor (FBTR) for the 

generation of fissile isotope 233U. In fact India is operating a 30 kW 233U fueled research 

reactor named “Kamini”.  

The process of extracting 233U from irradiated Thoria is called THOREX process [3]. Similar 

to PUREX process, in the THOREX process also large quantity of radioactive waste is 
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generated. The main concern regarding the radioactive waste of THOREX process is the 

daughter products of 232U or more specifically 208Tl, having intense gamma ray of energy 2.6 

MeV. Proper categorization of the radioactive waste is required in view of proper 

segregation, treatment, storage and final disposal.  

Table 1.3: List of important long lived transuranic isotopes [2] 

Radionuclides Half-life (y) Radiation energy (MeV) 

238Pu 87.7 α (5.499) 

239Pu 2.4 x 104 α (5.155) 

 240Pu  6.55X 103 α (5.168) 

 241Pu 14.4 β (0.02) 

237Np 2.1 x 106 α (4.788) 

241Am 432.6 α (5.486) 

243Am 7.37 x 103 α (5.275) 

244Am 18.11 α (5.805) 

245Cm 8.5 x 103 α (5.362) 

 
1.2.6. Accidental failure of nuclear reactor and Nuclear weapons testing 

Chernobyl accident (1986) and Fukushima Daiichi nuclear disasters (2011) are the two main 

notorious nuclear disasters which caused huge release of radioactivity in the environment and 

the associated contaminations in large area. Several incidents are also reported regarding the 

release/leakage of high level radioactive wastes like Hanford site in US, Mayak reprocessing 

plant in USSR. 

 More than 2000 nuclear devices have been tested in atmosphere, underground or in under 

water and these results the spread of large amount of radioactivity in the environment. Along 
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with that, the nuclear powered submarine accidents also contributing radioactive 

contamination in the sea water. 

1.3. Classification of radioactive waste and it’s management 

The radioactive wastes generated in the nuclear facilities can be classified according to their 

physical states i.e, solid, liquid and gaseous radioactive wastes. 

1.3.1. Solid radioactive waste 

Solid radioactive wastes can be categorized as the combustible, non-combustible, 

compressible and non-compressible wastes. Non-combustible wastes generally consist of 

activated reactor components like pressure tube, control rods, equipments used for 

reprocessing etc. Combustible wastes are generally incinerated for volume reduction. For 

compressible wastes, volume reduction is achieved by hydraulically operated baling press. 

The combustible and compressible categories of the waste have an appreciable contribution 

to solid waste and generally are of low activity. Based on activity level solid radioactive 

wastes are further classified into four categories as shown in the following Table 1.4. 

Table 1.4: Categorization of solid waste based on dose at surface  

as per BARC Safety Council [4]  

Category Radiation dose (D) on the surface 

of waste package (mGh-1) 

Remarks 

I D ≤ 2 Beta Gamma emitters 

II  2  D ≤ 20 

III 20  D 

IV Alpha bearing waste Alpha emitters dominate 
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1.3.2.  Liquid radioactive waste 

The liquid radioactive waste generated in the nuclear fuel cycle can be categorized as [5,6] 

LLW (Low level waste): Activity  1mCi/L, generated from R&D work in radiological 

laboratories, washings of contaminated equipments etc. The radioisotopes generally 

concentrated by precipitation, ion exchange, membrane separation and by evaporation and 

finally dispose of the lean solution. 

 ILW (Intermediate Level Waste): Activity limits 1mCi/L to 1Ci/L, generated in the 

evaporation and condensation of high level radioactive waste. This type of waste is 

immobilized in cement matrix and stored in shallow trenches. 

HLW (High Level Waste): Activity 1Ci/L are generated in reprocessing of the spent fuel. 

Although the volume is below 5% of the total liquid waste, but it contains more than 90% of 

the total activity. This type of waste generally vitrified in suitable glass matrix and then for 

interim storage and finally it supposed to dispose off in deep geological repository. 

1.3.3. Gaseous radioactive waste 

The gaseous radioactive wastes are classified based on their activity level as given in the 

following Table 1.5. Gaseous fission products or the gaseous isotopes generates from the 

decay of parent isotopes are the main origin of this type of waste. They are generally 

scavenged by High Efficiency Particulate Absorber (HEPA) or by activated charcoal [4, 5]. 

Table 1.5: Classification of gaseous radioactive wastes based on activity level 

Category Activity limit (A) (Bqm-3) Remarks 

I A ≤ 3.7 Beta Gamma 

emitters 
II 3.7  A ≤ 3.7 x 104 

III 3.7 x 104  A 
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1.4. Fate of long lived radioisotopes in environment 

In order to protect future generations and the environment, the high level radioactive wastes 

must be isolated from geosphere with all safety measures, at least for 100000 years. Study 

reveals that the leach and migration of the radionuclides in the environment mostly occurs 

through aqueous mobile phase. Penrose et al. [7] have studied the behaviour of Pu and Am in 

the Mortandad canyon and observed the migration of these radionuclides to a distance of 3.39 

km from the source. Once the radionuclides come into aquatic system after its accidental 

release, migration of these radionuclides become a function of several parameters like 

sorption onto solid aquifer in contact with mobile phase, ground water mobility and 

complexation of the radionuclides with inorganic and organic complexing agents present in 

the mobile phase and also on the colloids dispersed in the mobile phase. Unless or until the 

radionuclides get sorbed into stationary phase, they tend to migrate.  

1.5. Complexation of radionuclides in natural aquatic system 

1.5.1. Inorganic complexing anions 

The inorganic anions present in aquatic system are carbonate (CO3
2-), bicarbonate (HCO3

-), 

nitrate (NO3
-), sulphate (SO4

2-), chloride (Cl-), phosphate (PO4
3-) and fluoride (F-) and their 

concentration varies place to place [2]. The solubility definitely depend upon the 

concentration of these inorganic complexing anions, specially carbonate complex, as its 

concentration and complexation ability favours the phenomenon and the tendency amplifies 

at higher pH, which is evident from the fact that U predominantly exists as carbonate species 

in sea water [8]. If the concentrations of the anions are insignificant, then hydrolysed species 

of those radionuclides generally predominates. This hydrolysis also depends on the effective 
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charge/ionic potential of that ion; more the effective charge higher will be the hydrolysis 

tendency. Generally the hydrolysis become more effective in neutral to mildly basic medium 

compared to that of the acidic medium. 

1.5.2. Humic substances 

Besides the inorganic complexing anions, organic complexing anions also present in natural 

aquatic system which collectively called as humic substance (HS). It generates from the 

degradation of mainly plant residues and the mechanism of the formation discussed in detail 

by Stevenson [9]. Depending on the source of material and the decomposition stage, HS can 

have molecular weight range 2600-136000 Dalton and for the same reason HS has very 

complex molecular structures which can not be specifically defined. A hypothetical structure 

of humic acid is shown in Figure 1.2.  Based on the water solubility, HS can be classified as 

Falvic Acid (FA), Humic Acid (HA) and Humin. HA contains several functional groups like 

carboxylic, phenolic, Enolic and quinine groups attached to various aromatic rings. FA has 

higher O content compared to that of the HA, indicating that FA contains more oxygen 

containing functional groups compared to that of HA. Their concentration varies from 0.1 mg 

L-1 in deep groundwater to 50 mg L-1 in swamp waters compared to 0.5–1.2 mg L-1 in oceans. 

Owing to their very high molecular weight, in high concentration they usually agglomerate 

and form colloids and also get sorbed onto inorganic colloids present in water. Because of the 

presence of both –COOH and phenolic –OH groups, humic acid acts as a polybasic acid. The 

pKa values corresponding to the two types of the acidic groups are known to be ~ 4.0 and ~ 

9.0 respectively [10]. 

Humic acid play a vital role on radionuclide sorption and migration, as it can alter the total 

capacity of mineral oxides as well as the speciation of the radionuclides. It was observed that 
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anthropogenic actinides concentrations are 10 times higher in humic acid fraction compared 

to that of the overall top soil [11]. 

  

Figure 1.2: Hypothetical structure of humic acid [9] 

Humic substances are strongly sorbed onto mineral surfaces and the mechanism is the 

specific adsorption by ligand exchange with protonated surface hydroxyl groups of the 

minerals [12]. Accordingly, the sorption of the radionuclides on the mineral surfaces are 

strongly controlled by the adsorption of humic substances on mineral surfaces [13,14]. 

Adsorbed humic substances may act as additional binding sites for metal ion and thus may 

increase metal binding to the mineral surface. In other way adsorbed humic substances may 

partially block sorption sites which are available for the metals ions and this may lead to 

decrease to metal sorption to the mineral surface. Again, the dissolved humic substances can 

decrease the metal ion sorption to the solid phase by forming soluble metal complexes [12]. 

At low pH, humic substances strongly sorbed to mineral surfaces, whereas metal cations are 

not strongly bound by mineral surfaces under acidic conditions. However, in higher pH, 

reverse phenomena happens. In both the conditions humic substances can alter the sorption 

behaviour of the metal ion [15, 16]. It is still a matter of ambiguity whether mineral bound 

humic substances do really provide additional binding sites for the metal ions without 
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blocking the mineral surfaces for metal complexation. The probable role of humic acid in 

mineral interface-metal ion-humic acid ternary system is shown in Figure 1.3. The 

generalized effect of humic substances on sorption of metal ions with the variation of pH is 

shown in Figure 1.4 

 

Figure 1.3: Interaction in ternary systems,  binary interaction: (a) Humic acid-metal ion (b) 

Humic acid- mineral surface (c) Metal ion- mineral surface. Ternary interaction: (d) Humic 

acid as bridge between metal ion and mineral surface (e) Metal ion as bridge between humic 

acid and mineral surface [17] 

Humic acid plays a vital role for the mobilization of radionuclides as well as non-radioactive 

toxic substances in the environment and this is due to their strong complexation and colloid 

formation ability. Along with the ligand properties, humic acids also possess redox properties 

and thus can influence the oxidation state of the metal ions. The change in oxidation state 

affects their speciation and therefore migration in the natural aquatic system. Literature 

reports suggest that humic acids are able to reduce most actinide ions. For example, in 

presence of humic acid Pu(VI) is reduced to Pu(IV), Np(VI) to Np(V) [18] and Np(V) to 

Np(IV) [19]. 
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Figure 1.4: The generalized effects of dissolved organic acid anions on the adsorption of 

aqueous metal cations onto an oxide-type mineral surface [20]. 

1.6. Naturally occurring colloids 

Colloids are particles in size range of 1nm to 1μm, which remain suspended in the mobile 

phase for a long time, until something is added in the medium which causes agglomeration of 

the colloid particles followed by their settling down [21]. The majority of mobile colloids 

that are important for contaminant migration have at least one dimension of less than 100 nm 

and this observation based on several reports on groundwater systems [22, 23]. They 

generally come into aquatic system because of the weathering and geochemical 

transformation of the rocks and minerals. The major oxides present in earth crust are silica 

(60-70 %), Alumina (13-16 %), iron oxides (5-6 %), Magnesium/Calcium oxide (~ 2%), 

Manganese oxide (0.15 %) and because of that silica, alumina, iron oxides are the most 

abundant inorganic colloids present in water [24]. Inorganic colloids present in water may be 

of two types (a) Intrinsic/true colloids: When the concentration of the metal ion is high, after 
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hydrolysis of their salt they undergo polymerization, which leads to the formation of true 

colloids. The tendency becomes higher for those metal ions having lesser aqueous solubility 

and higher effective charge [25]. In case of intrinsic colloids of tetravalent actinides owing to 

high stability, resistance to disintegration and ability to increase the actinide concentration in 

solution, we need to consider this factor while predicting their migration [26, 27]. (b) Pseudo 

colloids: Inorganic colloids present in water those possess high surface and large number of 

surface functional groups. These colloids offer a good media for the contaminants or 

radionuclides to get sorbed. The contaminant/radionuclide sorbed inorganic colloids are 

termed as pseudo colloids [28, 29]. The presence of these colloids is a very important factor 

that must be considered during evaluation of longer and faster migration of radionuclides. 

1.7. Sorption of radionuclides on mineral surfaces and on colloids 

Sorption is a collective term which includes adsorption, ion exchange, absorption, inclusion 

and surface precipitation [30]. So sorption represents both the attachment by electrostatic 

means and by chemical bond formation between radionuclides and the mineral/colloid 

surface. The sorption of radionuclides on mineral surfaces or water-solid interfaces leads to 

the decrease in the concentration of the radionuclides in mobile phase thus acting as the 

major factor in retarding the migration of radionuclides in the near and far field from the 

nuclear repository [31]. But on the other hand the formation of stable intrinsic colloids of 

sorption of radionuclides on the surface of inorganic colloids in most cases enhance the 

migration of the radionuclides rather than the cases where the mobile phase conditions don’t 

allow the colloids to remain suspended but to get agglomerated and precipitated [32, 33]. 

Although the sorption with above two cases results contradictory effect yet the sorption 

mechanism may follow the same pathway in both the cases. The generalized sorption pattern 

of the cations and anions on mineral surfaces with variation of pH is shown in Figure 1.5 
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Figure 1.5: Generalized sorption pattern of cations (solid line) and anions (dashed line) on 

metal oxide surface [34] 

Extensive study was carried out on the sorption of various radionuclides on different 

geological materials. Apps [35] reported the sorption of fission product radionuclides 137Cs 

and 90Sr by Savannah River site sediment impregnated with colloidal silica. Sato [36, 37] 

studied the sorption of Am(III), Cm(III) and Eu(III) on hematite and  kaolinite and the role of 

humic acid. Lujanieneo [38] studied the sorption behaviour of 137Cs, 90Sr, 239,240Pu, 238Pu and 

241Am in the Chernobyl soil. Several other reports are also available regarding the sorption of 

U, Th, 237Np, 60Co, in different materials [39-42]. 

1.8. Tools for sorption mechanism evaluation 

It is important to understand the mechanism of sorption of radionuclides in order to access 

their migration, because several parameters can alter their sorption pattern while migration 

takes place. The probable mechanisms which are responsible for the sorption of 

radionuclides on mineral surface are shown in Figure 1.6. 
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Figure 1.6: Sorption mechanisms of radionuclides on mineral surfaces [43] 

There are several ways to elucidate the sorption mechanisms. In classical method, generally 

ionic strength effect [44, 45], temperature effect [46], and kinetic sorption data [47]) are used 

to understand the sorption mechanisms. In spectroscopic method, X-Ray absorption Fine 

Structure (XAFS) [48], Time Resolved Laser Fluorescence Spectroscopy (TRLFS) [49], 

Raman or Infrared spectroscopy [50], X-Ray Photoelectron Spectroscopy [51] and Laser 

Induced Photoacoustic Spectroscopy [52] are the commonly used experimental techniques. 

Out of all these techniques, XAFS and TRLFS are widely used to do the actinide speciation 

and sorption mechanism evaluation purposes. But the problem associated with XAFS that the 

concentration of the ions required is very high (10-1 – 10-4 M), which is in many cases not 

recommended as there is a chance of exceeding solubility limits and formation of hydrolysed 

polymeric species, deterring the use of this technique. 

In contrast TRLFS can be carried out with much less concentration (10-5-10-9 M) of the ions 
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and this enable us to carry out tracer level/ molecular level speciation studies in solutions as 

well as on mineral surfaces [52]. 

1.9. Radioisotopes investigated in the present study  

94Nb and 231Pa are the two radionuclides on which our present study is focused.  

1.9.1. Generation of 94Nb 

Zr-Nb alloy is generally used as a pressure tube material in nuclear power reactors worldwide 

[53] because of its excellent mechanical strength [54] and very high resistance to hydride 

attack [55]. 93mNb (half-life: 16 y) and 94Nb (half-life: 2.03 x 104 y) are the most important 

radioisotopes of Nb in the spent nuclear fuel, formed in the neutron activation of stable 93Nb 

in the nuclear fuel cladding and in steel components of the fuel assemblies (Figure 1.6 & 

1.7). The main route for the continuous formation of 93mNb is the decay of its long-lived 

parent nuclides 93Zr (half-life: 1.5 x 106 y) and 93Mo (half-life: 4 x 103 y). Calculation shows 

that after a residence time of 10 y inside a nuclear reactor having a neutron flux of 1014 cm-2s-

1, discharged pressure tubes will contain about 1010 Bq of 94Nb per kilogram of Zr-Nb alloy. 

Pressure tubes are removed from nuclear reactors after their lifetime or subsequent to their 

failure and they stored in deep tile holes with concrete cap without further processing. 

 

Figure 1.7: The route of generation of 94Nb from 93Nb in Zr-Nb pressure tube 
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Figure 1.8: The route of generation of 93mNb in Zr-Nb pressure tube and SS components of 

fuel assembly 

1.9.2. Generation of 231Pa 

Two isotopes of this element are 231Pa (half-life: 3.27 x 104 y) and 233Pa (half-life: 27 d). First 

one is of the natural source, generates in 235U decay chain and the second one produced 

artificially. Both isotopes are generated in Thorium fuel cycle [56]. 233Pa is produced via 

(n,γ) reaction of 232Th where as 231Pa is produced via (n,2n) nuclear reaction of 232Th (Figure 

1.8). The yields of 233Pa and the 231Pa are 0.95 % and 0.001% respectively. 233Pa acting as a 

breeder isotope for 233U fissile isotope and is not an environmental concern owing to its short 

half-life. 231Pa is however a long-lived, alpha emitter and produced in considerable amount in 

the production of 233U by irradiation of Th in nuclear reactor. After cooling for about 1y, 233U 

is separated from the dissolved thoria by solvent extraction and 231Pa remains in the aqueous-

phase along with other actinides (THOREX process), acting as the high level radioactive 

liquid waste. Therefore, 231Pa has long term radiological impact and the issue needs to be 

suitably resolved [57]. 



 

Figure 1.9: Generation of 
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Nb(OH)5 or NbO2(OH) or NbO(OH)3 predominates. Above pH 7 negatively charged species 

Nb(OH)6
- starts forming and predominating especially after pH 9. Monomeric species are 

abundant when the concentration is below 10-5 M at pH  7.5, decreasing to almost 10−6 at 

pH ≈ 9 but concentration exceeding ~10-3 M, polymeric species predominates. Hardy and 

Scargill reported that even at [Nb] = 10-7 M polymeric species were present in the solution 

when concentration of acid was below 2 M. 

Like in the case of Pa, in the case of Nb also aging effect that reduces the ion concentration in 

the solution is very important; even the presence of moderately strong complexing agents 

can’t stop the process completely and because of that fresh solutions of Nb need to be 

prepared in 15 days intervals to get rid of the above effect. Nb undergoes strong 

complexation with F- and C2O4
2- and presence of such strong complexing anions make Nb 

solution stable for long times [59]. 

1.9.5. Chemistry of Pa 

Pa has the electronic configuration Rn5f26d17s2. Several oxidation states of Pa are possible 

ranging from +III to +V but +V is the most stable one. Pa(IV) readily oxidized in solution by 

atmospheric oxygen. The ionic radii of Pa(IV) and Pa(V) are 0.96 Å and 0.90Å respectively. 

The solubility of protactinium hydroxide in water at pH 7 is about 10-6 M but due to aging 

effect solubility may decrease with time [60].  

Pa(V) has strong polarizing effect on water molecules and hydroxyl ions which leads to 

formation of oxygen and hydroxyl group containing Pa species in aqueous solution. Most of 

the literature report excluded the probability of existence of hydrated Pa5+ ion in solution but 

may exist in concentrated perchloric acid medium as perchlorate has the least tendency to 

form complex. The first hydrolysis constant of Pa5+ ion in aqueous medium is about 103
, 
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which directly indicates the insignificant probability of this ion to exists in aqueous medium. 

The species of Pa exist in perchloric acid medium can be expressed as PaOm(OH)n
5-2m-n

,
 

where 2m + n = 4 or 3.  Between 0.1-1.2 M HClO4 medium Pa mainly exists as triply 

charged species like PaO3+ or Pa(OH)2
3+. Few reports suggest that existence of doubly 

charged species Pa(OH)3
2+ or PaO(OH)2+ in HClO4 concentration range 1-3 M. Welch [61] 

found the charge 1+ in 0.1-3 M HClO4 acid medium, points towards the species PaO2
+. 

Guillaumont et al. [62] reported that in the acidity range 10-5 to 3x10-2 N singly charged 

species Pa(OH)4
+ or PaO2

+ exist. Neutral species like Pa(OH)5 or PaO2(OH) exist between 

pH 3  to 9 while above pH 9  anionic species Pa(OH)6 
– predominates [63]. 

Aging is an important factor that must have to be taken into account while dealing with Pa in 

aqueous solution, because of its strong hydrolysis and polymerization tendency. Aging may 

affect the homogeneity, composition of the ionic species and reactivity, which leads to 

unexpected behaviour towards ion exchange or solvent extraction or anything else. Aging is 

largely controlled by the concentration of Pa in solution and the acidity of the medium used. 

In a freshly prepared Pa solution having acidity above 1N and the Pa concentration below 10-

5 M, the chances of formation of polymeric species is insignificant. Solution containing Pa 

(~10-10M) in 0.5-3.0 M HClO4 is stable for 30 days but only 12 hours between pH 1-3. Pa 

solution in the concentration range 10-7-10-6 in 1M HClO4 is stable for a long time and in 7 M 

HClO4 medium Pa solution with concentration in the order of 10-5 M is stable for about three 

months [60]. 

The complexation tendency of the inorganic ligands (anions) towards Pa can be arranged as  

F-  OH-  SO4
2-  Cl-  Br-  I-  NO3-  ClO4-  

and this complexation behaviour is similar to many metal ions. Pa readily undergoes 
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complexation with organic complexing agents like oxalic acid, mandelic acid, 

trihydroxyglutaric, tartaric acid, EDTA etc. The very high enthalpy of formation may be the 

reason behind this strong complexation tendency with some of the inorganic and organic 

complexing agents. It is therefore evident that to stabilize Pa in solution for long time 

presence of either F- of oxalic acid is required as they prevent the hydrolysis effectively 

through strong complexation.   

1.10. Motivation for the work and objectives 

The most advance and effective way to store and isolate the high level radioactive waste is 

deep geological repository. But the probable release and migration of the radionuclides from 

the repository are needed to be studied for safety assessment of the waste. Water is the 

medium via which the migration of radionuclides would take place. So speciation of the 

radionuclides in aquatic system is important, as it directly affects their sorption on stationary 

phase and thereby modulates their migration in the mobile phase. Along with the several 

geochemical parameters like pH, ionic strength, presence of organic as well as inorganic 

anions, temperature and finally the naturally occurring colloids present in mobile phase also 

largely affect the sorption and migration behaviour of the radionuclides. To understand the 

sorption and migration behaviour properly, we also need to understand the sorption 

mechanism, which will provide us the knowledge regarding the aquatic conditions at which 

the radionuclides would be strongly bonded with colloids and at the same instance suggest us 

the conditions that favours the colloidal migration. 

The sorption and migration behaviour of different radionuclides in several geological 

materials have been reported in the literature as discussed in Section 1.7. The literature 

regarding the sorption and migration behaviour of 94Nb and 231Pa is however scanty. 
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Anderson et al. [64] studied the leakage of 94Nb from an underground rock repository and 

Söderlund et al. [65] studied the sorption of Niobium on boreal forest soil. Few reports are 

available regarding the sorption of Pa on rapakivi granite, rock and soil [66-68]. The lack of 

exhaustive sorption study and non-availability of detailed mechanistic evaluation motivate us 

to choose these radionuclides for detailed sorption study on different hydrous oxides like 

silica, iron oxide, manganese oxide which present in the natural aquatic systems. 

 The major objectives of the present thesis are 

(i) The sorption study of 94Nb and 231Pa on silica and understanding the effect of pH, humic 

acid, equilibration time, ionic strength and temperature of the sorption process. 

Evaluation of the sorption mechanism based on kinetic, ionic strength and temperature 

dependent sorption data. 

(ii) The sorption study of 94Nb and 231Pa on different iron oxides like Goethite, Hematite and 

Magnetite. Understanding the effect of pH, humic acid, equilibration time, ionic strength 

and temperature on sorption. Evaluation of the sorption mechanism based on kinetic, 

ionic strength and temperature dependent sorption data. 

(iii) The sorption study of 94Nb and 231Pa on pyrolusite and understanding the effect of pH, 

humic acid, equilibration time, ionic strength and temperature on the sorption process. 

Evaluation of the sorption mechanism based on kinetic, ionic strength and temperature 

dependent sorption data. 

(iv)  Sorption mechanism elucidation using X-Ray Absorption Fine Structure (XAFS) studies. 

XAFS study of the Nb sorbed silica and hematite at Nb K-edge, in acidic, neutral and 

basic medium.  
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2.1. Introduction 

Zr-2.5 wt% Nb has been used to replace Zr-Sn alloy as pressure tube material in Pressurized 

Heavy Water Reactors (PHWR) because of its better mechanical strength and resistance to 

hydride attack. Discharged pressure tubes, made of Zr-Sn alloy, contains two long-lived 

radioactive isotopes, namely, 60Co (half-life: 5.27 y) and 125Sb (half-life: 2.77 y), which are 

the activation products of cobalt (present as impurity in the alloy) and tin respectively [70]. 

However, discharged pressure tubes, made of Zr-Nb alloy, contain a very long-lived 

radioactive isotope, namely 94Nb (half-life: 2.03 x 104 y), which is an activation product of 

stable isotope 93Nb. The presence of fission and activation products in discharged pressure 

tubes results in a large radiation field. After a cooling period of 8 to 10 y, short-lived and 

most of the medium-lived ( 1.5 y) radioisotopes decay off [71]. The pressure tubes 

discharged from Indian nuclear reactors is presently kept in deep tile holes with concrete caps 

to get rid of these radiation hazards.  

231Pa, an alpha emitting isotope with a relatively long half-life (3.27 x 104 y) is formed during 

irradiation of thorium in a nuclear reactor for breeding ‘fissile’ isotope 233U [72].             

Uranium (233U) and thorium are separated from fission products by thorium-uranium 

extraction (THOREX) process which is based on solvent extraction using tri-butyl phosphate 

(TBP) as an extractant. During separation by THOREX process [3, 4], 231Pa along with 

fission products remain in the aqueous phase and forms part of the high level radioactive 

waste while 233U goes to the organic phase.  231Pa could have long term radiological impact 

which needs to be suitably managed and resolved [58, 73]. 

It has been envisaged that high level waste originating from nuclear reprocessing plant will 

be stored underground after suitable treatment [74]. The objective of underground storage is 
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to isolate radioactive wastes from environment for a requisite period of time such that any 

possible subsequent release will not result in undue radiation exposure. It is of major concern 

that, if the radioactive wastes come in contact with flowing ground water, radionuclides may 

leach out from the repository and migrate in the environment [75]. In this scenario, the rate of 

radionuclide transport will depend upon the groundwater velocity as well as the distribution 

of radionuclides between stationary phase (aquifer solid) and mobile phase associated with 

the system. The greater the extent at which a radionuclide is partitioned into stationary phase, 

the smaller will be its average transport velocity in the groundwater. It is expected that 

elements with extremely low aqueous solubility and strong sorption on aquifer solid will be 

relatively less mobile. However, unexpected appearance of low solubility plutonium at a 

significant distance from its known source has been reported in the literature with great 

concern [21]. A three phase model of contaminant transport, known as colloidal-facilitated 

transport of contaminant, has been proposed to explain the enhanced migration of plutonium 

in ground water [76]. The three phase system consists of stationary aquifer solid, the aqueous 

mobile phase and the non-aqueous mobile colloids. The genesis and stabilization of ground 

water colloids, the factors controlling their transport through the porous media and the 

importance of major pathways and mechanisms to predict the role of colloids in the 

subsurface transport of contaminants have been discussed in detail by McCarthy and Zachara 

[32]. The role of chemical composition and morphology of aquatic colloids and their 

aggregates, their size distribution, and the factors that influence the aggregate structure and 

formation kinetics have been discussed by Buffle and Leppard [77]. Colloids are suspended 

particles with diameter less than 10 µm. Both organic and inorganic materials such as humic 

substances, microorganisms, mineral products and weathering products can exist as colloids 
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in ground water system. 

Both Niobium (Nb) and Protactinium (Pa) compounds readily hydrolyse in aqueous solution, 

forming hydrophilic colloidal systems with strong sorption properties. The solubility of 

niobium hydroxide is about 1.6 x 10-5 M in the pH range of 1-7 and increases with increase 

in pH. The solubility of protactinium hydroxide in water at pH 7 is about 10-6 M but due to 

aging effect solubility may decrease with time. The low solubility and tendency to form 

colloids make both the elements to be likely candidates for colloidal facilitated transport. The 

common colloids present in ground water are hydrous oxides of silica, alumina and iron, 

whereas the most important natural ligands are humic acids. The presence of humic acid in 

aquatic system may affect the sorption of radionuclides on aquifer solids and its migration in 

ground water [11, 78, 79]. Various aspects of colloids that affects the transport of 

radionuclides in natural groundwater systems have been reviewed by Bertetti (2006). The 

knowledge on the association of Nb and Pa with various natural colloids is one of the 

important parameters for predicting colloid facilitated transport of these radionuclides in 

ground water. Interaction of natural and anthropogenic radionuclides and actinides with 

components of natural water system has been surveyed by Lieser [80] and Silva and Nitsche 

[2] respectively.  

In this chapter, we have reported the interaction of Nb and Pa with colloidal silica, 

investigated using 94,95Nb and 231Pa radiotracers. The sorption experiments were carried out 

in the pH range of 1 – 12, keeping the ionic strength of 0.05 M NaClO4. Effects of humic 

acid, ionic strength and temperature on the sorption process have also been evaluated in the 

present study. 
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1.2. Experimental 
 

2.2.1. Materials and methods 

The chemicals used in the present studies are colloidal silica (commercial grade AEROSIL 

200) and anion exchanger AG 1X8 (50-100 mesh, Bio-Rad Laboratories, California), sodium 

perchlorate (Sigma Aldrich), anion exchanger AG 1-X8 (Bio-Rad, 50-100 mesh), cation 

exchanger AG 50W-X8 (Bio-Rad, 50-100 mesh), perchloric acid (AR), sodium hydroxide 

(AR) and humic acid (Sigma Aldrich). Millipore water was used throughout the experiments. 

2.2.2. X-Ray Diffraction (XRD)  

XRD is a versatile non-destructive technique to characterize unknown crystalline and 

amorphous materials. Unlike crystalline materials, the amorphous materials do not have any 

sharp peak in XRD pattern because of the absence of periodicity. In crystalline materials, 

long range periodicity does exist and hence they have sharp peaks at particular diffraction 

angles. Generally Ni filtered Cu-K radiation used as the X-Ray source and argon filled 

proportional counter is used as the detector for the diffracted beam. The powder XRD pattern 

of silica was recorded on a Philips (PW1710 model) X-ray diffractometer with Ni filtered 

Cu-K radiation by directly placing the silica in the sample chamber. 

2.2.3. Surface area measurement 

The specific surface area was measured by using single point BET (Brunauer–Emmett–

Teller) method [81]. About 25 mg of accurately weighed silica was heated electrically at 

about 110oC in a glass sample cell for nearly 4 h in a continuously flowing mixture of 

nitrogen and helium. The sample was then cooled to liquid nitrogen temperature in a 

continuously flowing mixture of nitrogen and helium. The adsorbed nitrogen was desorbed 

by bringing the sample to room temperature. The changes in the nitrogen concentration of the 
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flowing gas stream, consequent to the adsorption and desorption, were monitored by a 

thermal conductivity detector. The desorption signal was electronically integrated from 

which the surface area of the sample was computed. 

In the present work, an indigenous surface area analyzer (BARC make) was used for the 

determination of specific surface area. 

2.2.4. Zeta potential measurement 

Colloids particles bear surface charge due to various reasons such as lattice defects, inclusion 

of specific ions, adsorption or desorption of surface groups. The surface charge strongly 

depnd upon pH and ionic strength of the medium. Oppositely charge counter ions present in 

the medium surrounds the particle surface and form electrical double layers. Zeta potential is 

the potential difference between dispersion medium and the stationary phase of the 

dispersion medium attached to the dispersed particle.   

Zeta potential is not measurable directly but it can be calculated using theoretical models and 

experimentally-determined electrophoretic mobility. When an electric field is applied to 

colloids solution, particles move toward an electrode opposite to their surface charge. Since 

the velocity is proportional to the amount of charge on the particles, zeta potential can be 

estimated by measuring the velocity of the particles. Electrophoretic light scattering is the 

method most popularly used to determine the velocity of the particles suspended in a liquid 

medium under an applied electric field. In order to determine the speed of the particles, they 

are irradiated with a laser light and the scattered light from the particles is detected. Since the 

frequency of the scattered light is shifted (Doppler shift) from the incident light in proportion 

to the speed of the particles movement, the electrophoretic mobility of the particles can be 

measured from the frequency shift of the scattered light. 
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The velocity is determined using the following equation     

                                       ∆ν =
��� ���

�

�

�
                                                  (2.1) 

Where ∆ν is the Doppler shift in frequency, v is the velocity of the particle, n is the refractive 

index of the medium, θ is the angle at which scattered light detected and λ is the wavelength 

of the laser light.  

                                        � =  � �             (2.2) 

                                      � =  
����

�
                                                    (2.3) 

Where μ is the mobility, E is the applied electrical field, η and ξ are the viscosity and 

dielectric constant of the medium and Z is the zeta potential. Thus the zeta potential of a 

particle is determined. 

Zeta potentials of silica, humic acid and silica-humic acid combined system were measured 

using Malvern zeta sizer nano-Z instrument (UK) by phase analysis light scattering with 

applied field strength of 2.5 x 103 V m-1. The light source was He-Ne laser (632.8 nm) 

operated at 4 mW. The measurement was carried out using a quartz cuvette (universal ‘dip’ 

cell) with 10 mm light pathway. All the measurements were performed at 25 ± 1 oC. 

2.2.5. Particle size measurement 

The principle of determining particle size is the same as that for determining zeta potential. 

Here also velocity (v) of the colloidal particle is determined and followed by its mobility (μ). 

Using mobility value, diffusion constant is determined by the following equation 

            � =  ����                                                           (2.4) 

Then using the Stokes –Einstein equation hydrodynamic particle size is determined. 

                 � =  
���

����
                 (2.5)                                      
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 Where, T is absolute temperature, kB is Boltzmann’s constant, n is refractive index and r is 

hydrodynamic radii of the colloid particles. 

Dynamic light scattering (DLS) technique was used for the measurement of the particle size. 

The measurements were made at an angle of 130o using Malvern 4800 Autosizer, employing 

a 7132 digital correlator, and the light source was He-Ne laser operated at 632.8 nm with 

maximum power output of 15 mW. The correlation functions were analyzed by the method 

of CONTIN analysis. 

 Silica was ultrasonicated (Retsch GmbH, Germany, 1 min, 35 kHz, power = 140 W) prior to 

both zeta potential and particle size measurements. It was assumed that the soft conditions of 

ultrasonication would not have altered particle size. 

2.2.6. Preparation of 94Nb radiotracer 

A piece of irradiated Zr-Nb alloy coolant tube (~25 mg) was dissolved in HCl - HF acid 

mixture and evaporated to dryness on a water bath. The above step was repeated thrice and 

finally the solid residue was dissolved in 9 M HCl + 0.004 M HF. Niobium was separated 

from zirconium by ion exchange method described by Kraus and others [82]. Ion exchange 

column was made of polypropylene tube of internal diameter 10 mm. The aqueous slurry of 

anion exchange resin (~28 cm3) was transferred to the column and allowed to settle, with no 

air bubbles trapped. Resin was preconditioned with 9 M HCl + 0.004 M HF and then solution 

of Zr-Nb alloy was passed through the column and effluent was collected in fraction. 

Gradient elution was carried out by initially using 9 M HCl + 0.004 M HF to remove 

zirconium followed by 9 M HCl + 0.1 M HF for niobium. Eluate was collected in volume 

fraction of 10 mL each. The obtained chromatogram is shown in Figure. 2.1.  
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Figure 2.1: Chromatogram for the anion exchange separation of Zr and Nb 

The count rate in each eluted fraction was measured using High Purity Germanium (HPGe) 

detector (EG&G ORTEC, relative efficiency: 30 %; resolution: 1.9 keV at 1332 keV of 60Co) 

coupled with 8k channel analyzer. Gamma rays of 95Zr (724.2 and 756.7 keV), 94Nb (702.6 & 

871.1 keV) and 95Nb (765.8 keV) were used for activity measurement. All the fractions 

containing pure niobium (94,95Nb) were mixed and used as the radiotracer. For sorption 

experiments, the required amount of radiotracer solution was converted to chlorate form by 

repeated treatment with perchloric acid and heating near to dryness. 

2.2.7. Purification of 231Pa radiotracer 

Earlier in Analytical Chemistry Division, BARC, 231Pa was separated from ‘siliceous cake’ 

which is the waste product of monazite processing plant and is enriched of 231Pa, decayed 

from naturally occurring 235U isotope [83]. Before starting the work, ammonium hydroxide 

(NH4OH) was added to the tracer solution which led to the formation of a gelatinous 
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precipitate. After filtration, Energy Dispersive X-ray Fluorescence (EDXRF) study of the 

precipitated showed the presence of Ti and Zr along with Pa. So, to purify Pa, the precipitate 

was again dissolved in HCl- HF mixture. Then anion exchange separation was carried out in 

9MHCl + 0.004M HF medium using DOWEX-1X8 anion exchanger resin column (mesh 

size 50-100) and elution by the same acid mixture [84]. Activity in collected fractions also 

measured corresponding 283.69 keV gamma of 231Pa. To check the presence of Zr and Ti in 

each of the fraction containing 231Pa, NH4OH was added and the fractions in which white 

gelatinous precipitate appeared were rejected and rest were collected. The collected fraction 

containing 231Pa was evaporated to reduce the volume and this led to formation of NH4Cl 

crystals. NH4Cl was removed by heating on a platinum crucible and the residue was 

dissolved into HNO3 and a few drop of HF.  

2.2.8. Determination of 94Nb and 231Pa concentration in tracer solution 

Before determining the tracer concentrations, efficiency calibration of the HPGe detector was 

carried out using 152Eu source. The efficiency calibration plot is shown in Figure 2.2 

 

Figure 2.2: Efficiency calibration of HPGe using 152Eu point source 
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Point sources were prepared using 50 μL of the 94Nb and 231Pa tracer solutions and activity of 

the corresponding radionuclides were measured using HPGe. From the measured activity, the 

concentrations of the radionuclides in the tracer solution were determined. Total Nb 

concentration in tracer solution was 3.12 x 10-5 M and the concentration corresponding to 

94Nb was 2.2 x 10-7 M.  The concentration of 231Pa in tracer solution was found to be 9.6 x 

10-6 M. 

2.2.9. Purification of Sodium salt of humic acids 

The steps involved in the purification of commercially available sodium salt of humic acid is 

depicted in Figure 2.3 

 

Figure 2.3: Block diagram for the purification of humic acids sodium salt [85] 



36  

Elemental compositions of the as-received and purified of humic acid samples were 

determined by Energy Dispersive X-ray Spectrometry (EDS) (Quanta, Model: 3D FEG-I, 

Switzerland). Hydrogen and nitrogen concentration in humic acid samples were determined 

by CHNS analyzer (Euro Vector EA3000EA-IRMS elemental analyser, Italy). The purified 

humic acid also characterized by UV-Vis spectrophotometry (V-530, Jasco) and FTIR 

(Tensor II, Bruker). 

2.2.10. Determination of proton exchange capacity of humic acid  

2.2.10.1. Total capacity 

Total proton exchange capacity of humic acid corresponds to all the proton exchangeable 

groups like –COOH, phenolic-OH, Enolic-OH present in it. Baryta method is the most 

popular technique used to determine the total proton exchange capacity [9]. In this method, 

sample is allowed to react with excess barium hydroxide base, followed by the titration of the 

unused base by an acid of known strength. The reaction by which Ba(OH)2 is consumed on 

its reaction with humic acids is given below 

                2HA + Ba(OH)2 = BaA2 + 2H2O                                                     (2.6) 

About  80 mg of accurately weighed purified humic acid was equilibrated with excess 

Ba(OH)2 solution (0.01 M, 50 mL) on a mechanical shaker for about 24 h with occasional N2 

gas bubbling to remove CO2. After equilibration, the solution was filtered and the precipitate 

was washed with deionised water. Filtrate and washings were combined and the solution was 

titrated potentiometrically using 0.5 M standard HCl (Figure 2.4). Then total capacity was 

determined using the following equation  

Total capacity (meqg��) =
(V� − V�)

W�
∗ N ∗ 1000                                            (2.7) 

Vb and Vs are the volume of the standard acid consumed for the titration of blank and sample. 
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N is the normality of the acid and Ws is the weight of the sample in mg. 

 

Figure 2.4: Potentiometric titration curve of blank (barium hydroxide) and HA equilibrated 

with barium hydroxide 

2.2.10.2. Capacity corresponding to –COOH group 

Carboxylic group capacity is generally determined by equilibrating humic acids with calcium 

acetate which leads to generation of acetic acid (Equation 2.8). This is then 

potentiometrically titrated using standard NaOH solution [9].  

2R-COOH + Ca(OOCCH3)2 = Ca(OOC-R)2 + 2 CH3COOH                       (2.8) 

Purified humic acid (~ 80 mg) is equilibrated with 50 mL of 0.1 M calcium acetate solution 

for 24 h. After equilibration, the solution was filtered and the precipitate was washed with 

deionised water. The filtrate and washings were combined and the solution was titrated using 

0.5 M standard NaOH. Then the –COOH group capacity was determined using the following 
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equation  

Total capacity (meqg��) =
(V� − V�)

W�
∗ N ∗ 1000                                                   (2.9) 

2.2.11. Fourier-transform infrared (FTIR) spectroscopy 

FTIR is the most useful spectroscopic method to identify the organic or inorganic molecules 

or species. It can also be used to quantify some components of an unknown mixture and for 

the analysis of solids, liquids, and gases. The Fourier Transform converts the detector output 

to an interpretable spectrum that provides structural insights of the sample. It is a powerful 

tool for identifying types of chemical bonds in a molecule by producing an infrared 

absorption spectrum that is like a molecular "fingerprint", as the wavelength of light 

absorbed is characteristic of the chemical bond of functional groups. 

FTIR measurement of the purified humic acid was carried out using a Tensor II FTIR system 

from Bruker. Requisite amount of sample was mixed with KBr properly and then 10 mm 

diameter pellet was prepared using hydraulic press. The spectrum of the sample was recorded 

in transmission mode. 

2.2.12. UV-visible spectrophotometry 

Absorption spectrometry in the ultraviolet-visible spectral region is one of the simplest and 

widely used techniques for the qualitative as well as quantitative determination of a species 

or molecule. This technique is based on Lambert-Beer’s law, expressed as,  

                                           � = �� �
��

��
� = ���                                             (2.10) 

Where, A: Absorbance, Io: Intensity of the incident light, IT:  Intensity of the transmitted 

light, ε: molar extinction coefficient, C: concentration of the species, l: path length. 

The law is valid only when the concentration of the species is low i.e ≤ 10-3M and there 
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should not be any change in the species under measurement conditions. The wavelength 

corresponding to absorption maximum is the characteristic feature of the species and from 

the absorbance value at this wavelength the concentration of the species can be evaluated 

accurately. 

UV-Vis spectrophotometer, V-530, Jasco, has been used in the present study to know the 

wavelength of absorption maximum of humic acid as well as to determine its sorption on 

silica at different pH following its absorbance changes. 

2.2.13. Batch equilibration method for sorption studies  

Batch sorption method was used to study the distribution of radionuclides between 

the silica surface and the aqueous phase under well defined experimental conditions of 

pH, ionic strength, solid/liquid ratio and temperature. Partitioning is expressed by the 

distribution coefficient, kd, defined as, 

                                   ��(�����) =  
�

��
��

�

�
��
��

�
                                                       (2.11) 

Where As and Al are the activities in the silica and in solution, ws is the weight of silica and 

Vl is the volume of the solution. 

Sorption data on specific mineral surface, generally represented in terms of % sorption and  
is defined as,  

                          % sorption =  
�������

(��)
∗ 100                                                (2.12) 

Where Ai is the initial activity and Af is the activity in the supernatant after phase separation. 

2.2.13.1. Batch method (Silica- humic acid system) 

Varying amounts of humic acid (0.5 to 15 mg L-1) was added to 10 mL 0.05 M NaClO4 

solution and equilibrated for 30 min. The absorbance of the solution was measured at 257 nm 

using UV-Vis spectrophotometer and calibration curve was obtained by plotting the 

absorbance against the concentration of humic acid used in solution. Silica (2 g L-1) was 
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added to solution of 0.05 M NaClO4 and was equilibrated for 2 h. The equilibrated solutions 

were made up to 10 mL with deionised water, after adjusting the pH (1 - 11) and maintaining 

the desired concentration of humic acid (15 mg L-1).  Solution was equilibrated for 48 h. 

Phase separation was carried out using high speed centrifuge at 6800 rpm for 1 h and the 

completeness of separation was checked by dynamic light scattering technique. The 

absorbance of the solution was measured at 257 nm and concentration of humic acid was 

obtained from calibration plot (Figure 2.5). 

 

Figure 2.5: Calibration plot of the spectrophotometer at 257 nm 

2.2.13.2. Batch method (Silica- Niobium/Protactinium system) 

Silica (2 g L-1) was added to the solution of 0.05 M NaClO4 and was equilibrated for 2 h. 

After equilibration, pH was adjusted (2 - 11) and 100 µL each of the 94,95Nb and 231Pa 

radiotracers were added. Activities in the initial solutions were measured using HPGe 

detector and the counts at 702.6 keV (94Nb) and 283.7 keV (231Pa) were noted down. Then 
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the solutions were equilibrated for 48 h and then phase separation was carried out using high 

speed centrifuge at 10000 rpm (Hermle Labotechnik GmbH Z383K, Germany) for 1 h. After 

phase separation, the activities in the supernatants were measured and finally from that % 

sorption of the radionuclides at different pH conditions were obtained. 

2.2.13.3. Batch method (Silica-Niobium/ Protactinium-humic acid system) 

Silica (2 g L-1) was added to solution of 0.05 M NaClO4 and was equilibrated for 2 h. After 

equilibration, humic acid (0-200 mg L-1) was added and pH was adjusted to 1.2, 6.5 and 10.5. 

After addition of 94Nb & 231Pa radiotracers (100 µL each) and equilibration for 48 h, the 

subsequent steps were identical to those used for sorption of Nb/Pa on silica. 

2.2.14. Determination of charge on Pa (V) species 

Depending o the pH of the solution Pa(V) ion can exist as various aqua complexes with 

different net charges on the species. The method to determine the charge in the species based 

on the competition on sites on mono-functional ion exchange resins between the ions of 

known charge (M1) which is used in varying amounts in large excess and the ion of the 

unknown charge (M2) used in very low concentration. The precondition of this technique is 

that the concentration of the metal ion of unknown charge should be extremely low (nM or 

less) and must be in non complexing medium. The method provides only the overall average 

charge on the unknown metal ion [62, 86, 87].  

m2(R)m1M1 + m1M2
m2 = m1(R)m2M2 + m2M1

m1
                                     (2.13) 

                      ���
= � ∗

�

[��]��/��
                                                         (2.14) 

                 ���(���
) = ���� −

��

��
���[��]                                       (2.15)  

R- is the ion exchanger resin,  M1 is the ion attached to the resin and present in large excess 
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in the medium, M2 is the ion of unknown charge, m1 & m2 are absolute charge of the ions M1 

and M2, DM2  is the distribution ratio of M2. The concentration of this M1 varies during the 

experiment.  

About 100 μL of 231Pa solution (0.061 μg mL-1) and 1 g of mono-functional strong cation 

exchanger resin (AG 50W-X8) were added to 10 mL of HClO4 solutions of desired 

molarities (0.1 M to 3 M). The resin was equilibrated for 2 h in a mechanical shaker. To 

determine the charge on Pa  species in neutral and basic medium (10-8 to 0.5 M NaOH), 231Pa 

tracer was equilibrated with 1 g of anion exchanger resin (AG 1-X8). The count rate at 283.7 

keV gamma ray of 231Pa in the solution and resin were measured using HPGe detector and 

the distribution ratios (D) of Pa was determined using equation 2.16. 

                                       � =  
������

���������
                            (2.16) 

where Aresin and Asolution are the counts corresponding to 231Pa in resin and in solution 

respectively at equilibrium. The overall charge on Pa  species ion was determined from the 

slope of Log (D) vs Log (M) plot.  

2.3. Results and discussion 

2.3.1. Characterization of silica and humic acids 

           XRD pattern (Figure 2.6) indicated that silica sample used in this study is amorphous in 

nature. The observed specific surface area of silica was (160 ± 20) m2g-1. The measured 

particle size was in the range of 160 - 310 nm.  
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Figure 2.6: XRD pattern of silica 

EDS study of unpurified humic acid indicated the presence of appreciable amount of the 

impurities like Al, Si along with Na. The other impurities like Fe, K, Ca, Ti were also 

observed. After purification, the relative contents of C, N and S increased while that of O 

decreased and concentration of other impurities decreased significantly (Table 2.1). The 

ratios of H/C, N/C and S/C did not change substantially, establishing that there was no major 

chemical alternation or modification of humic acid during the purification process. The large 

decrease in O/C ratio (Table 2.2) after purification indicates, the removal of oxygen-rich 

impurities such as clay and other minerals. 

The proton exchange capacities of as-received and purified humic acid were (4.1 ± 0.1) meq 

g-1 and (5.4 ± 0.2) meq g-1 respectively. The capacity of purified humic acid corresponding to 

–COOH group was (3.8 ± 0.1) meq g-1 and hence the exchange capacity corresponds to 

phenolic/enolic –OH group was about 1.6 meq g-1. 
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Table 2.1: Elemental composition of as received and purified humic acid 

Element As received humic acid 

(Atom %) 

Purified humic acid 

(Atom %) 

H 3.1 (±0.1) 4.7 (±0.1) 

C 36.2 (±0.3) 59.9 (±0.9) 

N 0.65 (±0.03) 1.20 (±0.03) 

O 50.2 (±0.4) 37.9 (±1.1) 

Na 9.2 (±0.2) 0.4 (±0.2) 

Al 1.7 (±0.2) 0.06 (±0.03) 

Si 1.7 (±0.2) 0.02 (±0.01) 

S 0.3 (±0.1) 0.4 (±0.1) 

K 0.2 (±0.1) - 

Ca 0.1 (±0.1) - 

Ti 0.2(±0.1) 0.07 (±0.02) 

Fe 0.3 (±0.1) 0.2 (±0.1) 

Table 2.2: Ratio of (H/C), (N/C), (O/C) and (S/C) before and after purification of humic acid 

Element (Atom %)  

   C  H  N  O  S  

Sample     (H/C)  (N/C)  (O/C)  (S/C)  

As received HA  36.20  0.086  0.018  1.387  0.015  

Purified HA  59.89  0.078  0.020  0.720  0.013  

 

The signature of purity is prominent from the FTIR spectrum (Bruker, Tensor II) of purified 

humic acid (Figure 2.7). The bands at 3300-3400 cm-1, 2900-2940 cm-1 of aliphatic C-H 

stretching, 1720-1725 cm-1 of C=O stretching of –COOH and ketone group, 1630-1660 cm-1 

of C=O stretching of amide group, quinine C=O or C=O of H-bonded conjugated ketone 

which is in overlap with 1600-1620 cm-1  of aromatic C=C or strongly H- bonded ketones,  
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1390-1400 cm-1 of O-H deformation and C-O stretching off phenolic –OH, 1200-1280 cm-1 

of C-O stretching and OH deformation of –COOH groups are matching with the literature 

reported data of humic acid [9]. 

 

Figure 2.7: FTIR spectrum of purified humic acid 

Zeta potentials of silica, humic acid and silica-humic acid were measured in the pH range of 

2 - 11 in the presence of 0.05 M NaClO4 and the results are shown in Figure 2.8. The point of 

zero charge for silica was found to be 2. The magnitude of zeta potential gradually becomes 

more negative with increase of pH and become saturated near about pH 10 where silanol 

groups of silica are supposed to be deprotonated completely (pKa = 9.5) [88]. Zeta potential 

of humic acid was negative on starting from pH 1 and may be due to the presence of 

ionisable carboxylic (-COOH) and phenolic (-OH) groups. Around ~ pH 4 and 9, the change 

in zeta potential of HA are relatively sharp which may be associated with the dissociation of 
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carboxylic (-COOH) and phenolic (-OH) group respectively. The zeta potential of the silica-

HA mixed system (Silica 2 g L-1, HA 5 mg L-1) was also measured and found to be lying 

between those of humic acid and silica. 

 

Figure 2.8: Zeta potential of silica, humic acid and silica-humic acid systems 

2.3.2. Sorption of humic acid on silica 

The sorption of humic acid on silica (2 g L-1) was measured as a function of pH at fixed 

humic acid concentration (15 mg L-1) in presence of 0.05M NaClO4 and results are shown in 

Figure 2.9. Percentage sorption of humic acid decreased from 78.6% at pH 2 to 5.4% at pH 

12. At lower pH (≤ 2), the zeta potential of silica is slightly positive whereas that of humic 

acid is negative, which is the rationale behind the observed sorption upto pH 2. Above pH 2, 

zeta potential of silica is negative and magnitude increases with increasing pH and at the 

same time zeta potential of humic acid is also negative between pH 2 - 11. Hence there is an 
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electrostatic repulsion which explains the gradual decrease of sorption of humic acid on silica 

with increasing pH. As indicated in Figure 2.9, even though there was a large reduction in the 

sorption with increasing pH, some amount of humic acid was still sorbed on silica at very 

low pH, which is not fully understood and several mechanisms have been proposed in the 

literature to rationale such observation [85].  

 
Figure 2.9: Sorption of Humic acid on silica as a function of pH 

2.3.3. Determination of charge on Protactinium 

The overall charge on Pa(V) ion, determined from the slope of Log (D) vs Log (M) plot 

(Figure 2.10) in the dilute perchloric acid medium (0.1 – 3.0 M) was about 1.12+. In the pH 

range 2-12, Log(D) vs Log(M) plot (Figure 2.11) has two distinct slopes, one between pH 6 

to 11 and another above pH 11.  
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Figure 2.10: Distribution ratio (D) of Pa vs concentration(M) of HClO4 

Between pH 6 and 11, the charge on Pa(V) ion was 0.1-, which indicates that the major 

fraction of protactinium was present as neutral species and negatively charged species started 

forming only at higher pH. Above pH 11, the charge on Pa(V) ion was ~ 0.8-, suggesting that 

the protactinium predominantly existed as singly negatively charged species. It is difficult to 

explicitly identify Pa(V) species from the net average charge as more than one species is 

likely to exist simultaneously in the solution. The above findings are consistent with the 

literature reports [61]. 
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Figure 2.11: Distribution coefficient (D) of Pa vs concentration (M) of OH-  

2.3.4. Sorption of Niobium & Protactinium on silica  

The hydrated pentoxide (niobic acid) is obtained as white gelatinous precipitates of the 

composition Nb2O5.xH2O or [Nb2O5.xH2O]n when water soluble niobium complexes are 

hydrolysed or when a solution containing niobate is acidified. Hydrolysis in solutions of 

mineral acids results in a quantitative precipitation. 

The behaviour of niobium ion in aqueous solution is very complex because of the tendency 

to hydrolyse and polymerize. In aqueous solutions, oxygen containing niobium species are 

formed because of the high ionic potential of Nb(V) ions (ionic radius = 0.69 Å). Different 

types of ionic species exist in aqueous solutions. The solution pH as well as niobium 

concentration determines the specific niobium ionic species present in the solution. Literature 

data on the ionic state of Nb(V) in aqueous solutions are scanty and often qualitative. 

Nevertheless there is a general agreement that above pH 12, mononuclear anions 

NbO2(OH)4
3- are likely to be present in dilute solutions and at slightly lower pH, the species 
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present are the [HxM6O19]
(8-x)- ions (x= 0, 1, 2, or 3) [89]. Between 0.01-1M acid medium, Nb 

generally exists as singly positively charged species Nb(OH)4
+ or NbO(OH)2

+ or NbO2
+ and 

acidity below 0.01M neutral species Nb(OH)5 or NbO2(OH) or NbO(OH)3 predominates upto 

pH 7. Above pH 7 negatively charged species Nb(OH)6
- starts forming and predominates 

after pH 9 [60, 90]. 

Sorption of niobium on silica gel from 1 to 12 M HCl solutions was studied by Caletka [91] 

but the sorption in the pH range of 1 to 12 has not been studied. Sorption of niobium on silica 

as a function of pH is shown in Figure 2.12. Sorption is low (70-80%) below pH 3 but then 

increases and becomes almost quantitative in the pH range 5 to 9. After pH 9 there is a slight 

decrease in sorption. Sorption of radionuclides on solid surface is mainly due to electrostatic 

interaction and surface complexation reaction [92]. As niobium exists as positively charged 

species below pH 3 and zeta potential of silica is positive below pH 2, the electrostatic 

repulsion explains the observed lower sorption behaviour of niobium at low pH. 

Deprotonation of surface silanol groups of silica increases with increase in pH. However, 

surface silanol groups have pKa close to 9.5 and hence only a small fraction will be 

deprotonated for the pH range below 9.  Therefore, sorption of niobium can be explained on 

the basis of surface complexation model between pH 5 to 9, according to which hydroxo 

complex of niobium reacts with the surface hydroxyl groups of silica. 

≡ ��(��)(�) + ���(��)�(��)
→ ≡ ��� − ���(��)�(�)

+  �2�         (2.17) 

The above reaction is equivalent to condensation and the driving force of this kind of 

reaction is the formation of covalent bond. Vibrational spectroscopic studies of niobium 

oxide supported on silica showed that the interaction between niobium oxide and the surface 

hydroxyl groups (Si-OH) is due to acid-base type of reaction [93]. Again above pH 9, Nb 



51  

exists as negatively charged species and zeta potential of silica also negative. So, Coulombic 

repulsion reduces the sorption of Nb on silica after pH 9. 

The sorption pattern of Pa on silica follows the same trend as followed by Nb (Figure 2.12). 

The species of Pa(V) that exist in non-complexing media (0.1 M Na/HClO4) are (a) 

PaO(OH)2
+ or PaO2

+ below pH 3 (c) Pa(OH)5 or PaO2(OH) between pH 3 to 9 and (d) 

Pa(OH)6 
– above pH 9. In similar way, the sorption behaviour of Pa on silica can also be 

explained in terms of the surface complexation and the charges on the ionic species of Pa(V) 

in aqueous medium and the zeta potential of silica surface.  

 
Figure 2.12: Sorption of Nb(V) and Pa(V) on silica as a function of pH  

2.3.5. Effect of humic acids on sorption of Nb/Pa on silica 

The result of sorption study of Nb/Pa on silica in the presence of humic acid is shown in 

Figure 2.13. It is evident from the figure that in acidic pH, presence of humic acid facilitates 

the sorption whereas in neutral pH sorption decreases mildly. In basic pH, sorption of both 
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the element decrease substantially with increasing concentration of humic acid. In acidic pH, 

humic acid is strongly sorbed onto the silica surface and it is suggested that mineral bound 

humic acid facilitates the sorption of radionuclides on the silica. Reports are available on the 

complexation of humic acid with various metal ions viz. U, Np, Pb, Eu, Zn, Cu [79]. Both Nb 

and Pa are also having strong complexation tendency with carboxylic (-COOH) groups. At 

higher pH, humic acid undergoes Deprotonation and thus prefers to be in the solution rather 

than being sorbed on silica surface. These dissolved humic acid undergoes complexation 

using –COOH/COO- groups with the radionuclides, causing an increase in the concentration 

of Nb(V) and Pa(V) in solution, in other word, decreasing their sorption on silica surface. 

Self agglomeration of humic acid in acidic pH was observed above the concentration of 50 

ppm and this act as an additional phase for sorption of the radionuclides. Self agglomeration 

may be the reason behind a comparatively steeper increase in sorption after 50 ppm 

concentration of humic acid at acidic pH. 

2.3.6. Loss of Nb/Pa on container wall and dissolution of silica 

During the present work, polypropylene containers were used instead of glass to prevent the 

loss of Nb and Pa on container wall due to diffusion into glass [94]. It was found that `even 

in polypropylene container there was (2 - 5 %) loss of Nb/Pa depending upon pH of the 

medium. 

In a separate experiment, colloidal silica suspension (2 g L-1) were prepared in acidic (pH 1), 

neutral (pH 7), and alkaline (pH 11) aqueous media, equilibrated on a mechanical shaker and 

centrifuged. The supernatant was analysed by inductively coupled plasma optical emission 

spectrometry (ISA Jobin Yvon - JY 2000) and contained 2 mg L-1 (pH 7), 14 mg L-1 (pH 1) 

and 120 mg L-1 (pH 11) of silica which amounted to 0.05 %, 0.35 % and 3 % of the initial 
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concentrations respectively. So dissolution of silica has mild effect on sorption, only at high 

pH condition. 

 

 

Figure 2.13: Effect of humic acid on sorption of Nb/Pa on silica 

2.4. Conclusion 

Silica is one of the most abundant naturally occurring inorganic colloidal particles. It displays 

a range of important interactions with various metal ions and radionuclides. Both Nb and Pa 

are strongly associated with colloidal silica, especially in the neutral to mildly basic pH 

region. This indicates strong probability of migration of these two radionuclides as pseudo 

colloid. Humic acid has negligible effect on the sorption in neutral pH but increases the 

sorption in acidic pH and decrease the sorption in basic pH. The results of this study will be 

useful for modeling the migration behaviour of both Nb and Pa.  



 
 

 
 
 
 
 
 
 
 
 

Chapter III 
 

Sorption of 94Nb and 231Pa on Iron Oxides 
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3.1. Introduction 

The migration of radionuclides in environments became a hot topic of research in recent days 

specially those having (1) high yield in fission process and (2) long half-life [95]. It is of 

major concern if high level radioactive-waste stored underground comes in contact with 

flowing ground water, it may leach out and migrate [96]. In general, the factors affecting the 

release and migration of the radionuclides are, precipitation, complexation with organic and 

inorganic ligands present in aqueous medium, sorption on mineral or rock surface and colloid 

formation by the radionuclides by itself. Colloid formation may enhance or retard the 

migration process depending upon the nature of colloids and mobile phase condition [90]. 

Two phase model, consists of a stationary phase and a mobile phase, is used to explain the 

radionuclides migration based on distribution of the radionuclides between two phases and 

the velocity of mobile phase. However, this model is not able to explain faster and long 

distance migration of radionuclides especially of those, having low aqueous solubility. Then 

a three phase model, consists of a stationary phase, a mobile phase and colloidal phase 

(intrinsic or pseudo) dispersed in mobile phase, is introduced.  This model is able to explain 

the migration of radionuclides satisfactorily [21,32]. The migration of radionuclides with 

very low aqueous solubility and high affinity towards stationary phase, have been explained 

by colloidal-facilitated transport model [76, 97]. So in this context, the sorption study of 

radionuclides on naturally occurring colloids (pseudo) became important. Both inorganic and 

organic materials such as mineral and weathering products, humic substances, and 

microorganisms are known to exist as colloids in groundwater. The chemical composition, 

size distribution, and formation kinetics of aquatic colloids and their aggregates have been 

discussed by Buffle and Leppard, [77]. The various aspects of colloids that facilitated the 
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transport of radionuclides in natural groundwater systems have been reviewed by Patera et.al 

[98]. Sorption of radionuclides on colloidal surfaces occurs due to electrostatic forces, ion 

exchange, surface complexation, and surface precipitation and the rate and magnitude of 

sorption may depend upon the concentration of radionuclide and colloid, pH and ionic 

strength of solution and natural complexing species present in the solution. 

94Nb and 231Pa, both are long lived isotopes, generated in nuclear industry.  94Nb is generated 

from the irradiated Zr-Nb pressure tube and 231Pa from the irradiated thoria as a byproduct 

along with the desired fissile isotope 233U. Both Niobium (Nb) and Protactinium (Pa) are the 

high priority elements when considering its possible migration into the biosphere. This is 

because of their high tendency to hydrolyze in aqueous medium to form intrinsic colloids and 

strong affinity towards naturally occurring colloids which finally resulted to their colloid 

assisted migration. [99-100].  

Nb occurs in soil and groundwater in +V state even in highly reducing conditions [101-103]. 

Niobium forms complex ions in solutions owing to its high ionic potential. In acidic solution, 

the principal chemical form is NbO2
+, while neutral species (HNbO3 or Nb(OH)5) occur in 

slightly acidic to neutral solutions. Anionic species (NbO3
– or Nb(OH)6

−) are predominant 

above pH 7 [101, 104]. Niobium has strong tendency to form complexes with fluoride, 

citrate, and oxalate anions [102, 105]. Association of Nb with colloidal iron and dissolved 

humic substances in natural waters has been observed [106]. Niobium can also form 

negatively charged colloids in aqueous solutions with the chemical properties of Nb2O5. In 

0.5 M HNO3 medium, there is no intrinsic colloid formation of Nb at a concentration of 10 x 

10−8 M, whereas colloids were formed at 7 x 10−6 M, and colloid formation increased with 

increase in Nb concentration [107]. Significant sorption of Nb on colloids generated from 
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clay material has been reported [108].  

The predominant and most stable form of Pa(V) in oceanic systems is  PaO2
+ ion, although it 

is uncertain whether the better formulation of the aqueous species is PaO2
+ or PaO(OH)2

+ 

[109]. PaO2
+ is most soluble, similar to the Pu(V) ion, and sorbs to particle surfaces to a 

much lower extent than the tetra valent oxidation state ion, Pa(IV). It is likely that Pa(V) is 

first reduced to Pa(IV) before adsorption and removal from natural waters can take place, as 

has been seen for Np(V), which is reduced in the presence of natural organic matter such as 

humics [11]. Very little knowledge about its complexation and redox behaviour in aquatic 

systems is available. The redox potential for Pa(V) to Pa(IV) reduction is -0.05V [110]. The 

organic and inorganic matter present in aquatic system like humic acid (HA), bi-carbonate 

can facilitate the above written process in acidic to neutral medium as shown below [93].  

     Pa(V)O2
+ + 2 H2O + e- = Pa(IV)(OH)4;        Eh

o= - 0.05V            (3.1) 

In the present study we are focusing specially on three different oxides of iron, namely 

goethite, hematite and magnetite as they are the most abundant iron oxides present in nature. 

Hematite is the most stable, brown colored, highly crystalline iron oxide mostly present in 

red soils. Goethite is yellow colored, relatively less crystalline and dominant iron oxide 

mineral in red soils and humid temperature region. Magnetite is brownish-black, crystalline, 

dominant in beach sands but has lower abundance compared to the other two. It is observed 

that due to their high surface area, they are the most active in adsorption and interaction 

phenomenan, even these are used for the retention of pollutants in water purification and in 

natural system [111]. The sorption study of various radionuclides like U, 140Ba, 90Sr, Th(IV)  

on different iron oxides are reported in literature [112-115]. 

The lack of knowledge concerning interaction of Nb and Pa with different soil components 
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motivated us to carry out systematic study on its sorption behaviour with natural colloids 

using batch method. The aim of the present work was to study the sorption of Nb and Pa on 

iron oxides, and effect of HA on the sorption. Sorption behaviour in neutral to slightly 

alkaline conditions was of special interest, where the neutral species turns into the anionic.  

3.2. Experimental  

3.2.1. Materials 

The following chemicals were used in the sorption study: XAD-4 adsorption resin (20-60 

mesh), Sodium perchlorate (NaClO4) and Sodium salt of HA from Sigma Aldrich, Ferric 

nitrate ((Fe(NO3)3: LR, Loba chemie), Sodium hydroxide (NaOH: Thomas Baker), 

Ammonium hydroxide (NH4OH: SD Fine Chem.), Ferrous ammonium sulphate 

((NH4)2SO4.FeSO4.6H2O: Sarabhai Chemicals), Glacial acetic acid (CH3COOH: Chemco 

Fine Chemicals), Acetone (Extra pure AR, Sisco Research Laboratory), and Perchloric acid 

(HClO4: Otto Chemie Pvt. Ltd.).  

3.2.2. Preparation of Iron oxides 

Hematite, Goethite and magnetite are the most abundant iron oxides present in nature. So for 

the sorption study all these three iron oxides were synthesized in the laboratory. 

3.2.2.1. Hematite 

About 100 g of ferric nitrate (Fe(NO3)3) salt was taken into 500 mL beaker and then 

dissolved in 250 mL of DI water. Then 0.5 M Sodium Hydroxide (NaOH) solution was 

added gradually into the ferric nitrate solution till deep brown colored precipitate appeared. 

The solution was stirred continuously for 2h using magnetic stirrer. Then the precipitate was 

filtered and washed using deionized water until pH of the washing reached 6 to 7 and then 

kept overnight for drying. After that, the air dried precipitate was transferred into a silica 

crucible and heated at 300oC for 36 h in muffle furnace to convert the hydroxide to 
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crystalline hematite. Finally the brown colored crystalline material was ground thoroughly 

using mechanical grinder to get the hematite particle of micron size. 

3.2.2.2. Goethite 

About 100 g of ferric nitrate [Fe(NO3)3] salt was taken into 500 mL beaker and then 

dissolved in 250 mL of deionized water. Then 0.5 M sodium hydroxide solution was added 

gradually to the ferric nitrate solution at 60oC with continuous stirring 2 h using magnetic 

stirrer. Then the yellowish precipitate was filtered and washed using glacial acetic acid 

followed by deionized water. The precipitate was kept overnight for drying and finally placed 

in decicator.  

3.2.2.3. Magnetite 

About 50 g each of the ferric nitrate and Mohr salt [(NH4)2SO4.FeSO4.6H2O] were dissolved 

in 100 mL deionized water separately in two beakers and then mixed. After that, ammonia 

solution was added gradually in the mixed solution and stirred continuously at 80oC for 2 h. 

The brownish black colored precipitate then filtered and washed using dilute ammonia 

solution, followed by deionized water and acetone. The precipitate was then taken into silica 

crucible and heated in oven at 100oC for 12 h to get crystalline magnetite. Finally, the 

crystalline material was ground thoroughly using mechanical grinder to get the particle of 

micron size. 

3.2.3. Characterization of Iron oxides 

3.2.3.1. X-ray diffraction (XRD) measurements 

The powder XRD pattern of iron oxides were recorded using a Philips X-ray diffractometer 

(PW1710 model) with Ni filtered Cu-K radiation. 

3.2.3.2. Surface area measurement 
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The specific surface area was measured by an indigenous surface area analyzer (BARC 

make) using single point BET (Brunauer–Emmett–Teller) method [83]. 

 3.2.3.3. Particle size measurement 

Colloidal iron oxides were ultrasonicated (Retsch GmbH, Germany) (1 min, 35 kHz, power = 

140 W) and transferred to a quartz cuvette (universal ‘dip’ cell). It was assumed that the soft 

conditions of ultrasonication would not have altered particle size. Dynamic light scattering 

(DLS) technique was used for measurement of particle size. The measurements were made at 

an angle of 130o using Malvern 4800 Autosizer employing a 7132 digital correlator, and the 

light source was He-Ne laser operated at 632.8 nm with maximum power output of 15 mW. 

The correlation functions were analyzed by the method of CONTIN analysis. 

3.2.3.4. Zeta potential measurement 

The zeta potentials of iron oxides (2 g L-1), HA (5 mg L-1) and their combined system were 

measured using Malvern zeta sizer nano-Z instruments, UK, by phase analysis of scattered 

light. The light source, He-Ne laser (632.8 nm), was operated at 4 mW. The measurement 

was carried out using a quartz cuvette (universal ‘dip’ cell) with 10 mm light pathway. All 

the measurements were performed at (25 ±1) oC. In all the experiments, ionic strength of the 

solution was maintained at 0.05 M NaClO4, and pH was adjusted between 1-12 by using 

dilute NaOH and HClO4 solutions. The pH was measured by glass electrode (Oakton, pH700, 

USA). Ultrasonication (1 min, 35 kHz, power = 140 W) of sample solution was carried out 

before zeta potential measurements to avoid aggregation. 

3.2.4. Sorption experiments 

3.2.4.1. Sorption of HA on iron oxides 

Varying amounts of purified HA (0.5-15 mg L-1) were added to 10 mL of 0.05 M NaClO4 
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solutions and agitated for about 30 min on a mechanical shaker.  Absorbance of each solution 

was measured at 264 nm using UV-Vis spectrophotometer (V-530, Jasco) and a calibration 

curve was obtained. 

Synthesized iron oxide (2 g L-1) were added to 25 mL of 0.05 M of NaClO4 separately and 

agitated for 2 h on a mechanical shaker. After addition of HA (15 mg L-1), the pH was 

adjusted between 1 and 12 and the solutions were agitated once again for 48 h on a 

mechanical shaker. Phase separation was carried out by centrifugation for 1 h at 10000 rpm 

(Hermle Labotechnik GmbH Z383K, Germany). The absorbance of the supernatant was 

measured at 264 nm and concentration of HA in the supernatant was obtained using the 

calibration function. 

3.2.4.2. Sorption of Nb and Pa on iron oxides 

Sorption of Nb on iron oxides was carried out in aerobic, ambient, laboratory conditions 

using batch method. 50 mg of each of the iron oxide were taken separately in 60 mL 

polypropylene containers (Tarson) containing 25 mL of 0.05 M NaClO4 solution. The 

solution pH was adjusted between 1-12 with 0.01 or 0.1 M of HClO4 or NaOH and then 100 

μL of each 94Nb (2.2 x 10-7 M) and 231Pa (9.6 x 10-6 M) radiotracers were added. Solutions 

were equilibrated for 48 h on a mechanical shaker and phase separation was carried out using 

a high speed centrifuge (10000 rpm). The gamma ray spectrometric measurements of the 

solutions before and after separation were carried out using High Purity Germanium (HPGe) 

detector (EG&G ORTEC) coupled with 8k channel analyzer (Relative efficiency: 45%; 

Resolution: 1.9 keV at 1332 keV of 60Co). The percentage sorptions were achieved by 

comparing the activities in initial solutions and in the final supernatants at 702.7 keV for 

94Nb and 283.7 keV for 231Pa using the following equation 
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                                    % sorption =  
�������

(��)
∗ 100                                            (3.2) 

where Ai and Af are the counts in initial solutions and supernatant respectively. 

3.2.4.3. Electrochemical investigation of sorption study of Nb on magnetite 

Sorption study on magnetite is more interesting compared to goethite and hematite as the 

previous one is the mixed valent iron oxide. Three electrode system was adopted for the 

experiment; where modified glassy carbon electrode (GCE) was used as working electrode, 

Ag/AgCl/KCl (saturated) as reference electrode and graphite rod as counter electrode. All the 

electrochemical experiments were carried out at room temperature and ambient conditions. 

Acetate buffer (0.1M) of pH 5.5 was used as supporting electrolyte. Glassy carbon electrode 

was polished with 5µ and 1µ alumina powder and cleaned under ultra sonication at 20 kHz 

for 15 mint to get clean surface. Carbon black and iron oxide composite (1:1) was prepared 

by mixing both (1mg mL-1) at 1:1 (weight) ratio in acetone medium containing 0.1% nafion. 

The mixture was ultra sonicated for 5 mint at 20 kHz to disperse the solid particles in acetone 

medium to attain homogeneity prior to casting on the glassy carbon electrode surface. 5µL of 

the homogeneous mixture was drop casted on the glassy carbon electrode surface and 

allowed to dry. The coated electrode was rinsed with deionised water and dried in air. 

Experiments were carried out using Autolab Potentiostat Galvanostat 302N. Data acquisition 

and analysis were carried out using GPES software. 

3.2.4.4. Effect of HA and equilibration time on sorption  

The sorption of Nb and Pa on iron oxide in presence of HA (5 mg L-1) were carried out in the 

pH range of 1-12. To study the effect of HA concentration, the sorption of Nb and Pa on 

hematite were carried out in acidic (pH 1) and basic (pH 10) region by varying HA 

concentration from 10-100 μg mL-1.  
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The effect of incubation time on sorption was studied in acidic (pH 1) and basic (pH 10) 

media for time intervals of 5 min, 1h, 5h, 24 h, 48 h and 72 h to understand the effect of 

equilibration time and the kinetics followed by the sorption process in both acid and basic 

medium. In all the above cases, the experimental procedure was identical as described in 

Section 3.2.4.2. 

3.2.4.5. Sorption study of Nb and Pa on XAD resin  

Sorption of Nb and Pa on XAD-4 resin, an inert medium, was carried out at pH 1, 6, and 10 

using 100 mg of resin and the procedure was the same as described in Section 3.2.4.2.  

3.2.4.6. Dissolution study of iron oxides at different pH 

50 mg of each of the oxides were added to 25 mL solution of 0.05M NaClO4 and agitated for 

about 1 h. After adjusting the pH between pH 1-12, solutions were agitated for 48 h on a 

mechanical shaker and centrifuged (10000 rpm). The supernatant was collected and iron 

concentration in the supernatant was measured by inductively coupled plasma mass 

spectrometric technique.  

3.3. Results and discussion 

3.3.1. Characteristics of iron oxides and HA 

The XRD patterns of the synthesized iron oxides (goethite, hematite, and magnetite) are 

shown in the Figure 3.1 - 3.3. The peaks of the corresponding XRD pattern of each iron 

oxide matched with those reported in the literature [111]. 

The surface area, particle size and point of zero charge (PZC) of goethite, hematite, and 

magnetite were listed in the Table 3.1. The measured values of particle size and surface area 

were within the range reported in literature [111, 116-120]. 
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Table 3.1: Surface area, particle size and PZC of goethite, hematite and magnetite 

Oxide Surface area 

(m2g-1) 

Particle 

size (nm) 

PZC Surface area 

(m2g-1) 

Literature 

[111] 

Particle 

size (nm) 

Literature 

PZC 

Literature 

[116-120] 

Goethite 51 160-295 8 8-200 200-400 7-9.4 

Hematite 18 190-340 6.5 10-70 100-500 6-6.8 

Magnetite 35 180-320 6.9 4-100 50-350 6.5 

 
 

Purification, compositional analysis, and proton exchange capacity of the sodium salt of HA 

has been reported earlier in this thesis [121]. Zeta potential of iron oxides was measured in 

the pH range 1-12 in 0.05M NaClO4 medium (Figure 3.4). Zeta potential of HA (Figure 3.5) 

was negative even at pH 1 and its magnitude increased with increase in pH. At about pH 4-5 

and pH 8-9, the change in zeta potential of HA was relatively sharp and these may 

correspond to dissociation of carboxylic (–COOH) and phenolic (–OH) group respectively.  

The zeta potential of the iron oxide-HA combined system lay between the two individual 

systems but the pattern was similar to the corresponding oxide (Figure 3.5-3.7). This is 

obvious that, zeta potential of the mixed systems, depend on the concentration of iron oxides 

and humic acids in the system, apart from pH and ionic strength of the medium. The zeta 

potential plots shown in Figures 3.5 to 3.7 are valid for the specified concentration of iron 

oxides and humic acids. 
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Figure 3.1: XRD pattern of Goethite 

 

Figure 3.2: XRD pattern of Hematite 
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Figure 3.3: XRD pattern of Magnetite 

 

Figure 3.4: Zeta potential of iron oxides as a function of pH 
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Figure 3.5: Zeta potential of goethite-HA system 

 

Figure 3.6: Zeta potential of hematite-HA system 
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Figure 3.7: Zeta potential of Magnetite-HA system 

3.3.2. Sorption behaviour of HA on iron oxides 

The sorption of HA on iron oxides in the pH range 1-12 in 0.05M NaClO4 medium is shown 

in Figure 3.8. The sorption of HA on iron oxides is very high in acidic pH, and decreases 

gradually with increase of pH. Several mechanisms for sorption have been reported in 

literature [122-124], which include electrostatic binding, specific site complexation, and 

ligand exchange. The infrared spectroscopic study suggested that -COO- groups on HA form 

complexes at the surface of the minerals [125, 126]. The mechanisms such as 

hydrophobicity, van der Waals forces, and hydrogen bonding may also have an effect on 

sorption [127]. At high pH, HA molecules are ionized and more soluble than at low pH, 

where they become protonated and more hydrophobic. Another contributing factor 

influencing HA sorption is the electrostatic repulsion at higher pH, as both HA and iron 

oxides bear negative charge, leading to reduced sorption with increasing pH [128]. In acidic 

pH, electrostatic attraction leads to very high sorption, as in this condition, iron oxides 

possess positive zeta potential, whereas zeta potential of HA is negative. 
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Figure 3.8: % of HA sorbed on iron oxides with variation of pH 

3.3.3. Sorption behaviour of Nb and Pa on iron oxides 

For the present work, polypropylene tubes were used and it was found that the sorption of Nb 

and Pa onto polypropylene tube were (2-5) % depending upon pH of the medium. The 

sorption data presented in this work was corrected for sorption on polypropylene container. 

In general, the sorption of radionuclides on colloids is due to electrostatic interaction and 

surface complexation [2, 80, 93]. The higher the cation charge, the more strongly the cation 

is sorbed and the stronger the tendency of the cation to hydrolyze [129]. The pH region of the 

adsorption edge is usually more characteristic of the sorbing cation rather than of the sorbent 

material and relative placement of the adsorption edge for different metal ion is co related 

with the formation of hydrolysis species. The sorption of Nb and Pa on goethite, hematite, 

and magnetite in the presence and absence of HA, are shown in Figures 3.9 and 3.10 

respectively. The sorption behaviour of Nb and Pa on iron oxides can be explained in terms 

of the species of Nb/Pa in solution and zeta potential of iron oxides. In aqueous solutions, 
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oxygen containing species are formed because of their high ionic potential. The ionic species 

that exist in aqueous solutions are governed by the solution pH as well as the metal ion 

concentration. The point of zero charge (PZC) of goethite, hematite, and magnetite are 8.0, 

6.9 and 6.5 respectively. High magnitude of zeta potential (+ve) of iron oxides and positively 

charged species of Nb/Pa results electrostatic repulsion upto pH 3 and hence the low 

sorption. Above pH 3, both Nb and Pa start forming neutral species which reduce the 

columbic repulsion, leading to increased sorption. The higher sorption between pH 6-9 can 

be explained in terms of surface complexation between surface hydroxyl group of iron oxides 

and the –OH group of the Nb/Pa oxo-hydroxy species. After pH 9, anionic species of both 

the elements become predominant and zeta potential of iron oxides also become negative. 

Thus electrostatic repulsion causes decrease in sorption after pH 9. 

The percentage sorptions of Nb and Pa on magnetite are expected to be different to some 

extent compared to hematite and goethite, in view of higher solubility of magnetite in acidic 

region (pH 1-2) and due to the presence of Fe(II) site. In the present study it was observed 

that the sorption patterns of both Nb and Pa on magnetite are slightly lower compared to 

those in the other two oxides.  

Nakata et al. didn’t find any change in oxidation state of Np(V) while getting sorbed onto 

Fe(II) containing minerals [130]. No significant difference was found in the removal of 

Np(V) by biotite/magnetite (Fe(II) containing mineral) and ferric oxide/hematite (Fe(III)) 

[131].  

 



 

Figure 3.9: % of Nb sorbed on iron oxide (a) Goethite (b) Hematite (c) Magnetite in 

Contradictory literatures are also available for the reduction of Np(V) to Np(IV) on 

magnetite interface under anaerobic condition. This conversion rate is faster than that by 

Fe(II) in homogeneous solution [132]. Similar results were reported in ORNL

where Np(V) was sorbed preferentially by Fe(II) containing sites, biotite, and pyrite on 

granite surface in aerated water. Thus, Fe(II) containing minerals catalyze and make the 

reduction process feasible. Again literature report showed that structural Fe(II) is a stronger 

reducing agent compared to aqueous Fe(II) (

reduction potential of Fe(II) in magnetite had a range 

reported the range -0.55 to 

reports also support the special role of Fe(II) in Fe(II) containing min

% of Nb sorbed on iron oxide (a) Goethite (b) Hematite (c) Magnetite in 

presence and absence of HA 

Contradictory literatures are also available for the reduction of Np(V) to Np(IV) on 

anaerobic condition. This conversion rate is faster than that by 

Fe(II) in homogeneous solution [132]. Similar results were reported in ORNL

where Np(V) was sorbed preferentially by Fe(II) containing sites, biotite, and pyrite on 

e in aerated water. Thus, Fe(II) containing minerals catalyze and make the 

reduction process feasible. Again literature report showed that structural Fe(II) is a stronger 

reducing agent compared to aqueous Fe(II) (-0.771V). Peterson et al reported that the

reduction potential of Fe(II) in magnetite had a range -0.65 to -0.34V [134]. White and Yee 

0.55 to -0.34V for in Fe(II) silicate minerals [135]. These literature 

reports also support the special role of Fe(II) in Fe(II) containing minerals during sorption.
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72  

 

Figure 3.10: % of Pa sorbed on iron oxide (a) Goethite (b) Hematite (c) Magnetite 

3.3.4. Electrochemical studies 

The GCE surface was initially coated with 1:1 mixture of carbon black and synthesized 

magnetite and cyclic voltammetry (CV) (staring potential: 0.1V, switching potential: 1V) 

was performed in acetate buffer of pH 5.5 and repeated for another three times with the same 

surface (Figure 3.11). During anodic scanning oxidation peak was obtained around 0.72V 

while upon scanning in the reverse direction (cathodic) reduction peak around 0.52V was 

obtained. With repeated scanning the peak height of both the peaks were found to decrease 

gradually.  

Literature reports suggest that Fe3O4 undergoes oxidation and reduction via liberation of 

Fe(II) into the aqueous solution. The electrochemical reactions of the bulk Fe3O4 was 

postulated in the following way [134, 136]. 
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Oxidation: 

            ���������
����� → �����

����� + ���� + ���                           3.3 

Reduction: 

          ��������
����� + ��� + ��� →  �����  + ����                                   3.4 

During oxidation Fe3O4 gets converted into Fe2O3. The cathodic reaction results in the 

reductive dissolution of magnetite, the rate of which decreases with increasing pH. These 

may be the reason for the gradual decrease of the peak current of both the oxidation and 

reduction peak.  

In order to check the electrochemical activity of Fe2O3, GCE was then coated with 1:1 

mixture of carbon black and synthesized Fe2O3 and cyclic voltammetry was performed 

within the same potential window (staring potential: 1V, switching potential: 0.1V) under 

same electrolyte condition; Unlike the Fe3O4 coated electrode no redox peak was observed 

here (Figure 3.12). In case of Fe2O3 coated electrode, as Fe (III) only state of iron, it is 

obvious that there will not be any oxidation peak. Interestingly we did not find any reduction 

peak also in CV experiment within the same potential window.  

Freshly prepared carbon black and Fe3O4 coated GCE was then dipped into 10ppm Nb(V) 

solution for 5 mint, washed in deionized water and then CV was performed in the same 

acetate buffer medium as before. Surprisingly redox peaks due to Fe2+/Fe3+ system were not 

observed in this case (Figure 3.13) and this can happens only if Fe(II) is absent in Fe3O4 

coated GCE or if the total Fe(II) has converted to Fe(III).  
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Figure 3.11: Consecutive CV of synthesized magnetite coated GCE 

 

Figure 3.12: CV response of magnetite (Fe3O4) and hematite (Fe2O3) coated GCE 
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Figure 3.13: CV response of magnetite (Fe3O4) before and after equilibration with Nb(V) 

solution at pH 5.5 AcOH-NaOAc buffer 

Since the electrode was dipped into the Nb(V) solution for 5 mint, free Nb(V) and Fe(II) of 

Fe3O4 coated GCE got enough time to undergo the redox reaction which resulted the 

reduction of  Nb(V) to Nb(IV) and oxidation of Fe(II) to Fe(III).  Therefore, initial Fe3O4 

moieties are converted into Fe2O3 at the surface of the electrode which is often called mag-

hematite as it is generated from magnetite. 

3.3.5. Effect of HA on sorption behaviour of Nb and Pa on iron oxides    

The sorption of Nb and Pa on iron oxides in presence of HA was different from that in its 

absence both in acidic and basic regions (Figure 3.9 & 3.10). Sorbed HA partially occupies 

sorption sites of the iron oxides, which may lead to a decrease in metal ion sorption. Again, 

dissolved HA can decrease sorption of metal ion to the solid phase by forming soluble metal 

complexes [12,137]. Considering the above fact, it is expected that HA may affect the metal 
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cation binding to the solid phase both in acidic and basic pH conditions. At low pH, metal 

cations are weakly bound whereas humic substances are strongly sorbed by mineral surfaces 

[138, 139]. Contradictory results are also reported in literature about the sorption of metal 

ions in the acidic pH in presence of HA [140-142]. In the present case, sorption of Nb and Pa 

on iron oxides in the presence of HA increased in acidic pH. The plausible reason may be (i) 

complexation of Nb/Pa with HA sorbed on iron oxides, and (ii) sorption of HA on iron 

oxides reduced the magnitude of positive zeta potential, and consequently, the electrostatic 

repulsion. 

 

Figure 3.14: The effect of HA concentration in acidic medium (pH 1) and basic medium (pH 

10) (a) Nb-hematite (b) Pa-Hematite 

Again in basic pH, the sorption of Nb and Pa on iron oxides in presence HA was lower as 

compared to that in the absence of HA. Both Nb and Pa have strong complexation tendency 

with –COOH group of HA thus increase concentration of Nb/Pa in solutions or decrease the 

sorption on iron oxides in basic region.   

The above observations were also confirmed from the sorption of Nb and Pa with varying 

HA concentration. The results showed the increasing trend of sorption in acidic region, and 

decreasing trend in basic region with increase in HA concentration (Figure 3.14).  
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3.3.6. Effect of equilibration time on sorption of Nb and Pa on iron oxide 

The time dependent sorption of Nb and Pa on iron oxides in acidic and basic media is shown 

in Figures 15 and 16 respectively. The sorption kinetics is governed by surface area, porosity, 

and numbers and types of surface functional groups of the oxides [143]. Sorption kinetics 

became an important tool to determine the sorption mechanism i.e, the sorption is 

physisorption or chemisorption. The sorption process follows pseudo first order kinetics, 

corresponds to physisorption, diffusion is the rate limiting step and rate doesn’t dependent on 

both the reactant. The sorption process follows pseudo second order kinetics, corresponds to 

chemisorption, involve valency forces through sharing or exchange of electron between 

adsorbent and adsorbate [144].  

The kinetic modeling of the time dependent sorption data was studied using Lagergren’s 

pseudo first order [145] and Ho’s pseudo second order model [146]. The Lagergren equation 

based on pseudo-first-order adsorption kinetics is expressed as follows:  

                                            
 ��

��
=  ��(�� − ��)                                             (3.5) 

Where, Ce is the amount of adsorbate at equilibrium (μg mg-1), Ct is the adsorbate amount at 

time t (μg mg-1) and k1 is the pseudo-first-order rate constant (h−1). The equation simplifies to  

                      Log (C� − C�) = LogC� −
���

�.���
                                               (3.6) 

Ho’s pseudo second order model expressed as  

                                       
��

��
= k�(�� − ��)�                                                  (3.7) 

After integration from t=0 to t= t, the equation simplifies to  

                                              
�

��
=

�

����
� +

�

��
                                                    (3.8) 
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Figure 3.15: Sorption Nb on iron oxides as function of time at (a) pH 1 and at (b) pH 10 

 

Figure 3.16: Sorption Pa on iron oxides as function of time at pH 1 and pH 10  

The kinetics for the sorption of Nb/Pa on iron oxides in acidic pH is better fitted with pseudo 

first order rate equation. This suggests that the sorption of Nb/Pa on iron oxide in acidic pH 

mainly occurred through physisorption mechanism (Figure 17 & 18). The sorption kinetics of 

Nb and Pa on iron oxides in basic medium (pH 10) found to follow the pseudo second order 

kinetics (Figure 19 & 20). So the mechanism of sorption in basic medium corresponds to 

chemisorption.  
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Figure 3.17: Pseudo first order fitting in acidic pH (Nb-iron oxide) 

 

Figure 3.18: Pseudo first order fitting in acidic pH (Pa-iron oxide) 
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Figure 3.19: Pseudo second order fitting at pH 10 (Nb-iron oxides)  
 

 

Figure 3.20: Pseudo second order fitting at pH 10 (Pa-iron oxides) 
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Intra particle diffusion of solute in adsorbent can be expressed by Weber- Morris model 

equation as below            

                             qt = kid t
0.5 + A                                                   (3.9) 

kid is the intra particle diffusion constant that can be obtained from the qt vs t0.5 plot and A is 

the intercept of the plot. The model assumes that if the plot stands straight line and passes 

through the origin then sorption is pore diffusion controlled and solute ions diffuse within the 

pores of the adsorbent material. If plot is non linear, then film diffusion process considered to 

be the rate limiting [147, 148]. In present study, the plots obtained for intra particle diffusion 

for the sorption of Nb/Pa on different iron oxides in acidic medium (pH 1.2), seem to exhibit 

two straight lines which demonstrate about the involvement of two stage adsorption. The 

intra-particle diffusion curve appears to be divided into two distinct linear regions (Figures 

3.21 and 3.22). The first curve that obtained during the initial time period of 5 to 60 mint. 

indicates external mass transfer which involves movement of Nb/Pa from liquid phase to the 

solid interface. After 60 mint the second line indicates the gradual diffusion of the metal ions 

to the pores of iron oxides. 

Again, the sorption kinetics both in acidic and basic medium at different temperature, the 

activation energy of the sorption process can be determined using the Arrhenius equation  

 � = ���
��
��                                               (3.10) 

where k, A, Ea, R, and T are rate constant, frequency factor, activation energy, universal gas 

constant, and absolute temperature respectively. 
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Figure 3.21: Intra particle diffusion plots: Nb-iron oxides in acidic medium (pH 1) 

 

Figure 3.22: Intra particle diffusion plots: Pa- iron oxides in acidic medium (pH 1) 
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The activation energy of the sorption reaction was determined using rate constant values of 

two different temperatures. The values of the activation energy are given in Table 3.2 & 3.3. 

From the activation energy data, it is clear that minimum energy is required for the sorption 

both for Nb and Pa on iron oxides in acidic pH. In basic medium, the activation energy for 

the sorption process is negative and that is why, it is not mentioned in Table 3.2 and 3.3. This 

indicates, in basic medium, the sorption reactions do not require any activation energy. 

The Sticking probability (S*) is the chance of adsorption per molecular collision with the 

adsorbent surface i.e, it is a function of adsorbate/adsorbent system. It depends on of the 

temperature and the surface structure of the adsorbent [149]. It can be expressed in terms of 

modified Arrhenius equation [150, 151] 

                            �∗ = (1 − �)��
��
��                                        (3.11) 

where θ indicates the surface coverage factor, and other terms have been explained earlier. θ 

is given by the equation 

                                        � =  
(�����)

��
                                                    (3.12) 

where C0 and Ce are the initial and equilibrium concentrations of adsorbate in the solution 

respectively. The sticking probability can be determined from the intercept, log(S*), of the 

log(1-θ) vs. 1/T plot. The values of sticking probability for both Nb and Pa with goethite, 

hematite and magnetite are given in the following Table 3.2 & 3.3. As the value of S* are 

near to zero, we can conclude that the sorption mechanism is chemisorption [152]. 
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Table 3.2: Activation energy and sticking probability values (Nb-iron oxides)  

Niobium Goethite Hematite Magnetite 

Condition Activation energy(kJ M-1) 

pH 1 11.58 15.86 39.65 

 Sticking probability (S*) 

pH 1 0.1494 0.2260 0.0587 

pH 10 0.001 0.0008 0.0003 

Table 3.3: Activation energy and sticking probability values (Pa-iron oxides)  

[Note: Negative activation energy in basic pH not included in the table] 
 

Protactinium Goethite Hematite Magnetite 

Condition Activation energy(kJ M-1) 

pH 1 16.65 19.03 44.41 

 Sticking probability (S*) 

pH 1 0.2427 0.1975 0.0964 

pH 10 0.0002 0.0009 0.0007 

                                                                                                                                                                                                                                                          

3.3.7. Sorption study of Nb/Pa on inert sorbent (XAD resin) 

Percentage sorption of Nb/Pa on XAD-4 at pH 1, pH 6 and pH 10 are given in the following 

Table 3.4. The sorption values are slightly higher than those for polypropylene tube as 

discussed in section 3.3.3. XAD-4 does not contain any functional group and has very large 

surface area (725 m2 g-1). The sorption of Nb/Pa has resemblance with the low sorption of 

both the element on iron oxides and this indirectly proves that the sorptions of both Nb and 

Pa on iron oxides are physisorption type phenomena at pH 1. The sorptions of both Nb and 



85  

Pa on iron oxides are very high compared to their sorption on XAD-4 at pH 6 and 10. This 

indicates the sorption of Nb/Pa at pH 6 and 10 supposed to follow chemisorption mechanism. 

Table 3. 4: % sorption of Nb and Pa on XAD-4 at pH 1, pH 6 and pH 10 

pH % of Nb sorbed on XAD-4 % of Pa  sorbed on XAD-4 

1 3.9 7 

6 4.8 12 

10 6.9 11 

 

The Fourier transform-infrared spectroscopy (FTIR) and Raman spectroscopic studies on Nb-

iron oxides system at different pH were also carried out but it did not provide any useful 

information as the concentrations of Nb (~10-8 M) was close to the detection limit of the 

technique. It is known that the speciation of a hydrolysable metal ion is solely governed by 

its concentration and the pH of the solution. Hence, inferences drawn by carrying out 

spectroscopic studies at higher concentration of Nb will not be valid at very low 

concentrations. 
 

3.3.8. Dissolution of iron oxides 

The dissolution study showed that the Fe concentrations in supernatant in case of goethite 

and hematite were negligible throughout the pH range studied, whereas 3 % magnetite got 

dissolved in acidic pH (Figure 3.23). 

The plot of Fe concentration (µg mL-1) in supernatant vs. pH (Figure 3.23) showed that all 

the three iron oxides were stable in basic region whereas goethite and hematite were much 

more stable compared to magnetite in acidic region [111, 153]. The lesser stability of 

magnetite in acidic region may be due to presence of Fe(II) in its structure. 
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From the above study, it is clear that sorption would not have been influenced by the 

dissolution of iron oxides even in acidic pH and very large contact time for goethite and 

hematite but mildly affect the sorption behaviour in acidic medium (pH ≤2) in the case of 

magnetite.  

 

Figure 3.23: Dissolution of iron oxides with variation of pH 

3.4. Conclusion 

The sorption of Nb/Pa on all the three iron oxides was low (~ 10-20 %) at pH 1, increased to 

~ 90% at pH 8 and decreased marginally above pH 9. HA increases the sorption at pH 1 

where as decreases the sorption at pH 10. In acidic medium, the sorption decreases with 

increase in ionic strength, whereas in basic medium the effect is negligible. The sorption 

followed pseudo-first order-order kinetics at acidic pH but pseudo second order in basic pH 

conditions. The sticking probability values indicate that the sorption follow physisorption 

mechanism at acidic pH and chemisorption mechanism at basic pH. The sorption is not 
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influenced by the dissolution of hematite and goethite but do mildly in case of magnetite. This 

study is important to understand the probable migration of 94Nb and 231Pa during underground 

storage of radioactive waste. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 

 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

 
 

Chapter IV 
 

Sorption of 94Nb and 231Pa on Manganese 
dioxide 
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4.1. Introduction 

The migration behaviour of radioisotopes released to the environments has to be known for 

trustworthy, long term assessment of nuclear waste repository. Repositories for nuclear waste 

should meet the norm that radionuclides from repository should not come into the human 

habitation in thousand years. Their presence in upper layer of soil and sediment are two main 

sources for their introduction to the food chain. If the radionuclide contamination occurs in 

water, it will have nasty effects because of both chemical as well as radiological toxicities. 

The migration of the radionuclides depend on solubility of radionuclides in underground 

waters, complexation with anions present in aqueous stream, sorption on components of 

engineered and geochemical barriers (rocks and minerals) and the colloid formation (pseudo 

or true). Among all of these parameters, sorption of radionuclides at the water rock interface 

retards the migration in natural systems. Thus, the factors that administer the radionuclides 

sorption on mineral surfaces have to be studied thoroughly [154] 

A lot of work has been carried out to understand the sorption of various radionuclides on 

different minerals, which includes hydrous oxides of Fe [155-157], Si and Al [158], clay 

[159]. According to most of the existing literature, tri- and tetravalent actinides did not 

impart hazardous effects, as they have high tendency to get sorbed onto the components used 

for their isolation and host rocks and owing their extremely low solubility [154]. However, 

recent studies suggest the possibility of colloidal migration of these radionuclides in 

groundwater [32,160,161]. Several evidences are also available regarding fast and long 

distant migration of the radionuclides in the ground water system [7,76]. The reports indicate 

that colloids dispersed in groundwater act as an auxiliary phase and enhance the transport of 

radionuclides. A three phase model, consisting of a stationary phase, a mobile phase and 
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colloids (intrinsic or pseudo) dispersed in mobile phase was introduced and able to explain 

the migration of radionuclides satisfactorily [21, 32, 76]. So in this context the sorption study 

of radionuclides on naturally occurring colloids (pseudo) in aqueous stream became relevant 

and the need of the modern era, as the atomic power production is increasing day by day. 

Pyrolusite is the most common and most stable oxide of manganese, present in nature. 

Because of its high surface area and low isoelectric point, the radionuclides easily get sorbed 

onto pyrolusite surface even at acidic pH conditions. These features make pyrolusite very 

strong contender to make colloid facilitate transport of radionuclides although having much 

lesser abundance in natural aquatic system, compared to other mineral oxides like iron 

oxides. Pyrolusite ubiquitously present in clays, soils and sediments which are the most 

prominent absorber of the radionuclides from aqueous stream. The sorption study of several 

radionuclides like 90Sr, 137Cs, 60Co, U, Pu, Np, Am, Cm and Th on manganese dioxide or 

manganese dioxide based different ores are reported in the literature [162-168]. Manganese 

oxides are considered as the foremost scavenger of the environmental contaminants. It is 

observed that the radionuclides, adsorbed strongly in the soil, are initially contained by 

manganese oxide present in the soil. For this reasons, it is proposed to mix finely grounded 

manganese oxide with high level waste before vitrification [169]. Apart from the sorption of 

radionuclides, manganese based ore also facilitate the migration of radionuclides or heavy metals. 

Under anaerobic conditions, manganese dissolves as Mn(II) hydroxide and then precipitates 

as oxide of higher oxidation state under aerobic condition. This phenomenon plays an 

important role in the transportation of radionuclides and heavy metals from anaerobic to 

aerobic region in geosphere [170]. 

The most common natural organic ligand present along with inorganic anions in aquatic 

system, is humic acid (HA). Presence of HA in ground water can alter the sorption as well as 
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migration behaviour of radionuclides either by complexing with the radionuclides or by 

changing their oxidation states. It is also reported that HA itself get sorbed onto colloid 

surfaces and thus affect the radionuclides sorption on colloid surfaces [11, 171]. 

The protocols for the management of discharged Zr-Nb pressure tubes from Pressurized 

Heavy Water Reactor (PHWR) is to store in deep tile holes with concrete caps. In present 

study, we are dealing with 94Nb, a long lived radioisotope (half-life: 2.03 x 104 y), which 

generates from 93Nb stable isotope during neutron irradiation of Zr-Nb pressure tube or 

cladding material. 231Pa is generated as the byproduct during production of fissile 233U from 

232Th upon irradiation by neutron in nuclear reactor. 231Pa, a long lived (half-life: 3.27 x 104 

y), alpha emitting isotope which is present in high level liquid waste after extraction of 233U 

from irradiated Thoria. 

Here we report the sorption phenomenon of niobium (Nb) and protactinium (Pa) on 

laboratory synthesized manganese dioxide and the detailed investigation regarding the effect 

of different physico-chemical parameters like pH, ionic strength, equilibration time, humic 

acid and temperature on sorption. 

4.2. Experimental 

4.2.1. Chemical reagents 

Sodium salt of humic acid (Sigma Aldrich), Sodium hydroxide (AR, Thomas baker), Sodium 

perchlorate (Sigma Aldrich), AR grade Manganese nitrate (S D Fine Chem), Extra pure AR 

Acetone (Sisco Research laboratory) and AR grade Perchloric acid (Otto Chemie Pvt. Ltd.) 

were used in the present study. 

4.2.2. Preparation of manganese dioxide 

About 100 g of manganous nitrate (Mn(NO3)2) was dissolved in 250 mL of deionized water 

in 500 mL beaker. Then the solution was evaporated on a hot plate near to dryness with 
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continuous stirring, which was resulted in the formation of thick blackish solution. The 

blackish solution was then transferred into a silica crucible and then heated in a muffle 

furnace at 180oC for 48 h. Then the black crystalline material was ground and washed with 

deionized water. Finally the black powder is heated for another 24 h at 102oC in an oven for 

the removal of water [172]. 

4.2.3. Characterization of manganese dioxide 

4.2.3.1. X-Ray diffraction (XRD) 

X-ray diffraction pattern of the synthesized manganese oxide was recorded using powder X-

ray diffractometer (rotating anode, Rigaku, Japan) utilizing CuKα (λ=1.5406 and 1.5444 Å) 

radiation. The angle range was 10 - 70o between which diffraction data were collected with a 

step width of 0.02o and time 5 s. 

4.2.3.2. Fourier transformed Infra red (FTIR) 

FTIR of the sample was carried out using a Tensor II FTIR system from Bruker. The 

requisite amount of manganese dioxide was mixed with KBr and then pellet was prepared 

using hydraulic press. The spectrum of the sample-KBr pellet was recorded in transmission 

mode. 

4.2.3.3. Surface area measurement  

Specific surface area of manganese dioxide was measured using single point BET 

(Brunauer–Emmett–Teller) surface area analyzer (BARC make). The method is based on the 

adsorption and desorption of nitrogen gas on sample at liquid nitrogen and room temperature 

respectively and subsequent determination of the desorbed nitrogen gas using thermal 

conductivity detector. 
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4.2.3.4. Scanning electron microscopy (SEM) 

Scanning electron microscope coupled with energy dispersive X-Ray spectrometry (SEM-

EDS, Instrument Model No. VEGA MV 2300T) was used to obtain the surface morphology 

of the synthesized manganese oxide.  

4.2.3.5. Zeta potential and particle size measurement 

Particle size and Zeta potential of the oxide were measured using the LitesizerTM500, Anton-

Paar instrument. Zeta potential measurement is based on the electrophoretic light scattering 

(ELS), related to the speed of the particle under electric field which is directly proportional to 

the surface charge of the particle or zeta potential. Particle size was measured by Dynamic 

Light Scattering (DLS) where the measurement of random motion of the particle is measured 

which directly associated with the particle size. 

4.2.4. Batch sorption experiments 

4.2.4.1. Binary sorption (HA - manganese dioxide) 

Before studying the sorption of Nb and Pa on manganese dioxide, we need to study the 

sorption behaviour of humic acid on manganese oxide. For that, we have prepared a set of 

purified humic acid solution of concentration 0.5-15 mg L-1 in 0.05M NaClO4 medium and 

UV-Vis spectrophotometric measurement (V 530, Jasco) was carried out to obtain the 

calibration plot. 

Afterwards another set of humic acid solutions of known concentration (15 mg L-1) were 

prepared in the same medium mentioned above and 50 mg of manganese dioxide was added 

to each of the solutions. pH of the solutions were adjusted between 1 to 12 using dilute 

NaOH/HClO4 and measured using pH meter (Oakton, pH700, USA) calibrated using buffer 

solutions of pH 4, 7 and 9. Then solutions were equilibrated for 48 h and followed by 
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centrifugation for 1 h at 4000 rpm. The concentrations of humic acid in supernatant solutions 

were determined using UV-Vis spectrophotometer and hence the percentage sorption of HA 

on manganese dioxide was calculated. 
 

4.2.4.2. Binary sorption (Nb/Pa - manganese dioxide) 

Sorption of Nb and Pa on manganese oxide was carried out separately using 94Nb and 231Pa 

radiotracers having concentrations 2.2x10-7 M and 9.6x10-6 M respectively. 50 mg of 

manganese oxide was taken separately in 60 mL polypropylene containers (Tarson) 

containing 25 mL solution of ionic strength 0.05 M NaClO4. About 100μL of the tracer 

solution was added to each of the set and pH adjustment was carried out. The experiments 

were performed under ambient condition at 25o C and rests of the experimental parameters 

were same as mentioned above. The activities in initial solutions and in supernatants 

(solution after centrifugation) were measured using High Purity Germanium (HPGe) detector 

(Canberra, France) coupled with 8k channel analyzer (Relative efficiency: 30%; Resolution: 

1.9 keV at 1332 keV of 60Co). The activity corresponding to 702.7 keV gamma ray of 94Nb 

and 283.7 keV gamma of 231Pa were utilized to obtain the percentage sorption of Nb and Pa 

on manganese dioxide using the following equation 4.1. 

                          % Sorption =  
(�����)

��
X 100            (4.1) 

Where Ai and Af are the activities of 94Nb/231Pa in initial solution and in the supernatant after 

phase separation. 

4.2.4.3. Ternary sorption (Nb/Pa - manganese dioxide - HA) 

Ternary sorption experiment is similar to that of the process described in the section 4.4.2 

and the only difference is, the sorption experiments were carried out in the presence of humic 

acid. For better understanding of the effect of humic acid on sorption, humic acid 
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concentration was varied from 5 mg L-1 to 200 mg L-1
,
 both in acidic (pH 1) and basic 

medium (pH 9). 

4.2.5. Effect of ionic strength, temperature and equilibration time 

The effect of ionic strength on the sorption of Nb and Pa on manganese dioxide was studied 

in the range of 0.01 M to 1.0 M NaClO4. Similarly the effect of equilibration time on sorption 

was studied for time intervals of 1 h, 5 h, 10 h and 20 h to understand the kinetics of the 

sorption process. The temperature effect was also studied by carrying out sorption 

experiment at 5oC, 25oC, 50oC and 75oC. The distribution ratio (kd) was obtained using the 

equation 4.2. All the above three sets of experiments were performed both in acidic (pH 1) 

and basic (pH 9) medium.   

                                         k� =
(�����)

��
 X 

�

�
                                                 (4.2) 

Where m is the mass (mg) of manganese dioxide and V is the total volume (mL) of the 

solution. 

4.3. Results and discussion 

4.3.1. Characterization of manganese dioxide 

The XRD pattern of the laboratory synthesized manganese dioxide is shown in Figure 4.1. 

The XRD peaks are well matched with the ICDD diffraction pattern of pyrolusite or β-MnO2. 

FTIR spectrum Figure 4.2 data is in accordance with the literature reported data for 

pyrolusite [173]. The specific surface area of the oxide is about 9m2g-1.The hydrodynamic 

particle size is in the range 410-650 nm. SEM image given in Figure 4.3 shows the surface 

morphology of manganese dioxide. The zeta potential of manganese dioxide was measured 

in the pH range of 1 to 12 and it is observed that the point of zero charge (PZC) is about pH 4 

which is in accordance with literature [174].  Above pH 4, zeta potential becomes negative 
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and the magnitude increases with increase in pH of the medium. At pH 1, the negative zeta 

potential of HA may be because of the partial dissociation of carboxylic groups. 

 

Figure 4.1: XRD pattern of manganese dioxide 
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Figure 4.2: FTIR spectrum of manganese dioxide 

 

Figure 4.3: SEM image of synthesized manganese dioxide 

 

Figure 4.4: Zeta potential of manganese dioxide, humic acid and mixed system 
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Relatively steeper change in zeta potential of HA at pH 4-5 and pH 8-9, are attributed to the 

dissociation of carboxylic (–COOH) and phenolic (–OH) groups respectively. The zeta 

potential of the manganese dioxide-HA combined system was also measured and found to lie 

between the two individual systems (Figure 4.4) but the PZC of manganese dioxide is 

slightly shifted towards lower pH.  

4.3.2. Sorption studies 

4.3.2.1. Binary sorption (HA-Manganese dioxide) 

The sorption of HA on manganese dioxide, in the pH range 1-12 in 0.05 M NaClO4 medium 

is shown in Figure 4.5. At low pHs as the surface of hydrous manganese dioxide is 

protonated and obviously the surface remains positive charged whereas HA bears negative 

charge on it throughout the whole pH range studied. Hence the electrostatic attraction 

explains the near quantitative sorption of HA on manganese dioxide (90%). The surface 

charge of manganese dioxide decreases with increasing pH, then after pH 4 (Point of Zero 

Charge) it becomes negative, and therefore HA sorption decreases, and this observation is in 

accordance with literature report [175]. Excluding the electrostatic attraction/repulsion factor, 

several mechanisms of sorption of HA on mineral surfaces were reported in literature. These 

includes, ligand switch over phenomenon between active sites on the mineral surfaces and 

the functional groups of HA, hydrophobic interaction and sorption associated with 

conformational changes of HA. In addition with that, others factors like solubility and 

concentrations of HA and surface area mineral oxides can also affect the HA sorption on 

mineral surface. 
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4.3.2.2. Binary sorption (Nb/Pa - manganese dioxide) 

The sorption of Nb and Pa on manganese dioxide is shown in Figure 4.6. Generally, two 

factors, namely the electrostatic interaction and the surface complexation control the sorption 

of the radionuclides on colloid surfaces [2, 80, 93,176]. Electrostatic interaction depends 

upon the charge on the colloid surfaces, and the species of the metal ions exist in different pH 

conditions. The principal chemical forms of Nb and Pa in acidic solution are NbO2
+ and 

PaO2
+ respectively. While in mild acidic to mild basic solutions, the neutral species like 

NbO2(OH) or NbO(OH)3 for Nb and PaO2(OH) or PaO(OH)3 for Pa predominates.  

 

Figure 4.5: Sorption of humic acid on manganese dioxide with variation of pH 

The anionic species like NbO(OH)4
− or Nb(OH)6

- are the most stable above pH 9 and for Pa 

the species like Pa(OH)6
- persists [61,101, 104]. In the pH range 1-3, the sorption is low as 

the surface charge on manganese dioxide is positive and both Nb and Pa bear positive charge 

and whatever the sorption observed may be due to physisorption or ion exchange 

phenomenon between surface –OH group of manganese dioxide and the positively charged 
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Nb species. Again the same electrostatic repulsion above pH (9-12) between the negatively 

charged manganese dioxide surface and the negatively charged species of Nb and Pa explains 

their low sorption on manganese dioxide above pH 9. If we see more carefully, it is clear that 

the sorption above pH 9 is higher compared to the sorption in the pH range 1-3. This 

indicates physisorption alone is not responsible for the sorption of Nb and Pa on manganese 

dioxide above pH 9, some other mechanism also involved through which they get sorbed 

onto manganese dioxide surface.  

 

Figure 4.6: Sorption of Nb and Pa on manganese dioxide as a function of pH 

However, it is very difficult to explain the very high sorption value in the pH range 5-9, 

where the surface charge on manganese dioxide is negative and neutral species of Nb and Pa 

are predominating. The very high sorption in this pH range can only be explained by the 

surface complexation between the hydroxyl group of neutral Nb/Pa species and the surface 

hydroxyl group (-OH) of manganese dioxide.  
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4.3.2.3. Ternary sorption (Nb/Pa - manganese dioxide-HA) 

The presence of humic acid increase the sorption in acidic pH, but the reverse effect is 

observed in basic pH. HA is found to have insignificant effect on sorption in neutral pH 

region (Figure 4.7). The effect becomes more severe with increase in concentration of humic 

acid. At low pH, metal ions are feebly bound, whereas humic acid is firmly sorbed by 

manganese dioxide surface. Hence mineral bound humic acid facilitate the sorption of Nb 

and Pa on manganese dioxide surface. However, in basic pH, owing to its higher solubility, 

humic acid prefers to stay in solution rather than on hydrated MnO2 surface. The dissolved 

humic acid undergoes complexation with Nb and Pa using the carboxylic groups, causing 

increased concentration of Nb and Pa in solution and hence lowered sorption. The role of 

humic acid perceive here in agreement with several literature where it is stated that metal 

cations are weakly bound to mineral surface but raises in presence of HA [138, 177] but 

contradictory literature also available pointing that sorbed HA on surface reduces the 

available sites for metal ion and hence reduced sorption of metal ion in presence of humic 

acid in acidic pH [178]. 

At pH 1, it is observed that as the HA concentration exceeds 50 mg L-1, HA starts to 

agglomerate and itself form a new colloidal phase which is not observed in the basic 

medium. Therefore, above HA concentration of 50 mg L-1, the surface of manganese dioxide 

is totally covered by humic acid and this surface coated manganese dioxide causing the 

higher sorption and in  the mean while HA colloids also offer an additional phase for Nb and 

Pa to get sorbed. Thus the steeper enhancement of sorption for both the metal ion in presence 

of high concentration of humic acid is justified.  
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Figure 4.7: Effect of humic acid concentration on sorption of Nb and Pa on manganese 

dioxide at (I) pH 1 and (II) pH 9 

4.3.3. Effect of ionic strength on sorption 

Figure 4.8 shows the sorption of Nb and Pa on manganese dioxide, as a function of ionic 

strength. At pH 1, increase of ionic strength resulted in decrease the sorption value, whereas 

mild enhancement of sorption was observed at pH 9. This ionic strength dependent sorption 

study is utilized to differentiate between inner sphere and outersphere complexation.  

According to Hayes et al [179] variation of ionic strength can affect the sorption in the case 

of outersphere complexation. The principle rationale behind the above observation is the 

solution electrolyte can engage itself with the nonspecific sorption of the ions on present 

binding sites of the surface. The other reason is the change of interfacial potential due to 

change in ionic strength. This affect the activity of the adsorbing species as the solution 

electrolyte and the outer sphere complexes of adsorbing species are positioned at same plane 
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in the triple layer model. In the case of inner-sphere complexation, the adsorbing species 

situate much closer to the surface as compared to background electrolyte and hence ionic 

strength can not affect this type of complexation. The inference that can be drawn from the 

above observation is the possibility of physisorption or ion exchange or outersphere 

mechanism in acidic pH [180]. In basic pH, the effect of ionic strength is less prominent or 

nearly insensitive compared to in acidic pH. This observation indicates the possibly may be 

chemisorption mechanism at pH 9.  

 

Figure 4.8: Effect of ionic strength on sorption at pH 1 and at pH 9 

4.3.4. Effect of temperature on sorption 

Temperature is a critical parameter in sorption study, as it can directly affect the distribution 

ratio (kd) of the ion and finally kinetics of the sorption process. The temperature dependent 

variation of distribution ratio both in acidic and basic pH is given in Table 4.1. This 

phenomenon can be utilized in Van’t Hoff equation to deduce the thermodynamic parameters 

of the sorption process. 

                                   RT303.2
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The values of enthalpy, ΔHo, and entropy, ΔSo, were calculated from the slopes and 

intercepts of the log(kd) vs.1/T plot (Figure 4.9 & 4.10). Then The Gibbs free energy, ΔGo, of 

the sorption process is calculated from the equation: 

                             ∆G = ∆H-T∆S                                                 (4.5) 

Where R is the universal gas constant (8.314 J mol-1 K-1) and T is absolute temperature (K). 

Table 4.1: kd values of Nb and Pa on manganese dioxide in acidic (pH 1) and basic medium 

(pH 9) at different temperatures 

 Nb  Pa  

Temp (K)  k
d
 (Lkg

-1

)  

(pH  1)  

k
d
 (Lkg

-1

)  

(pH 9)  

k
d
 (Lkg

-1

)  

(pH 1)  

k
d
 (Lkg

-1

)  

(pH 10)  

278 685  7065  1123  16513  

298 981  3648  1870  4103  

323 1210  2008  2258  2046  

348 1069  1120  784  1571  

 

The thermodynamic parameters (Table 4.2) help in understanding the mechanism concerning 

the adsorptive interaction of Nb and Pa with manganese dioxide. The positive ∆Ho value 

indicates the adsorption process is endothermic in acidic pH. One possible explanation of the 

endothermic process is that both Nb and Pa are in +V oxidation state and are highly solvated 

in aqueous medium and before sorption on colloid surface, rupture of the hydration sphere 

occurred to some extent, and the  process requires energy. It is also assumed that the energy 

required for the dehydration exceed the exothermicity of Nb and Pa ions fixing on 

manganese dioxide surface and makes the whole process endothermic. The Gibbs free energy 

change (∆G) is negative, indicating that the process is spontaneous under the experimental 

conditions. 
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Figure 4.9: Log kd vs 1/T plot for Nb on manganese dioxide both in acidic (pH 1) and basic 

medium (pH 9) 

The positive values of entropy change (∆S) reflect the increase of randomness at the 

solid/liquid interface during the sorption process. The partial removal of water molecule due 

to the ion exchange process between the adsorbate and surface functional groups is the 

responsible factor behind positive entropy change [181]. Slightly different observation of 

reduction in kd at 75oC in acidic pH was observed (Table 4.1), suggesting weak interaction 

between the Nb/Pa and manganese dioxide colloids at that pH condition. The decrease in Kd 

is exactly in accordance with the phenomenon of decreased physisorption at higher 

temperature.  

At pH 9, ∆Ho is negative; designates the sorption process is exothermic. With increase of pH, 

the hydration sphere around Nb and Pa gets weaker as the oxo-hydroxy species are most 

favorable. This causes the reduction in energy required for the rupture of weak hydration 

sphere surrounding the metal ions. At the same instant, the energy liberated because of the 

chemical bond formation between Nb/Pa oxo-hydroxy species and surface hydroxyl group of 
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manganese dioxide, over compensates the energy required for the rupture of hydration sphere 

and hence makes the process exothermic. 

 

Figure 4.10: Log kd vs 1/T plot for Pa on manganese dioxide both at pH 1 and pH 9 

Although there are no hard and fast rules regarding the ∆Ho values to interpret the sorption 

nature, the enthalpy change of the sorption process, ranging from 2.1- 20.9 kJ mol−1 (0.5- 5 

kcal mol−1) is considered to follow the physisorption mechanism. The enthalpy change in the 

range of 20.9 - 418.4 kJ mol−1 (5.0 and 100 kcal mol−1) is associated with the charge sharing 

or formation of coordinate/covalent bond between metal surfaces and metal ions 

(chemisorption) [182-184]. 

The enthalpy change, associated with sorption process at pH 1, is significantly low (13.4 kJ 

mol-1) and indicates towards physisorption mechanism in acidic pH. At pH 9, the high 

enthalpy change (-29.8 kJmol-1) indicates the chemisorption mechanism.  

Table 4.2: The values of the thermodynamic parameters obtained for the sorption process 
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at 273K 

  Nb(V)  

pH ∆G
o

(kJM
-1

) ∆H
o

(kJM
-1

) ∆S
o

(JK
-1

M
-1

) 

1 -10.9 13.4 88.42 

9 -31.5 -29.84 1.9 

 Pa(V)  

1  -15.88  18.15  124.65  

9 -31.38  -26.63  17.4  

 

The combined uncertainties in kd values are calculated by considering the uncertainties arise 

from the counting statistics, the volumetric operations and the weighing. The uncertainty 

contribution from counting statistics is maximum and then from volumetric operation and 

weighing. The standard error propagation method was employed to get the final uncertainties 

associated with the measured parameters [185-187]. The uncertainty equation for % sorption 

(Equation 4.5) and kd (Equation 4.6) were derived based on the equations 4.1 and 4.2. 
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Where ‘u’ represents the uncertainty in the respective parameters discussed in equations 4.1 and 4.2. 

As the pH changed from 1 to 12, the relative uncertainties for % sorption and kd varied 3-6 % and 4-8 

% respectively.  

4.3.5. Effect of equilibration time on sorption 

The kinetic modeling of the time dependent sorption data was achieved using Lagergren’s 
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pseudo first order [188] and Ho’s pseudo second order model [189]. The details regarding 

these two kinetic model has been discussed in section 3.3.6. in chapter III. 

The observations of time dependent sorption of Nb and Pa on manganese dioxide both in 

acidic (pH 1) and basic media (pH 9) are shown in Figure 4.11 & 4.12. In acidic pH the 

kinetic data best fitted when we follow pseudo first order kinetics (regression coefficient: 

0.9999 and 0.9649 respectively for Nb and Pa) (Figure 4.13). This indicates in acid medium, 

the sorption of Nb and Pa on manganese dioxide follows pseudo first order kinetics and the 

sorption occurring predominantly via physisorption or the outersphere complexation 

predominant. But the kinetic sorption data for basic medium is well fitted with pseudo 

second order model (regression coefficient: 0.9999 for both Nb and Pa) rather than pseudo 

first order model (regression coefficient: 0.9519 and 0.9047 for Nb and Pa respectively) 

(Figure 4.14 & 4.15). This infers that chemisorption is the predominant mechanism of 

sorption at pH 9.  

Based on the ionic strength and temperature dependent data and the kinetic model fitting, the 

probable mechanism of sorption of Nb on manganese dioxide is shown in schematic manner 

in Figure 4.16. The sorption mechanism for Pa follow the same manner as described in 

previous figure for Nb.  
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Figure 4.11: Effect of equilibration time on sorption in acidic medium (pH 1) 

 

Figure 4.12: Effect of equilibration time on sorption in basic medium (pH 9) 
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Figure 4.13: Pseudo first order kinetic fitting in acid medium (pH 1) 

 

Figure 4.14: Pseudo first order kinetic fitting in basic medium (pH 9) 
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Figure 4.15: Pseudo second order kinetic fitting in basic medium (pH 9) 

 

Figure 4.16: Triple layer model for the sorption of Nb(V) on manganese dioxide 
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4.4. Conclusion 

The knowledge that can be gathered from the above sorption studies are (1) The sorption of 

Nb and Pa on manganese dioxide is quantitative in neutral to near neutral pH region. (2) In 

low pH, mineral bound humic acid enhances the sorption of Nb and Pa. In higher pH, 

dissolved humic acid complexes with Nb/Pa and reduced the sorption. (3) As the sorption is 

strongly dependent on ionic strength, it follows outer sphere complexation in low pH but the 

mild dependence in basic pH, reinforces the probability of innersphere complexation. (4) The 

positive entropy change of the sorption process in acidic pH makes the endothermic sorption 

process spontaneous. (5) Pseudo first order fitting in low pH suggests the high probability of 

physisorption, whereas pseudo second order kinetic fitting proposes the probability of 

chemisorption mechanism at high pH. 



 
 
 
 
 
 

 
 
 
 
 

Chapter V 
 

Evaluation of sorption mechanism using 
Thermodynamic studies and X-Ray Absorption Fine 

Structure (XAFS) 
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5.1. Introduction 

The generation of 94Nb and 231Pa in nuclear industry, the probable migration of these 

radionuclides as pseudo colloids and their speciation are discussed in Chapter I. In view of 

their probable colloid assisted migration, the sorption studies of 94Nb and 231Pa was carried 

out on naturally occurring colloids like silica and iron oxides (goethite, hematite and 

magnetite) and the effect of pH, humic acid, and equilibration time on the sorption have been 

studied in detail. The aim of this study was to obtain percentage sorption or solid/liquid 

distribution ratio of the isotopes for understanding performance assessment of nuclear waste 

repositories. It is realized that clear concept regarding the sorption species and the reaction 

mechanisms are required for prediction of their behaviour in environment as well as their 

migration in aquatic system. This will help in modeling of the migration and bio-availability 

of the radionuclides in environment. This knowledge will help in interpreting the conditions 

at which their migration is supposed to most probable and according measures can be taken 

to minimize the effect [190]. 

Several classical as well as spectroscopic methods are reported in the literature to understand 

the sorption mechanism and actinide surface speciation. In classical method, ionic strength 

[191, 192] and thermodynamic data [45, 193] have been used by different authors to 

understand these aspects. Generally, the spectroscopic techniques are supposed to offer more 

detailed structural information of sorption mechanism at the molecular level. As the sorption 

reactions generally occur at the solid-water interface, the spectroscopic techniques can be 

used for the in situ characterization of the surface complexes directly avoiding any undue 

alteration or disruption of structure in the complexes. In spectroscopic techniques, Time 

Resolved Laser Fluorescence spectroscopy (TRLFS) [194, 195], Raman or Infrared 
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spectroscopy [196], X-ray Photoelectron spectroscopy (XPS) [197,198], X-ray Reflectivity 

[199] and X-ray Absorption Fine structure (XAFS) [200, 201] have been used extensively for 

the above said purposes.  

Actinide speciation by TRLFS is based on the characteristic luminescence properties arising 

from their f−f electronic transitions. The identification and characterization of the species are 

based on the shift in the fluorescence peak and change in the fluorescence life time, as these 

parameters are strongly dependent on the hydration state of the actinides ion. This technique 

is highly sensitive, allows for molecular-level understanding of surface speciation and is 

considered to be one of the best technique for the said purpose at very low concentration 

level [43]. XPS being surface sensitive technique and measurements are performed in 

vacuum; there is a chance of alteration the species under experimental conditions of XPS 

study. Thus the technique become self limited for the speciation and sorption mechanism 

study along with the requirement of higher concentration of the sorbed species [43]. In 

comparison to XPS, attenuated total reflection Fourier transform infrared (ATR FTIR) 

spectroscopy is a more useful tool for the in-situ characterization of species sorbed on 

mineral surfaces, but the strong absorption band of water may interfere in these 

measurements [49].  

XAFS cite the ways through X-rays are absorbed by an atom at absorption edge energy or at 

slightly higher energy than that of absorption edge. The technique is based on the absorption 

probability by the atom. This absorption probability directly depends on the chemical and 

physical state o the atom. The technique provides the formal oxidation state, co-ordination 

number, type of neighbours, inter-atomic distance and structural disorders surrounding the 

selected element. XAFS spectra can be measured virtually for all the elements in the periodic 
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table. The main advantage of this technique is that, it does not require crystallinity of the 

sample and can be carried out in air. Because of that the technique has become one of the few 

useful structural probes available for characterizing non-crystalline and highly disordered 

materials and even for liquid sample. These advantages make the XAFS a versatile technique 

for the analysis of amorphous samples, liquids, biological samples, homogeneous and 

heterogeneous catalysts and obviously a very useful experimental technique in material 

science [202].  

The X-ray absorption spectrum is typically divided into two distinct regions: X-ray 

Absorption Near Edge Spectroscopy (XANES) and Extended X-ray Absorption Fine 

Structure (EXAFS). Though the origin of both is the same, but distinction is required for 

better interpretation. XANES is sensitive to oxidation state, while EXAFS is sensitive to 

coordination number, neighbouring species and their distance from the absorbing element. 

The main constraint of the technique is, it requires an intense tunable X-ray source which 

only can be offered by synchrotron radiation. The other limitations are: (a) the local structure 

determination is limited by mean free path of the photo-electron in the matrix, which is 

generally lie between 5-10Å radius from the selected element, (b) the concentration of the 

element required for the technique, is relatively high. The technique is widely used in the 

speciation study of actinides in mineral-water interface [43, 203].  

In the present study, we have tried to elucidate the sorption mechanism of Nb(V) on colloidal 

silica and hematite in different pH conditions using XAFS. We have tried to correlate the 

ionic strength and temperature dependent sorption data with the findings from XAFS of 

Nb(V) sorbed silica and hematite at different pH conditions. 

Because of the constraints of handling radioactivity at the facility and unavailability of Pa(V) 
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tracer solution of high concentration, EXAFS study of Pa(V) sorbed silica or hematite were 

not carried out in the present scenario. But as Nb(V) is considered as chemical analogue of 

Pa(V), so from the XAFS study of Nb(V) sorbed silica and hematite, we can have superficial 

idea regarding the sorption mechanism of Pa(V) on silica and hematite at different pH 

conditions.
 

5.2. Materials and methods 

5.2.1. Materials 

Sodium perchlorate (Sigma Aldrich), sodium hydroxide (NaOH) and perchloric acid (HClO4) 

of AR grade, colloidal silica (commercial grade AEROSIL 200), sodium salt of humic acid 

(Sigma Aldrich) were used in the experiments. Ultrapure water (Mili-Q gradient system, 

resistivity: 18.2 M cm-1) was used throughout the experiments. Silica was purchased and 

hematite, goethite and magnetite were synthesized in the laboratory. 94Nb and 231Pa 

radiotracers were used throughout the experiments. As both the elements are strongly 

hydrolysable in nature, the initial stocks were kept in 0.5M HF solutions. Prior to 

experiments, measured volume (1 mL) of the primary stock was taken into Teflon dish and 

evaporated to dryness eight times in 1:1 Perchloric acid medium. Finally the tracers were 

prepared in perchlorate medium (5 mL) and the process was repeated in 15 days interval as 

the tracers were not so stable in perchlorate medium (hydrolysis causes inhomogeneity of the 

tracer solution). 

5.2.2. Batch sorption studies 

The sorption experiments were carried out in batch mode. Polypropylene container was used 

to minimize the loss of the tracer on container wall. These experiments were conducted at a 

mass loading of 2g L-1 of SiO2, 2g L-1 of Fe2O3,100μL of each 2.2 x10-7 M of 94Nb, 9.6x10-6 
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M of 231Pa keeping the ionic strength at 0.05M NaClO4. The experiments were performed 

under ambient atmospheric condition at 25oC.  The equilibration time was maintained for 48 

h in a mechanical shaker (125 rpm) and the phase separation was carried out by high speed 

centrifugation at 10000 rpm for 1 h. 

The sorption of the radionuclides were measured by monitoring the corresponding activities 

in initial solution and the supernatant after phase separation using the gamma energies of 

702.7 keV for 94Nb and 283.7 keV for 231Pa. The activity measurement was carried out using 

High Purity Germanium (HPGe) detector (Canberra) coupled to 8k channel analyzer 

(Relative efficiency: 30%, Resolution: 1.9 keV at 1332 keV of 60Co).
 

pH dependent sorption was studied in pH range 1-12 and the pH of the solutions were 

adjusted using of 0.001 M or 0.1 M NaOH/HClO4 solutions in different cases so that volume 

addition of NaOH/ HClO4 is the minimum possible for any of the solutions. The pH was 

measured in the supernatant without agitation using pH meter (Oakton, pH700, USA), 

calibrated with commercially available buffer solutions of pH 4.01, 7.00 and 9.21. The effect 

of ionic strength on sorption was studied by varying the ionic strength from 0.01 M to 1.0 M 

NaClO4 in acidic (pH 1.2), neutral (pH 6.5) and basic medium (pH 10.5) for silica and at pH 

1.2 and pH 10.5 for iron oxides.
 

For thermodynamic evaluation of the sorption process for Nb/Pa on silica, temperature 

dependent studies were carried out at four different temperatures 5oC, 25oC, 50oC and 75oC 

at acidic (pH 1.2), neutral (pH 6.5) and basic (pH 10.5) conditions, keeping all other 

parameters unchanged. Similar studies were also carried out for Nb/Pa- iron oxides at pH 1 

and at pH 10. 

5.2.3. Sample preparation for XAFS  
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The batch experiments were carried out using tracer solutions in nano-molar (nM) 

concentration which was not sufficient for XAFS studies. Therefore to overcome the 

constraints, inactive Nb solution was used in elevated concentrations (mM) for the sample 

preparations. Samples were prepared by adding 2.5 mL Nb solution (0.01M) to 25 mL well-

dispersed silica solution (4 g L-1) keeping the rest of the parameters identical as in the case of 

batch experiments. The initial solutions were adjusted to the desired pH values (pH 1.2, pH 

6.5 and pH 10.5) with either dilute NaOH or HClO4, as mentioned before. Allowing the 

samples to equilibrate for 48 h in mechanical shaker and following centrifugation, Nb loaded 

silica sample at three different pHs were separated from supernatant but kept hydrated to 

keep the bonding feature intact, because bonding features usually changes on drying. The Nb 

sorbed hematite samples at different pH were also prepared in the similar manner. Hematite 

is chosen over goethite and magnetite for the XAFS study because, in hematite, Fe has well 

defined oxidation state (III) and does not impart any redox reaction at the surface as reported 

for the other two iron oxides [204-206] which unnecessarily complicate the XAFS data 

interpretations. 

5.2.4. XAFS methodology 

The XAFS measurements were carried out at the Energy-Scanning XAFS beamline (BL-9) at 

the Indus-2 Synchrotron source (2.5 GeV, 100 mA) in Raja Ramanna Centre for Advanced 

Technology (RRCAT), Indore, India [207].The operating energy range was 4 keV to 25 keV. 

The beamline optics consists of a Rh/Pt coated collimating meridional cylindrical mirror and 

the collimated beam reflected by the mirror is monochromatized by a Si (111) (2d=6.2709) 

based double crystal monochromator (DCM). The second crystal of DCM is a sagittal 

cylinder used for horizontal focusing while a Rh/Pt coated bendable post mirror, facing 
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down, was used for vertical focusing of the beam at the sample position. Rejection of the 

higher harmonics in the X-ray beam was performed by de-tuning the second crystal of DCM.  

In the present case, X-ray absorption spectrometry (XAS) measurements were performed in 

transmission mode by putting the slurry sample in transparent glass cuvette in the beam path. 

The experiments were performed at Nb K-edge energy (18.9856 keV). For the transmission 

measurements, three ionization chambers (300 mm length each) were used for data 

collection, one ionization chamber for measuring incident flux (I0), second one for measuring 

transmitted flux (It) and the third one for measuring X-ray absorption spectrum of a reference 

metal foil for energy calibration. Appropriate gas pressure and gas mixtures were chosen to 

achieve 10-20% absorption in first ionization chamber and 70-90% absorption in second 

ionization chamber to improve the signal to noise ratio. 

In order to take care of the oscillations in the absorption spectra )(E  has been converted to 

absorption function )(E  defined as given in following equation (5.1) [208] 
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                      (5.1) 

where, E0 is absorption edge energy, 0 0( )E  is the bare atom background and 0 0( )E  is the 

step in ( )E  value at the absorption edge. The energy dependent absorption coefficient 

( )E  has been converted to the wave number dependent absorption coefficient ( )k using 

the relation given in equation (5.2).  
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where, m is the electron mass. ( )k  is weighted by k2 to amplify the oscillation at high k  

and the χ(k)k2 functions are Fourier transformed in R space to generate the ( )R  versus R 

spectra in terms of the real distances from the center of the absorbing atom. The set of 

EXAFS data analysis programme available within Demeter software package was used for 

EXAFS data analysis [209]. This includes background reduction and Fourier transform to 

derive the ( )R vs R plot from the absorption spectra (using ATHENA software), generation 

of the theoretical EXAFS spectra starting from an assumed crystallographic structure and 

finally fitting of experimental data with the theoretical spectra using ARTEMIS software. 

5.3. Results and discussion 

5.3.1. Batch sorption  

The sorption of Nb and Pa on silica as a function of pH is already shown in Figure 2.12 in 

chapter II. The sorption of both the elements on silica in acidic pH is about 70% and it 

become almost quantitative between pH 6-9 and then slightly decreased in basic pH. The pH 

dependent sorption trends for both the elements have similarities with those reported in the 

literature on various sorbents [210, 211]. In our case sorption is higher in acidic region as 

compared to those reported in the literature and this may be attributed to very high surface 

area of silica. Somewhat reduced sorption below pH 3 as compared to pH range 6-9, is 

explained by electrostatic repulsive interaction between positively charged silica surface and 

the positively charged species of Nb and Pa exist at the acidic pH condition. Between pH 6-9, 

almost quantitative sorption is explained by surface complexation model where chemical 

bond formation is supposed to take place between surface silanol group of colloidal silica and 

hydroxyl groups of the oxo-hydroxy species of Nb/Pa. Beyond pH 9, the sorption slightly 

decreases but the reduction is not as much as in acidic pH condition. This infers that in basic 
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pH, the electrostatic interaction may not be the main controlling parameter behind the 

sorption phenomenon. 

The solubility of the colloidal silica was checked to understand that its solubility have any 

severe effect on the observed sorption process. The Si content in the solutions was found to 

about 1 mg L-1, 7 mg L-1 and 60 mg L-1 at pH 1, pH 6.5 and pH 11, respectively, which 

amounted to 0.05 %, 0.35 % and 3 % of the total silica uses in these experiments. So Silica 

dissolution can have only a  mild effect on sorption process, especially at higher pH. 

The sorption of Nb and Pa on hematite is shown in Figure 3.9 and 3.10 in chapter III. The 

sorption in acidic pH (upto pH 5) is very low (~15-20 %), showing marked difference as 

compared to the sorption of the elements on silica. Beyond pH 5, the sorption increases 

sharply and reach about 90% till pH become 9. After that, the sorption decreases again 

slightly with further increase in pH of the medium and the pattern is almost similar to penta 

valent element Np on hematite-water interface as reported in the literature [212]. The very 

low sorption in acidic pH may be due to the very high positive zeta potential of hematite 

surface below pH 6. Accordingly, this imparts strong Coulombic repulsive force between 

hematite surface and positively charged species of Nb/Pa causing a large reduction in 

sorption. The sorption pattern in neutral and basic region can be explained in the similar 

fashion as in case of Nb/Pa - silica system. The solubility of hematite throughout the working 

pH range is negligible over a large contact time. So the solubility of hematite does not affect 

the sorption behaviour of Nb/Pa on hematite in the studied pH conditions.  

5.3.2. Ionic strength effect 

The effects of ionic strength on sorption of Nb and Pa on silica at different pH are shown in 

Figure 5.1. In general, investigation of ionic strength effects on sorption of metal ion on 
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hydrous oxides is a benchmark method to differentiate between outer sphere surface complex 

(OSSC) and inner sphere surface complex (ISSC). If the sorption of metal ion decreases with 

increase of ionic strength, the mechanism is supposed to follow OSSC and is valid in those 

cases where the cation get sorbed on to positively charged oxide surfaces. Inertness of 

sorption to ionic strength has been considered as the indication of ISSC [43,179]. Literature 

on stimulating effect of ionic strength on sorption and adequate explanation about the 

observed trend is scanty [213, 214]. In the present study, it is observed that, ionic strength 

causes reduction of sorption in acidic medium (pH 1.2), indicating OSSC mechanism to be 

operative. In neutral medium (pH 6.5), sorption is effectively invariant with varying ionic 

strength suggesting ISSC mechanism.  

 

 

Figure 5.1: Effect of ionic strength on sorption of Nb and Pa on silica at (a) pH 1, (b) pH 6.5 
and (c) pH 10.5 
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In basic medium (pH 10.5), mild enhancement of sorption with increase of ionic strength was 

observed but the interpretation regarding this unconventional observation is very clear. The 

probable reason behind the promotive effect of ionic strength is the formation of ion pairs 

between the charged metal inner sphere surface complex and the counter ions present in the 

medium. In other words, high ionic strength effectively stabilises the highly charged surface 

complexes [43]. 

The effect of ionic strength on sorption of Nb and Pa on different iron oxides at pH 1 and pH 

10 is shown in Figure 5.2 and 5.3. 

 

Figure 5.2: Effect of ionic strength on sorption of Nb on iron oxides at pH 1 and at pH 10. 

 
It is observed that at pH 1, sorption strongly depends upon ionic strength whereas at pH 10, 

the sorption is almost insensitive with respect to change in ionic strength. This infers that the 

sorption follows OSSC in acidic pH and ISSC in basic pH. 
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Figure 5.3: Effect of ionic strength on sorption of Pa on iron oxides at pH 1 and at pH 10. 
 

5.3.3. Sorption thermodynamics 

Temperature is an extremely important parameter in sorption study, as it can affect the 

sorption processin different ways through altering equilibrium among solution species, 

change in the point of zero charge (PZC) of sorbent, change in distribution ratio (kd) of the 

ion and finally influencing the kinetics of the process involved.  In general, PZC of hydrous 

metal oxides decreases with increase in temperature. In the present work, the different 

thermodynamic parameters like enthalpy, entropy and free energy chnages were calculated 

using Van’t Hoff equation, 

                                  ���(�� )=  
∆��

�.����
−

∆��

�.�����
                                              (5.3) 

where, kd is the distribution ratio (L kg-1), T is absolute temperature, R is the universal gas 

constant (8.314 J mole-1), ΔHo and ΔSo are the standard changes in enthalpy and entropy 

associated with the sorption reaction. After linear fitting of log kd vs 1/T plot (Figure 5.4), 

ΔHo and ΔSo were obtained from the slope and intercept respectively. Free energy change 

was subsequently determined using the following equation 
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The values of ΔHo, ΔSo and ΔGo for different media (pH 1.2, 6.5 and 10.5) are given in Table 

5.1. Although there is no well defined criteria to relate ∆Ho values with the mechanism of 

sorption, as a general guide,  the heat of sorption values ranging from 2.1- 20.9 kJ mol−1 (0.5- 

5 kcal mol−1) are considered to correspond the physical sorption process and the values in the 

range of 20.9 - 418.4 kJ mol−1 (5.0 and 100 kcal mol−1) are considered to be associated with 

the sharing or formation of coordinate/covalent bond between mineral surfaces and the metal 

ions (chemisorption) [215-217]. In acidic medium, positive ΔHo suggests the sorption 

process is endothermic but the ΔGo value is negative, making the process spontaneous. To be 

mentioned that similar phenomenon was observed in Sb(V) sorption on kaolinite [218]. 

Slightly different and unlikely observation like a reduction in sorption at 75oC was observed, 

suggesting a weak interaction between the metal ion and silica colloids. This may be due to 

increased tendency of the metal ions to escape from the silica surface after a certain 

temperature. The ∆Go value in acidic region is in accordance with the results of the ionic 

strength experiments which suggested purely electrostatic interaction or OSSC.  

In neutral (pH 6.5) and basic (pH 10.5) media, almost quantitative sorption of Nb and Pa 

were observed on silica surface. The sorption reactions are exothermic (ΔHo negative) in 

nature and high magnitude of enthalpy ( 20.9 kJ mol-1) indicate that there is a possibility of 

charge sharing or bond formation which was supported by insignificant or mild effect of 

ionic strength on sorption at these pH conditions. 

The kd vs 1/T plot for the sorption study of Nb/Pa on iron oxides systems in acidic and basic 

pH are shown in Figure 5.5 to 5.7 respectively. The values of the thermodynamic parameters 

obtained from the temperature dependent sorption experiments are listed in Table 5.2 and 
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5.3. The sorption in acidic pH is endothermic but the positive entropy change makes the free 

energy of the sorption process negative and hence the sorption in acidic pH also becomes 

spontaneous. 

Table 5.1: Thermodynamic parameters of the sorption of Nb and Pa on silica at different pH 
(at 273K) 

pH Nb - Silica Pa - Silica 

 
∆Go  

(kJM-1) 

∆Ho  

(kJM-1) 

∆So 

 (JK-1M-1) 

∆Go 

 (kJM-1) 

∆Ho 

 (kJM-1) 

∆So 

 (JK-1M-1) 

1.2 -17.3 7.0 89.0 -16.7 6.6 85.6 

6.5 -25.5 -24.4 4.12 -24.6 -23.0 5.9 

10.5 -20.25 -21.5 -4.44 -19.84 -22.13 -8.4 

 

 

Figure 5.4: kd vs 1/T plot for the sorption of Nb and Pa on silica at (a) pH 1.2, (b) pH 6.5 and 
(c) pH 10.5 

 
For magnetite the enthalpy change is very high which indicates some other phenomenon also 
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taking place simultaneously along with the sorption process. Electrochemical studies on 

magnetite - Nb system suggest the occurrence of the redox reaction between Fe(II) site of 

magnetite and Nb which is getting sorbed onto the magnetite from the solution. The details 

regarding this electrochemical study and related observations have already been discussed in 

chapter III elaborately. In basic medium sorption in exothermic and the very large change in 

enthalpy suggest that the sorption of both Nb and Pa on all three iron oxides follow 

chemisorption mechanism i.e., covalent bond formation occurs between iron oxides surface 

and the species of Nb/Pa. 

 

Figure 5.5: kd vs 1/T plot for the sorption of Nb on iron oxides at pH 1 
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Figure 5.6: kd vs 1/T plot for the sorption of Nb on iron oxides at pH 10 

 

 

Figure 5.7: kd vs 1/T plot for the sorption of Pa on iron oxides at pH 1 and pH 10 

 

 

 



130  

Table 5.2: Thermodynamic parameters of the sorption of Nb on iron oxides at pH 1 and pH 9 
(at 273K) 

Iron oxides pH ∆Go(kJM-1) ∆Ho(kJM-1) ∆So(JK-1M-1) 

Goethite 1 -7.25  18.05  92.67  

9 -44.32  -42.4  -7.07  

Hematite  1 -12.1  12.21  89.03  

9  -31.38  -24.11  -6.31  

Magnetite  1 -10.82  35.23  168.68  

9  -50.0  -36.5  -45.76  

 

Table 5.3: Thermodynamic parameters of the sorption of Pa on iron oxides at different pH 
(at 273K) 

 Goethite 

pH ∆Go(kJM-1) ∆Ho(kJM-1) ∆So(JK-1M-1) 

1 -10.30 19.18 107.99 

10 -30.08 -26.26 -13.97 

 Hematite 

1 -9.67 17.3 98.79 

10 -23.95 -22.95 -3.83 

Magnetite 

1 -8.05 33.24 151.26 

10 -26.51 -24.41 -7.65 

5.3.4. XAFS data interpretation 

XAFS spectroscopic study of Nb in different kind of matrix like silica, alumina are available 

in the literature where Nb is present in the percentage level and the analysis has been carried 
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out in solid state [219, 220]. The XAFS study of Nb in colloid type matrix in mM 

concentration level is really scanty. The normalized X-ray absorption near edge structure 

(XANES) spectra at Nb K-edge is shown in Figure 5.8 for all the three pH conditions namely 

pH 1, 6.5 and 10.5. The same absorption edge positions for all three pH systems suggest 

identical oxidation state of Nb. XANES spectra are in general highly sensitive to the 

oxidation state and coordination geometry of the absorbing atom and any difference in 

absorption edge and spectra, suggests different coordination environment around Nb atom 

sorbed on silica at different pH conditions.  

 
 

Figure 5.8: Normalised XANES spectra at Nb K edge of Nb-SiO2 at different pH. The inset 

shows EXAFS spectra. 

( )R  vs R plots generated at Nb K-edge using Fourier transform range of k =3.0-9.5 Å-1 

from the μ(E) vs E spectra following the methodology described above are shown in Figure 

5.8. The theoretical backscattering amplitudes of Nb-O and Nb-Si are calculated assuming   
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K2Nb2Si4O14 structure since after extensive search it has been found that the Nb-O and Nb-Si 

bond lengths of the above compound more or less agree with that obtained in the present case 

[221]. However, it should be noted here that assumption of the above structure has only been 

used as an initial guess structure of the fitting process and does not critically affect the final 

results. During the fitting, bond distances, co-ordination numbers (including scattering 

amplitudes) and disorder (Debye-Waller) factors ( 2 ), which give the mean square 

fluctuations in the distances, have been used as fitting parameters. The best fit ( )R  versus R 

plots (Range R =1.0-3.5 Å) of the samples have been shown in Figure 5.9 along with the 

experimental data. The best fitting results are tabulated in Table 5.4 at Nb K-edge. 

 
Figure 5.9: Fourier transformed EXAFS spectra of Nb-SiO2 at Nb K edge at different pH 

(Scatter points) and theoretical fit (Solid line). 

 
The Fourier transform EXAFS spectra shown in Figure 5.9 is phase uncorrected, which 

shows coordination peaks at lower R , however the fitting results are obtained after phase 
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correction. In case of Nb-SiO2 (pH 1.2) system, there are two peaks at 1.5 Å and 2.5 Å as 

depicted in Figure 5.9, which corresponds to at least two shells of atoms in the vicinity of Nb 

atom, in our case (aqueous medium) these might be O atoms at different distance. Phase 

corrected fitting results indicate that, there are two O atom nearest to Nb at a distance 1.98 Å, 

suggesting the presence of Niobyl group present as [O=Nb=O]+ in hydrated condition. The 

other two O atoms at 2.08 Å may correspond to Nb-O bond which is less rigid and longer 

(Table 5.4). 

The contribution of oxygen in the second coordination peak is identified using multiple k -

weight procedure for the pH 1.2 systems (Figure 5.10). The same amplitudes of different k -

weighted spectra for the first and second peaks confirmed similar atomic species in both 

coordination shells [222]. The second shell also contains two O atoms with an average 

distance of 2.43 Å which are characteristics of the equatorial water molecules around Nb 

(Table 5.4). 

From the EXAFS data analysis for the system at pH 1.2, it is obvious that there is no nearby 

Si atom upto 3.46 Å and the EXAFS data could be fitted satisfactorily with O coordination 

shells (Table 5.4). The observation infers that there is no chemical bond formation between 

colloidal silica and Nb present in aqueous media. The finding also explains the low sorption 

of Nb on colloidal silica at pH 1.2. Hence the sorption at lower pH may be due to 

physisorption or ion exchange type interaction. 

Similar to Nb-SiO2 (pH 1.2) system, Nb-SiO2 (pH 6.5) and Nb-SiO2 (pH 10.5) also have two 

shells. For Nb-SiO2 (pH 6.5) system, the first peak at ~1.5 Å (Figure 5.10) corresponds to 1.8 

oxygen atoms at both 2.0Å and at 2.07Å distance respectively. For Nb-SiO2 (pH 10.5) 

system, the first peak at ~1.5 Å (Figure 5.10) corresponds to 1.63 and 1.67 oxygen atoms at 
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2.01Å and at 2.07Å distance respectively. However, the second peak appeared at 3.0 Å, 

showed disparity from the system at pH 1.2 (Table 5.4). 

Table 5.4: Bond length, coordination number and disorder factor obtained by EXAFS 

fitting for Nb-SiO2 at Nb K edge 

Sample Paths R(Å) N 2 

SiNb(pH 1.2) Nb-O 1.98±0.01 1.89±0.08 0.0018±0.0003 

Nb-O 2.08±0.01 1.80±0.08 0.0018±0.0003 

Nb-O 2.43±0.01 1.80±0.14 0.0010±0.0009 

Nb-O 3.46±0.01 3.92±0.28 0.0030±0.0010 

SiNb(pH 6.5) Nb-O 2.0±0.01 1.80±0.06 0.0020±0.0006 

Nb-O 2.070.01 1.80±0.06 0.0020±0.0006 

Nb-Si 3.44±0.02 1.32±0.12 0.0030±0.0010 

SiNb(pH 

10.5) 

Nb-O 2.01±0.01 1.63±0.08 0.0027±0.0006 

Nb-O 2.07±0.01 1.67±0.08 0.0027±0.0006 

Nb-Si 3.50±0.01 1.65±0.21 0.0017±0.0010 

 

At pH 6.5, different amplitudes for different k -weighted spectra for second peak have been 

found, which suggests different species than oxygen in second peak (Figure 5.11). The 

second peak has contributions from Si at the distance of 3.44 Å.  

In the case of the system at pH 6.5, EXAFS data analysis clearly showed the presence of O 

atoms in first coordination sphere and Si atoms in the second coordination sphere of Nb 

(Table 5.4). This implies the formation of chemical bond between silica and Nb atoms, 

present in aqueous media via oxygen bridge. 

The formation of chemical bonds between Nb and Si leads to high sorption of Nb onto silica 
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at this pH condition. The Si atom density around Nb atom at pH 6.5 is about 1.32, which 

indicates that majority of the Nb species get bonded with silica through one silanol group (-

Si-OH), and rest through two silanol groups. To be mentioned here that the EXAFS study of 

transuranic element, neptunium (V), in different sorbents like goethite and hematite, are 

reported in the literature for neutral or slightly basic medium [203,223]. The studies reveal 

the formation of the inner sphere complexes at the neutral pH conditions. 

In basic medium (pH 10.5), the NbO2
+ species are more disrupted than at pH 6.5 which is 

evident from the decreased number of O atom (N= 1.67) at 2.01 Å. Alike the system at pH 

6.5, there are also the presence of Si atoms (N= 1.65) at 3.5 Å away from Nb atom, which is 

confirmed by k-weighted test (Figure 5.12), and suggest the probability of bond formation 

between Nb species and surface silanol groups of silica. As at pH 10.5, the Si atom density 

around Nb is 1.65, which suggests that the maximum probability with which the Nb species 

get attached with silica through two silanol groups.   

 

Figure 5.10: K-weight test for SiO2-Nb system at pH 1 
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Figure 5.11: K-weight test for SiO2-Nb system at pH 6.5 

 

Figure 5.12: K-weight test for SiO2-Nb system at pH 10.5 

The parity among the ionic strength data, thermodynamic data and spectroscopic data 

together established the probable mechanism of sorption of Nb on silica in acidic, neutral and 

basic medium. In acidic medium, the mechanism is supposed to be outersphere 
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complexation, whereas in neutral and basic medium, it is innersphere complexation. As Nb is 

considered as the chemical analogue of Pa(V) and from the experimental sorption data it is 

anticipated that both the elements follow the similar sorption mechanism at different pH 

conditions. 

The probable sorption mechanism of Nb on silica in different pH is presented schematically 

in the Figure 5.13.Quite similar mechanism can also be suggested for Pa at different pH 

conditions 

 

Figure 5.13: Probable sorption mechanism of Nb on silica at (a) pH 1 (b) pH 6.5 and (c) pH 

10.5 
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The normalized X-ray absorption near edge structure (XANES) spectra at Nb K-edge for Nb-

Fe2O3 system is shown in Figure 5.14 for all three pH conditions. The best fit ( )R  versus R 

plots (fitting range R =1.0 - 6 Å) of the samples have been shown in Figure 5.15 along with 

the experimental data. The details of the EXAFS data analysis of Nb sorbed hematite at 

different pH (1, 6 and 10) is given in Table 5.5. The Nb-Fe2O3 system at pH 1 shows that 

1.88 numbers of oxygen atom at a distance of 1.76 Å, corresponds two NbO2
+ group. The  

second  and  third peaks corresponds to the longer and less rigid Nb-O bond with the oxygen 

atoms from water molecules, satisfying the coordination number of Nb. 

The contribution of oxygen in second coordination peak is identified using multiple k -

weight procedure. The same amplitudes of different k -weighted spectra for the first and 

second peaks confirmed similar atomic species in both coordination shells. With increase of 

pH, the NbO2
+ species becomes less stable which is evident from the decreasing number of 

oxygen atom in the first co-ordination shell of Nb. 

For the Nb-Fe2O3 system at pH 6.5, there are 1.62, 2.02 and 1.97 numbers of oxygen atoms 

at 1.76 Å, 1.93 Å and 2.15 Å distances respectively surrounding Nb atom. The contribution 

from oxygen atoms confirmed by the multiple k-weighted test. The test shows that, the forth 

peak does not correspond to oxygen atom. The atom is identified as Fe with number density 

of 0.5 at a distance of 2.93 Å. This infers that the formation of chemical bond between 

hematite surface and the Nb during the sorption at pH 6.5. 

The Nb-Fe2O3 system at pH 10 shows almost similar bonding features as that in the case of 

system at pH 6.5. The main difference is that the Fe atom density around Nb atom is higher 

in pH 10 system compared to system at pH 6.5. Thus there are 2 numbers of iron atoms at a 

distance of 2.72 Å.  
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Figure 5.14: Normalised XANES spectra at Nb K edge of Nb-Fe2O3 at different pH. The 

inset shows EXAFS spectra 

 

Table 5.5: Bond length, coordination number and disorder factor obtain by EXAFS 
fitting for Nb-Fe2O3 at Nb K edge 

Sample Paths R(Å) N 2 

Nb-Fe2O3 (pH 1) Nb-O 1.76±0.01 1.88±0.90 0.0065±0.0012 

Nb-O 1.87±0.01 2.08±0.90 0.0065±0.0012 

Nb-O 2.07±0.01 2.94±0.60 0.0056±0.0023 

Nb-Fe2O3 (pH 6) Nb-O 1.76±0.02 1.62±0.36 0.0012±0.0010 

Nb-O 1.93±0.02 2.02±0.36 0.0012±0.0010 

Nb-O 2.15±0.02 1.97±0.36 0.0012±0.0010 

Nb-Fe 2.93±0.03 0.46±0.28 0.0015±0.0009 

Nb-Fe2O3 (pH 10) Nb-O 1.77±0.01 0.98±0.27 0.0010±0.0008 

Nb-O 1.97±0.01 2.98±0.27 0.0010±0.0008 

Nb-O 2.34±0.01 3.30±0.61 0.0049±0.0018 

Nb-Fe 2.72±0.02 2.01±0.48 0.0078±0.0022 
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This finding also proves the chemical bond formation at pH 10 between hematite surface and 

Nb which is getting sorbed. Similar type of observation is reported by Bots et al [224] where 

the authors found that Np(V) is coordinated with one iron atom at 2.88 Å distance for Np-

Fe2O3 system at pH 11. 

These findings support the physisorption mechanism in acidic pH and chemisorption 

mechanism at neutral and basic pH conditions. The probable sorption mechanism of Nb/Pa 

on hematite surface will be very similar to that as presented for Nb on silica in Figure 5.13. 

 

Figure 5.15: Fourier transformed EXAFS spectra of Nb-Fe2O3 at Nb K edge at different pH. 
(Scatter points) and theoretical fit (Solid line). 

 
5.4. Conclusions 

From the present study, major conclusions drawn are: (a) The ionic strength dependent 

sorption of Nb and Pa on silica and hematite under acidic pH conditions is primarily due to 
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the Outer Sphere Surface complexation, which is solely governed by electrostatic forces. On 

the contrary, the insensitive nature of sorption with ionic strength in neutral and alkaline pH 

conditions indicates Inner Sphere Surface Complexation, which is governed by electron 

sharing or bond formation. (b) Enthalpy changes associated with the sorption process at 

different pH further supports the observation of the ionic strength dependent results. (c) 

XAFS study of the Nb sorbed colloidal silica at different pH clearly shows that in acidic pH, 

Nb is not coordinated with Si atoms and the whole coordination is satisfied by oxygen atoms 

only. In neutral and basic medium Nb is bonded with one to two Si atoms indicating Nb-O-Si 

type co-ordinations and thus supporting chemisorption mechanism. In the case of hematite 

also, in acidic pH, there is no evidence of Nb and Fe bonding, oxygen atom satisfying the 

whole coordination sites of Nb. In neutral and basic medium, however Nb is coordinated 

with Fe atoms suggesting Nb-O-Fe type coordination and hence chemisorption mechanism. 

So in the present study, there is a good agreement among the chemical, thermodynamic and 

spectroscopic data which together establish the physisorption nature in acid medium and 

chemisorptions in neutral and basic medium.   

 

 

 

 

 
 
 
 



LIST OF ABBREVIATION 
 

Nuclear Fuel Cycle         NFC 

Ammonium Di-uranate        ADU 

Fast Breeder Test Reactor         FBTR 

Pressurized Heavy Water Reactor       PHWR 
 
Low Level Waste         LLW 
 
Intermediate Level Waste        ILW 
 
High Level Waste         HLW 
 
High Efficiency Particulate Absorber       HEPA 

Humic Substances         HS 
 
Humic Acids          HA 

X-Ray Absorption Fine Structure       XAFS 

Time Resolved Laser Fluorescence Spectroscopy     TRLFS 

X-Ray Photoelectron Spectroscopy       XPS 

Distribution Coefficient        kd 

X-Ray Diffraction         XRD 

Brunauer-Emmett-Teller        BET 

High Purity Germanium Detector       HPGe 
 
Dynamic Light Scattering        DLS 

Energy Dispersive X-Ray Fluorescence      EDXRF 

Energy Dispersive X-Ray Spectrometry      EDS 

Fourier Transfomed Infrared Spectroscopy      FTIR 

 
 



SYNOPSIS 
 

Since the discovery of radioactivity, it finds application in various fields of science & 

technology. It has enriched our society in several areas namely power production, medical 

science, agriculture, industry and strategic applications. In the field of power production, the 

term Nuclear Fuel Cycle (NFC) is used to describe the entire cycle starting from the mining of 

uranium to the reprocessing of spent fuel and the final disposal of the radioactive waste. The 

process from mining to fuel fabrication is called Nuclear Front End, whereas the reprocessing 

and waste management is termed as Nuclear Back End of the NFC. The main source of high-

level radioactive waste is the fission products in the spent fuel from nuclear reactors. Other 

sources of radioactive waste arise from nuclear weapons testing, decommissioning of nuclear 

facilities and the waste from radioactive laboratories. It has been envisaged that high-level waste 

originating from the nuclear reprocessing plant will be stored underground in geological 

repositories after suitable treatment [1]. The main objective of underground storage of 

radioactive waste is to isolate it from the environment for a long period of time to avoid any 

possible release to cause any undue radiation exposure [2].  

Nowadays, the back end of the NFC has become the most concerned and challenging research 

area in the nuclear industry, although there are standard protocols in place for the management 

and disposal of radioactive waste. The concern is due to any possible unwanted release and 

migration of radionuclides [3], more specifically those radioisotopes that have high yield in the 

fission/activation process and long half-life [4]. In general, the factors affecting the release and 

migration of the radionuclides in the environment are precipitation, complexation and sorption 

processes. Precipitation process takes the radionuclides in solid phase, thereby limits the 

concentration in the solution phase and thus retards their release and migration. Complexation of 



the radionuclides with organic and inorganic ligands present in aqueous medium can increase the 

release and migration of the species due to increased solibilization of the complexes. This 

increases the concentration of the radionuclides in the mobile phase. Attachment of radionuclides 

to mineral or rock surfaces in contact with aqueous phase, called the sorption process, can reduce 

the migration process substantially [5]. Based on the above three processes, most of the existing 

literature suggests that the tri and tetravalent radioisotopes cause no major hazard, as they have 

very high tendency to get sorbed onto the material engineered for their isolation and also in host 

rocks [6]. Earlier, a two-phase model, consisting of a mobile and a stationary phase, was used to 

explain the migration of radionuclides in aquatic system. However, a recent study reveals the 

migration of 239Pu upto a distance of about 1.3 km in 30 years from the Nevada test site [7]. 

Penrose et al. [8] have studied the behaviour of Pu and Am in the Mortandad canyon and 

observed the migration rate of these radionuclides of about 0.5 km y-1 from the source. The two-

phase model was unable to explain such fast and long-distance migration of radionuclides 

observed in previous cases. Another drawback of the two-phase model is its inability to explain 

the migration of radionuclides which have very low aqueous solubility. It was suggested that the 

colloids present in groundwater provide an additional phase causing enhanced migration [7]. 

Therefore, a three-phase model consisting of a mobile phase, a stationary phase and suspended 

colloids in mobile phase has been introduced to explain the enhanced migration of radionuclides 

and other contaminants in groundwater [9, 10]. 

The most important natural ligands found in groundwater are the humic acids. The presence of 

humic acid may affect the sorption and migration of radionuclides in the groundwater [11, 12]. It 

is reported that the anthropogenic actinides are about 10 times more concentrated in humic acid 

fraction than in the overall topsoil [13]. The complexation of humic acids with radionuclides 



increases the mean residence time of actinides in the mobile phase, which in turn reduces the 

sorption of the radionuclides to the stationary phase and thus enhances their migration. Humic 

acids can also affect the sorption behaviour of radionuclides by altering the oxidation state e.g. 

U(VI) to U(IV) and Np(V) to Np(IV) [13]. 

Oxides, especially those of Si, Al, and Fe, occur as colloids in groundwater. Various aspects of 

colloids that facilitate the transport of radionuclides in natural groundwater systems have been 

reviewed by Patera et al. [14]. Extensive work has also been carried out to understand the 

sorption of radionuclides on several minerals which include hydrous oxides of Fe [14-17], Mn 

[18], Si and Al [19], montmorillonite [20],  bentonite [21] etc., studied for several radioisotopes 

like U, 239Pu, 244Cm, 241Am, 60Co, 152Eu, 230Th, 90Sr, 137Cs and so on. 

Literature regarding leaching, sorption and migration of niobium (94Nb) and protactinium (231Pa) 

[22-24] are scanty and this motivated us to carry out extensive sorption studies for these two 

radionuclides in different hydrous oxides of Si, Fe and Mn, present in aquatic systems. The effect 

of pH, naturally occurring humic acid ligands, ionic strength, equilibration time and temperature 

on the sorption behaviour of 94Nb and 231Pa nuclides on silica, iron oxides and manganese 

dioxide have been evaluated. The sorption mechanism has been elucidated based on the classical 

sorption data (ionic strength and temperature dependent sorption study) and the spectroscopic 

evidences (Extended X-ray Absorption Fine Structure) obtained from the present study. In the 

PhD thesis, the work has been presented and discussed in six chapters, briefly described as 

follows. 

Chapter 1: Introduction 

This chapter provides the general introduction of the thesis encompassing the basic aspects of the 



element niobium (Nb) and protactinium (Pa). The course, in which 94Nb and 231Pa are generated 

in the nuclear industry, may be described as follows. Zirconium-niobium (Zr-Nb) alloy is used as 

pressure tubes in nuclear power reactors [25] because of its excellent mechanical strength [26] 

and very high resistance to hydride attack. 94Nb (half-life: 2.03 x 104 y) is generated in the 

pressure tube by the (n,γ) reaction of the stable isotope 93Nb. The presence of 94Nb, along with 

other fission and activation products in discharged pressure tubes, results in large radiation field. 

The short and medium-lived radioisotopes (half-life: ≤ 1.5 y) decay off after 8-10 years of 

cooling [27]. 94Nb activity remains for a prolonged period due to the long half-life.  

Thoria is irradiated in a nuclear reactor for the production of fissile isotope 233U via (n, γ) nuclear 

reaction of 232Th and subsequent beta decay of 233Th. Along with 233U, 231Pa (half-life: 3.27 x 104 

y) is also generated via (n, 2n) nuclear reaction of 232Th and consecutive beta decay [28]. After 

extraction of 233U, 231Pa remains in the aqueous phase along with other actinides. This aqueous 

phase is considered as high-level radioactive liquid waste. The severe concern in the handling 

and management of this high-level waste is the presence of 231Pa, because the isotope is both 

long-lived and alpha-emitting [29]. 94Nb and 231Pa are thus two important radionuclides in 

radioactive waste and could have long term radiological impact. Chemical properties of these 

two elements and their comparisons are discussed in this chapter, which are the basis of the 

present thesis work. 

Chapter 2: Sorption of 94Nb and 231Pa on colloidal silica 

Sorption of niobium (Nb) and protactinium (Pa) on silica colloids was studied using radiotracer 

(94Nb and 231Pa) in the pH range of 2-11 in NaClO4 medium, adopting batch equilibration 

method. Gamma activity measurements were carried out using high purity germanium (HPGe) 

detector coupled to 8k channel analyzer. Silica was characterized using X-ray diffraction (XRD), 



light scattering and surface area measurements. The point of zero charge for silica colloids was 

about pH 2. It is found that both Nb and Pa were strongly sorbed on silica colloids in the pH 

range of 3 to 9 in NaClO4 medium. The sorption is lower (70-80 %) below pH 3 and above pH 9. 

There is no significant change in the sorption behaviour of both Nb and Pa on silica colloids in 

the presence of humic acid between pH 3 to 9. However, there is a small increase in the sorption 

below pH 2 and a small reduction in sorption above pH 10. 

The pH dependent sorption phenomenon observed can be explained in terms of the chemical 

species of Nb and Pa exist at different pH condition and the variation in the zeta potential of 

silica at different pH. Literature reports suggest that both the elements exist as single positively 

charged species below pH 3 and this was confirmed in the case of Pa by determining the average 

charge (~ +1) in dilute HClO4 medium (0.1 to 3M). Coulombic repulsion between the positively 

charged Pa and positive surface charge on silica colloids may be the reason for the lower 

sorption below pH 3. The strong sorption on silica colloids in the pH range 3 to 9 was assigned 

to the surface complexation between neutral species of Nb/Pa with the silanol groups of silica 

colloids. In basic pH, both Nb and Pa exist as negatively charged species and the zeta potential 

of silica is highly negative. Therefore, coulombic repulsion between them reduces the sorption of 

Nb/Pa on silica colloids in the alkaline condition. 

The slight increase of sorption below pH 2 in the presence of humic acid (HA) may be due to 

sorption of humic acid on silica causing a reduction in surface charge of the colloids. In basic 

medium, carboxylate groups of humic acid may undergo complexation with Nb/Pa, increasing 

the concentration of the metal ions in the solution, and thus reducing their sorption on silica 

colloids. 

Chapter 3: Sorption of 94Nb and 231Pa on various iron oxides 



In this Chapter, results on the sorption of Nb and Pa on various iron oxide colloids are reported 

along with the effect of pH, ionic strength, humic acid and temperature on the sorption process. 

Iron oxides viz. goethite (FeOOH), hematite (α-Fe2O3), and magnetite (Fe3O4) were chemically 

synthesized and characterized by XRD, particle size, surface area, and zeta potential 

measurements. Results show that the sorption of Nb on all the three iron oxides was low (10-20 

%) at pH 1, increased to ~ 90% at pH 8 and decreased marginally above pH 8. Presence of humic 

acid resulted in increased sorption of Nb/Pa on iron oxides in acidic medium, whereas the 

reverse was observed in basic medium. In acidic medium (pH 1), it is observed that the sorption 

is decreased with an increase in the ionic strength, and the effect of ionic strength is found to be 

strongest in the case of goethite, and least in the case of hematite. In basic medium (pH 10), the 

effect of ionic strength on sorption is quite negligible for all three oxides. From the above 

observations, it is inferred that the sorption in acidic pH occurs mainly due to ion-exchange 

between positively charged species of Nb/Pa and the surface –OH groups on the iron oxides. In 

basic pH, ion exchange phenomenon cannot contribute to the sorption, because the existence of 

Nb/Pa as the anionic species, causing a reduction in the sorption. Thermodynamic parameters 

viz. activation energy, enthalpy, entropy, free energy, and sticking probability were estimated to 

understand the mechanism of the sorption process. Although the enthalpy is found to be positive, 

the free energy change is overall negative, suggesting the sorption process to be an entropy-

driven phenomenon. The sorption process followed pseudo-second-order kinetics and the 

sticking probability model of sorption indicated that the process is indeed chemisorption. The 

dissolution study of iron oxides shows that the iron concentrations in the supernatant in the case 

of goethite and hematite are negligible throughout the pH range, whereas ~3 % magnetite got 

dissolved in acidic pH. The solubility of magnetite in the acidic region may be due to the 



presence of Fe(II) in its structure which partially goes to the solution phase. From the above 

studies, it is clear that sorption is not influenced by the dissolution of goethite and hematite in 

acidic pH, though a mild effect exists in the case of magnetite.  

Chapter 4: Sorption of 94Nb and 231Pa on manganese dioxide 

The sorption of Nb/Pa on synthesized manganese dioxide has been described in this Chapter. 

The effects of pH, ionic strength, humic acid, temperature and equilibration time were 

investigated in a series of batch equilibrium experiments. The synthesized oxide was 

characterized using XRD, Fourier transform infrared (FTIR) spectroscopy, Scanning electron 

microscopy (SEM), surface area, particle size, and zeta potential measurements. The sorption is 

found to be affected by solution pH, ionic strength and humic acid. The sorption is high in 

neutral and near neutral pH zone (~ 96 %) but lower sorption is observed both in acidic pH (70-

80 %) and basic pH (~ 85 %) conditions. Sorption decreases in acidic pH with an increase in 

ionic strength and reverse effect is seen in basic pH, although the effect in the latter case is less 

prominent. From the above results, it is inferred that the mechanism of sorption is the 

physisorption or outer sphere complexation at acidic pH and chemisorption or innersphere 

complexation at basic pH conditions. Presence of humic acid enhances the sorption in acidic pH, 

which indicates that mineral bound humic acid facilitates the sorption process at low pH whereas 

at higher pH, the dissolved humic acid complexes with Nb/Pa causing a decrease in sorption on 

manganese dioxide. The sorption process is found to be endothermic in acid medium but the 

positive entropy change makes the free energy of the sorption process negative and hence the 

process is spontaneous. However, the sorption in basic medium is exothermic and the high 

magnitude of enthalpy change indicates that the sorption process follows the chemisorption 

mechanism. Kinetics of the sorption is found to follow pseudo first order rate under acidic pH 



whereas pseudo second order rate under basic pH. Pseudo first order fitting under low pH 

condition suggests the physisorption mechanism whereas pseudo second order kinetic fitting 

proposes the chemisorption mechanism at high pH condition. 

Chapter 5: Evaluation of sorption mechanism using Extended X-ray 

Absorption Fine Structure (EXAFS) 

The sorption experiments discussed in the previous chapters were carried out using tracer 

solutions of 94Nb and 231Pa in nanomolar (nM) concentration, which is not sufficient for EXAFS 

studies as the method require higher concentration. Due to the constraints of handling 

radioactivity at the EXAFS facility, inactive Nb solution was used in elevated concentration 

(mM) for the sample preparation. Nb sorbed silica samples at pH 1.2, 6.5 and 10.5 were prepared 

and kept hydrated, to keep the bonding feature intact. Complete drying of the samples were 

avoided because it may change the binding features. 

The EXAFS measurements were carried out at the Energy-Scanning EXAFS beamline (BL-9) at 

the Indus-2 Synchrotron Source (2.5 GeV, 100 mA) in Raja Ramanna Centre for Advanced 

Technology (RRCAT), Indore, India. X-ray absorption spectrometry (XAS) measurements were 

performed in transmission mode placing the slurry sample in a transparent glass cuvette in the 

beam path. The experiments were performed at Nb K-edge energy. The same absorption edge 

position for all three pH condition suggests identical oxidation state for Nb. 

The Fourier transform EXAFS spectra of Nb-SiO2 at pH 1.2 suggests that there are two O atoms 

nearest to Nb at a distance 1.98 Å, indicating the presence of niobyl group as [O=Nb=O]+ in 

hydrated condition. The other two O atoms at 2.08 Å may correspond to Nb-O bond which is 

longer and less rigid. The same amplitudes of different k -weighted spectra for the first and 



second peaks confirm similar atomic species in both the coordination shells. The second co-

ordination shell also contains two O atoms with an average distance of 2.43 Å, which are the 

characteristics of equatorial water molecules around Nb. From the analysis of the EXAFS data at 

pH 1.2, it is obvious that there is no nearby Si atom upto 3.46 Å and the EXAFS data could be 

fitted satisfactorily with oxygen coordination shells.  

It is inferred that there is no chemical bond formation between colloidal silica and Nb present in 

aqueous media. This finding also explains the low sorption of Nb on colloidal silica at pH 1.2. 

Hence the sorption at lower pH may be attributed to physisorption or ion exchange mechanism. 

Although the systems at pH 6.5 and pH 10.5 have the same type of environment in the first 

coordination shell, the analysis suggests the presence of Si atom in the second coordination 

sphere. This implies the formation of chemical bond between silica and Nb atoms via oxygen 

bridge. The formation of chemical bonds between Nb and Si leads to high sorption of Nb onto 

silica at these pH conditions. The Si atom density around Nb atom at pH 6.5 and pH 10.5 are 

found to be about 1.32 and 1.65, respectively.  

The EXAFS data of Nb sorbed hematite at three different pH (1, 6 and 10) also confirmed that at 

pH 1, Nb is not coordinated with Fe atom whereas at pH 6 and at pH 10, Nb is coordinated with 

0.5 and 2 numbers of Fe atoms at 2.93 Å and 2.72 Å distances, respectively. These findings 

support the physisorption mechanism in acidic pH and chemisorption mechanism at neutral and 

basic pH conditions. 

Chapter 6: Summary and future perspectives 

In this Chapter, a brief summary of the research work carried out under the PhD programme has 

been presented, highlighting the major observations and suggesting the future perspectives of the 



present investigation. 

The major outcomes of the present study are as follows: 

(i) The sorption of both 94Nb and 231Pa in the acidic range is low and follow physisorption 

mechanism. The sorption is however quantitative in neutral or near neutral pH region and 

suggested to chemisorption mechanism. These propositions have been established based on 

ionic strength and temperature dependent sorption data as well as from the EXAFS 

spectroscopic evidences. 

(ii) The quantitative sorption in neutral to near neutral pH region indicates that in the natural 

aquatic condition the migration of these two radionuclides is mainly assisted by the colloids 

present in the medium. 

(iii) The naturally occurring complexing ligand i.e. humic acid, can alter the Nb/Pa sorption both 

in acidic and basic region, either by its self-absorption onto the colloids or by its 

complexation with the radionuclides at those respective pH conditions. 

Future perspective of the present investigation:  

(i) EXAFS investigation in Nb sorbed pyrolusite systems can provide more information on the 

sorption mechanism. 

(ii) More detailed spectroscopic investigations on the sorption behaviour of Nb/Pa on iron oxides 

of mixed oxidation state (magnetite) and studies in regards to changing of metal ion 

oxidation states can provide more insight of the sorption process. 

(iii)  Utilization of laser-based fluorescence techniques to study the sorption mechanisms in very 

low concentration level of the radionuclides can provide more relevant information. 



(iv) Sorption study of 94Nb and 231Pa on naturally occurring bentonite, clay minerals and soil 

samples are worth to be investigated in regard to the migration of radionuclides in aquatic 

systems. 
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In this thesis, the sorption studies of 94Nb and 231Pa on silica, iron oxides and manganese 

dioxides and effect of different physico-chemical parameters were described. The sorption 

mechanism is evaluated based on ionic strength and temperature dependent sorption phenomena 

and EXAFS spectroscopic investigation of the Nb sorbed silica and hematite at different pH. 

Both Nb and Pa are strongly associated with colloidal silica, iron oxides and manganese dioxide 

especially in the neutral pH to 

mildly basic pH region. In 

acidic pH the sorption of both 

the radionuclides is low for iron 

oxides but quite high for silica 

and manganese dioxide. Humic 

acid affects the sorption in 

acidic and basic medium either 

by its self-absorption onto the 

colloids or its complexation 

with the radionuclides at those 

respective pH conditions. There 

is mild effect of dissolution of iron oxides in acidic region (pH1-2) but for silica effect was 

observed above pH 10. Dissolution doesn’t affect the sorption in case of manganese dioxide.  

EXAFS study of the Nb sorbed silica at different pH clearly shows that in acidic pH, Nb is not 

coordinated with Si atom, whole coordination is satisfied by oxygen atom only. In neutral and 

basic medium, Nb is bonded with Si atom at 3.44 Å and 3.50 Å distances respectively. In the 

case of hematite in acidic pH, there is no evidence of Nb and Fe bonding but in neutral and basic 

medium, Nb is coordinated with 0.5 and 2 numbers of Fe atoms at 2.72 Å and 2.88 Å distances 

respectively.  

The quantitative sorption in neutral to near neutral pH region indicates that in the natural aquatic 

conditions the migration of 94Nb and 231Pa is mainly assisted by the colloids present in the 

medium. 
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