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Synopsis

SYNOPSIS

Nuclear energy is envisaged to have a significant share of the total electricity
consumption in the coming decades as the other fossil fuel based energy sources, viz.,
coal, oil and gas start depleting. However, the expansion of the nuclear energy
programmes would bring in the challenge of maintaining the growing nuclear wastes
in the confines of their repositories, so that the future generations are not adversely
affected by the radiations emitted by the actinides and long lived fission products.
Hence if the nuclear energy has to achieve wider acceptance as a viable major
alternative to the other major energy sources, it has to satisfy the stringent regulations
on the level of radioactivity in the biosphere [1].

Actinides and long lived fission products can enter into the biosphere through various
modes of human activity, such as, (i) atmospheric as well underground nuclear tests
by the nuclear weapon countries over the past seven decades, (ii) accidental release of
radioactivity from operating nuclear power and spent fuel reprocessing plants, and

(iii) reentry of nuclear powered (>

Pu bearing) satellites into the earth’s atmosphere
[2]. However, the largest source of radioactivity which will remain in the geosphere
for hundreds of thousands of years is the spent nuclear fuel after it has been removed
from the nuclear reactor. Some of the major nuclear powered counties, viz., USA,
Britain, do not reprocess the spent nuclear fuel and store it as such and propose to
bury it in a deep geological repository in the future. In some countries, such as France
and India, the spent nuclear fuel is reprocessed to recover the plutonium and unburnt
uranium for use in the next stage of their atomic energy programme, viz., fast breeder
reactors. The HLW generated during the reprocessing of the spent nuclear fuel is at
present being stored in interim storage facilities and will essentially be buried in deep

geological repositories, so that the long lived radionuclides do not enter the biosphere

1
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even after hundreds of thousands of years. Thus the deep geological repositories will
be housing the major proportion of the spent nuclear fuel and /or high level
radioactive waste depending upon whether the spent fuel is stored as it is or
reprocessed [3].

In order to ensure the safety of the future generations from the ionizing radiations
emitted by actinides and long lived fission products present in the geosphere in
different forms, mentioned above, it is essential to predict their migration behavior
from their origin to the biosphere. Performance assessment of the deep geological
repository, in retaining the actinides and long lived fission products, is an important
exercise towards this objective. The studies carried out as a part of this thesis, form a
part of these exercises and help in understanding the migration behavior of actinides
and long fission products from the repository to the surrounding aquatic environment
and thereby to the sphere of human activity.

The actinide isotopes of concern from the point of view of their impact on the
biosphere are, the long lived isotopes of trans-uranium elements, namely, neptunium
(*'Np), plutonium (29?°%42py), americium (******Am) and curium (***Cm), which
are formed during the burning of uranium based fuels in the nuclear reactors [4]. The
future nuclear reactors, based on thorium will also produce long lived isotopes of
uranium (?3U) and protactinium (**'Pa). The long lived fission products, which will
be present in the HLW even after hundreds of thousands of years, constitute *Tc?,
129) 135, etc.

During the last two decades extensive studies have been carried out worldwide to
understand the migration behavior of these long lived radionuclides in the

environment, the compilation of which has recently appeared in the form of
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comprehensive review [5]. The different pathways through which the actinides and
long lived fission products can migrate into the environment are [6]:

(i) Precipitation in the form of hydroxides under the conditions of ground water , viz.,
Pu(OH)4, which has extremely low solubility product (~10?). Precipitation will result
in the retardation of the radionuclides in the environment. In fact, it is estimated that
the bulk of the plutonium used in nuclear weapon tests in the oceans has been
deposited at the ocean bed as hydroxide [7].

(it) Complexation with inorganic and organic anions present in ground water, e.g.,
carbonate, oxalate, citrate, humate, fulvate, etc. The soluble complexes will enhance
the migration of the long lived radionuclides. For instance uranium is present in
carbonate complex form, e.g., UO,(COs),’, which is the dominant soluble complex of
uranium in sea water [8].

(iii) Colloid formation: Higher valent actinides and fission products, e.g., Pu(lV),
Th(IV), Tc(IV), etc., upon entry into water get hydrolysed and form species, such as,
M(H,0)n.1 (OH)**, which undergo further hydrolysis and subsequently aggregate to
form polymeric species and ultimately form colloidal particles depending upon the
total metal ion concentration. These intrinsic colloids have been found to be highly
mobile and hence are considered to be one of the important pathways for the
radionuclide migration. Alternatively, the radionuclides may get adsorbed onto the
colloidal particles made of mineral oxides of silicon, aluminium, titanium, iron, etc.
and form pseudo-colloids. Migration of plutonium in the Nevada deserts from the
nuclear test site to nearby underground water was found to have been facilitated by
colloids formation [9].

(iv)Adsorption by sediments and rocks in the vicinity of the water bodies is another

pathway for the radionuclides in the aquatic environment. This process will
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significantly retard the radionuclide migration in aquatic environment. In fact high
retention property of certain clays and rocks enables them to be used as a part of the
engineered barrier in the deep geological repository [10].

The study of different species in which the actinides and long lived fission
products are present in the environment is called as speciation, which is a frontier area
of research in the field of radiochemistry, particularly with regard to actinides. The
speciation studies consist of identifying the physical state (solid, soluble or gaseous
state), and chemical state (oxidation state and structure of the species) of the
radionuclide. As the migration behavior of actinides and long fission products is
highly dependent upon their speciation, extensive studies have been devoted on the
investigation of speciation of these elements under the different environmental
conditions in the laboratory as well as under field conditions.

Literature review: The migration behavior of radionuclides in the aquatic
environment had previously been studied using the Kp approach, wherein the Kp of
the radionuclides between the ground water and the soil/sediment was used to deduce
the retention factor, which is a measure of the mobility of the radionuclide in the
geosphere [11-12]. However, the Kp approach does not provide a realistic assessment
of the migration behavior of the radionuclides as the species sorbed onto the
soil/sediment varies depending upon the concentration of the element, pH, ionic
strength and presence of complexing anions in the ground water, thereby resulting in
wide variation in the Kp depending upon the site [13]. During the past one decade,
SCM has gained much popularity and acceptance among the geochemical community
to infer about the radionuclide migration in the geosphere [14]. In this model, the
complexation of the metal ion with the surface sites as well as with the complexing

anions present in water are considered explicitly along with the correction for
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electrostatic interaction between the charged species [15]. Therefore, the model can
provide quite reliable data on the migration behavior of the radionuclides once the
composition of the soil/sediment and the ground water are known. The validation of
the SCM is usually done by characterization of the complexes and the sorbed species
using the spectroscopic techniques. The common spectroscopic techniques that have
been employed for the characterization of the complexes and sorbed species are
TRFS, EXAFS, XPS, etc [16-20].

Motivation for the present work: Though a large number of studies have been
carried out during the past decade on the speciation of actinides and long lived fission
products [21-23], the mechanistic understanding of even the sorption of the
radionuclides by the simple mineral oxides is not yet completely understood, owing to
the complexity of the surface sites, the difference between the metal ion
concentrations at which the sorption experiments and spectroscopic studies can be
carried out [24,25]. In addition, some of the natural organic complexing anions, viz.,
humate and fulvate have complex structure and binding sites, which are a challenge to
understand fully even now [26,27]. Further, whether the small organic molecules,
having similar binding sites as humate, fulvate, can be used as model compounds for
these large macromolecules is still not resolved.

With this in view, attempt was made in the present dissertation work to
investigate, (i) the complexation of trivalent actinides, using Eu(lll) as a chemical
analogue, by small carboxylate and hydroxyl carboxylate complexing anions as well
as by HA by TRFS, (ii) effect of HA on the sorption of neptunium by hematite under
varying conditions of pH, (iii) effect of HA on the sorption of curium by silica under
varying conditions of pH, ionic strength and addition order of metal ion and the

complexing anion, (iv) effect of HIBA on the sorption of Cm(l1l) and Eu(ll) by silica
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under varying experimental conditions of pH, metal ion concentration and addition
order of the metal ion and the ligand, and (v) effect of carbonate and citrate on the
sorption of U(VI) by silica under varying conditions of pH. The sorption data have
been modeled using the SCM and wherever possible the surface species have been
characterized by the spectroscopic techniques, mainly TRFS. The thesis has been
divided into seven chapters. A brief description of the different chapters is given
below.

Chapter 1: In this chapter the historical background of the growing demand for the
nuclear energy is given, which is followed by the challenges faced by the nuclear
scientists in mitigating the adverse effects of ionizing radiations emitted from the
actinides and long lived fission products to reach the public domain. The subject of
actinide speciation is dealt with in detail to highlight the scientific pursuit which the
radiochemists world-wide are following to understand the mechanism of the
interaction of the actinides and long lived fission products with the different
components of the geospheres. This is followed by a review of the existing literature
in the field of actinide speciation, in general, and the complexation of actinides by the
environmentally important ligands as well as their sorption by the simple mineral
oxides of Si, Al, Fe, etc, in particular. The chapter ends with the motivation for the
work carried out as a part of the present thesis.

Chapter-2: In this chapter, the various experimental methods and theoretical models
used in the present thesis have been described. Mainly TRFS has been used for the
complexation studies of Eu(lll) as a chemical analogue of Am(l1l) and Cm(lIl). The
excitation source in the form of xenon flash lamp is used to excite the metal ion and
the spectral and temporal profiles are measured using the spectrometer system. Batch

method using radiotracers has been used for studying the sorption of actinides by
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different mineral oxides. In some cases, other techniques, such as, ICP-AES has also
been used, particularly for studying the dissolution of the mineral oxides. TRFS has
also been used for the characterization of sorbed species. Modeling of the sorption
data has been carried out using SCM.

Chapter 3: In this chapter the studies on the complexation of Eu(lll) by carboxylate
and hydroxy carboxylate ligands using TRFS technique have been discussed.
Fluorescence emission spectrum of Eu®* ion contains the emission lines at 580, 592,
616, 650 and 700 nm due to the de-excitation of the °Dy excited state to the ’F; states,
with j=0-4. The transition at 592 nm (°Do, = F) is magnetic dipole in nature and
hence is insensitive to the change in the chemical environment around the metal ion.
On the other hand the transition at 616 nm (°Dg > F») is of electric dipole type and
hence is sensitive to the change in the chemical environment around the metal ion.
Thus the ratio of the intensity of 616 to 592 nm peaks, commonly called as the
asymmetry ratio is a measure of the extent of complexation of Eu(lll) by the ligand.
This fact has been utilized in the present work to determine the stability constant of
the Eu(l1l)-complexes with HIBA, SA, PA and MA [28,29]. The intensity ratio data
were corroborated by the life time data to arrive at the number of water molecules
bound to the metal ion and thereby the stoichiometry of the complex. Attempt was
also made to investigate the complexation of Eu(lll) by HA, but the data were
affected by the quenching of the Eu(l11) fluorescence by HA, particularly at the higher
HA concentrations.

Chapter 4: In this chapter, the results of the sorption of Cm(ll1) and Eu(lll) by silica
in presence of complexing anions such as HA and HIBA have been described. ***Cm
and ™?Eu were used as the tracers for the respective metal ions. In the case of

Cm(l)-HA-silica system, the sorption of Cm(lll) by silica was strongly influenced
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by the presence of HA both at low and high pH regions. While, in the low pH range
(4-6) the sorption was enhanced in presence of HA, it was strongly decreased at
higher pH (7-8). This was explained in terms of the sorption behaviour of HA by
silica. HA is strongly sorbed by silica at low pH values and the sorption decreases
with increasing pH. At lower pH the mineral bound HA complexes the metal ion in
the solution thereby enhancing the sorption, while at higher pH HA is predominantly
in the solution and hence complexation of Cm(lll) by HA in solution results in
decreased sorption at these pH values. Interestingly, the effect of HA was different in
the different addition order of Cm(lI1) and HA to the silica suspension. When HA was
added before Cm(lll), the decrease in the Cm(I11) sorption was much more than that
when Cm(l1l) was added first. This was explained in terms of the incorporation of
Cm(IM) in the silica matrix, which results in slow kinetics of desorption of sorbed
Cm(I1l) by the HA in the solution [30]. With a view to compare the effect of HA and
HIBA on the sorption behavior of Cm(lll) by silica, similar experiments were also
carried out in presence HIBA [31]. It was observed that the effect of HIBA was quite
different from that of HA, indicating the small organic molecules behave differently
that the large macromolecules, such as, HA. The sorption data were also fitted with
the help of SCM using the computer code FITEQL to determine the nature of the
sorbed species. Further, the spectroscopic characterization of the sorbed species was
also carried out using TRFS with Eu(l1l) as a probe [32].

Chapter 5: In this chapter, the results of the studies on the sorption of U(VI1) by silica
in presence of two complexing anions, namely, carbonate and citrate has been
described. Citrate was found to strongly decrease the sorption of U(VI) by silica at
lower pH values, unlike carbonate which did not have significant effect at least up to

the pH value 8. The batch sorption data were modeled using the SCM. Attempts have
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also been made to characterize the sorbed species by TRFS [33]. The observations of
the present work have been discussed in the light of the existing literature on similar
systems. Some of the literature data have also been modeled and the results are
consistent with that obtained in the present work.

Chapter 6: In this chapter the results of the sorption of neptunium by hematite under
normal and reducing conditions have been described. **Np was used as a tracer for
neptunium owing to its gamma lines and short half life. Hematite was synthesized in-
house and was characterized by XRD, dynamic light scattering and BET surface area.
Under normal atmospheric conditions neptunium exists as Np(V) in pH range, which
in presence of reducing agents, such as, sodium dithionate, was reduced to Np(IV),
which has a strong tendency to sorb on the mineral oxides. It was observed that
Np(1V) is much more strongly sorbed by hematite compared to Np(V) at all pH
values. Further, in presence of HA, the sorption of Np(IV) was enhanced at low pH,
which was explained in terms of the sorption of HA by hematite and the complexation
of the metal ion by HA. At higher pH values, HA does not affect the sorption of
Np(IV) on hematite [34].

Chapter 7: In this chapter the results of the work carried out as a part of the thesis
have been summarized. TRFS was successfully used for determination of the stability
constants of Eu(l11)-complexes with carboxylate and hydroxyl carboxylate anions.
The complexation behavior of small organic molecules towards Eu(lll) was found to
be different from that of HA. This was observed in complexation as well as in
sorption studies. The order of addition of metal ion and the HA was found to have
distinctly different effect on the sorption behavior of Cm(lll) by silica. The study
revealed the role of dissolved silica in governing the sorption behavior of Cm(lIl) by

silica.
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1.1.Historical perspective of actinides

The natural uranium and thorium, discovered more than 200 years ago, were
of fundamental interest only, until Henry Becquerel discovered radioactivity in 1895.
The discovery of radioactivity aroused significant interest in physical and chemical
properties of early actinides. However, the discovery of neutron by James Chadwick
in 1932 marked the beginning of a new era which witnessed the very complex
radioactive transformations of the naturally occurring elements.

In 1930’s Enrico Fermi suggested the use of neutron bombardment to
synthesize new radioactive elements and carried out series of neutron induced
reactions on a range of target elements. He also proposed that uranium after capturing
a neutron must be converted into heavier beta-radioactive uranium isotope, which on
decay should give birth to new transuranium element 93. Soon in 1940, Edwin
McMillan and Philip Abelson (Berkeley Radiation Laboratory, University of
California) discovered **Np (element 93) as a result of %*°U decay formed through
neutron irradiation of 2*U, which led to the validation of hypothesis by Fermi.

238U (n1y) 239U B ; 239Np

The discovery of nuclear fission by Hahn and Strassmann in 1939 opened new
avenues in field of nuclear research related to uranium, which could lead to
construction of powerful nuclear weapons.

n+ 235U —_— 236U* —_ 92 Kr + 142 Ba + 2n

Subsequently, in 1941 Glenn T. Seaborg, Edwin McMillan, Joseph Kennedy

and Arthur Wahl (Berkeley, California) discovered element 94 (*®pu) after deuteron

bombardment of 2*U in a cyclotron.

238U (d,zn) 238Np > 238 Pu
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Soon after, they discovered ?**Pu which was produced by the bombardment of
uranium with slow neutrons and found that its nuclear properties supported initiation
of a chain reaction similar to *°U.

238 ) 239UL> 239NpB—-> 239p

Seaborg and his coworkers made significant contributions towards the
discovery of transuranic elements by identifying thirteen new elements (element 94-
106) in a span of 30 years (1944-1974). In 1944 Seaborg gave the actinide concept
which postulated that the fourteen actinides, including the first eleven transuranic
elements, would form a transition series analogous to the rare-earth series of
lanthanide elements and therefore led to the prediction of the chemical properties and
placement of these heavier elements below lanthanides in the periodic table (Seaborg,
1949; Seaborg and katz, 1954). Thus, the discovery of actinides opened the gateway
of nuclear age to human civilization.

The capability of fissile isotopes of U and Pu to sustain chain reaction has
been employed in the production of nuclear energy, by burning these radionuclides in
nuclear reactor, which in turn is used in generation of electricity. However, this
reactor operation results in the formation of transuranic elements by neutron capture
and beta decay as shown in figure 1.1 (Kim, 2006). The long lived radionuclides are
depicted by grey background and their half-lives are given in Table 1.1.

Thus, the benefit of nuclear energy production is related to the inevitable
problem of generation of long lived radionuclides. For the nuclear fuel reprocessing
and formulation of strategy of safe nuclear disposal, knowledge of the sources of

actinide elements in the environment is of utmost importance.
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Cm 2420m[243Cm|244Cml|245Cm
Neutron capture—*> v »- >
......... » . s,
Am Beta decay 241 Am | 242Am [243Am+244Am
— —{p
Pu 238py, | 289py, | 2400py [241py | 242py [2#3py,
Y— > ¥ “» »
Np 257Np 12%Np | 2Np
i—— \A
U 234y | 235 236U"' .. 237() 233U"' 239

Figure 1.1 Production of transuranium radionuclides in the reactor (Kim, 2006)

Table 1.1 Long lived radionuclides present in nuclear reactor [Data taken from (Silva

and Nitsche, 1995)]

Radioisotope | Half-life (years) | Radioisotope | Half-life (years)
>y 7.0 X 10° “py 14.4

>y 4.47 X 10° #2py 3.76 X 10°
“Np 2.14 X 10° “Am 432.6

>%py 87.7 “BAm 7.38 X 10°
“py 2.41 X 10* “Cm 18.11

“Opy 6.56 X 10° “SCm 8.5 X 10°

1.2. Sources of actinides in the environment:

All the members of actinide series are radioactive. The production and use of
actinides has increased tremendously since last century which resulted in entry of
actinides into the environment through different pathways. The various sources by

which actinides intrude into the environment are discussed below:

1.2.1. Natural occurrence:
Large quantities of naturally occurring uranium (4.7 X 10" tons) and thorium

(1.8 X 10™ tons) have existed in lithosphere and oceans since the creation of the earth
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as shown in figure 1.2 (Kim, 2006). These radionuclides have been formed in the
process of nucleogenesis and are termed as primordial radionuclides. Actinium (Ac)
and protactinium (Pa) found in trace quantities, have been produced as a result of
decay of naturally occurring uranium and thorium. Naturally occurring Pu and Np,
present in ultra-trace level, are generated by neutron capture in environment (Kim,

1986).

Ratio:
u 9.3x10°
Th 3.9x107
K(*°K) 1.2x10%3
] [
U 5.8 x 10%° Bq | / U 54 x 10" Bgq Ocean
: = Th  2.8x 10" Bq
) 1 4 2 1055 £ | Migration? K(9K) 1.7 x 1022 Bq

K(“K) 1.4 x 10% Bq

Earth crust / Lithosphere

Figure 1.2 Naturally occurring 28U and®**Th in lithosphere and oceans, their ratios

between the two compartments (Kim, 2006)

Here it is worth mentioning the specific case of OKLO natural nuclear reactor.
The isotopic ratio analysis of uranium deposits revealed that self-sustaining nuclear
chain reaction occurred about 2 X 10° years ago in course of which large quantities of
transuranic elements were produced. However, most of them have decayed but
plutonium remained in the environment (Degueldre, 2006). Thus, natural nuclear

reactor existed long before man conceived the idea of nuclear fission.
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1.2.2. Nuclear weapon testing and accidents:

Nuclear weapon testing is the main anthropogenic source which is responsible
for widespread occurrence of radioactivity in the environment. The tests have been
conducted underground, underwater, in atmosphere and exo atmosphere all over the
world which resulted in release of 2 X 10% Bq of radioactivity into the environment
(Choppin and Wong, 1998 b). It is estimated that 1.6 X 10'® Bq of plutonium has been
deposited in aquatic systems as a result of nuclear tests. However, the concentration
of plutonium in ocean water (10 Bq/kg) is found to be extremely low due to
extremely low solubility of plutonium and incorporation in the sediments (Choppin,
2006). The accidental release of radioactivity from nuclear power plants is also one of
the sources of radioactive contamination of the environment. There have been many
nuclear accidents worldwide but the prime example is Chernobyl disaster in 1986
during which reactor core got damaged, resulting in release of large amount of
radioactive isotopes to the geosphere. Recently, the Fukushima Daiichi nuclear
disaster took place in 2011 in which large quantity of radioactive materials was
released at the Fukushima | Nuclear Power Plant, following the Tohoku earthquake
and tsunami (Strickland, 2011). It is the largest nuclear disaster since the Chernobyl

disaster.

1.2.3. Disintegration of Nuclear powered satellites:

2%8py is used as heat source in batteries of satellites. 10% of 942 kCi of ***Pu,
containing 700 Ci of **Pu, has been associated with three in—flight aborts. One of
these three flights containing 17 kCi of *®Pu got burned on re-entry in to the
atmosphere and subsequently the resulting effluent dispersed in the upper atmosphere
of the southern hemisphere while the remains of the second one are lying in pacific

ocean and third one (34.4 kCi of **® Pu) was recovered safely (Kim, 1986).
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1.2.4. Nuclear power plants:

Today about 12.3 % of the world’s electricity is generated by 435 nuclear
power plants operating worldwide (Amano, 2012). Over the years, the increase in the
number of nuclear power plants has resulted in subsequent increase in generation of
spent fuel and production of plutonium as shown in figure 1.3 (Kim, 2006). The
nuclear fuel cycle involving a series of different stages e.g., milling and mining, fuel
preparation, reactor operation and fuel reprocessing (figure 1.4) results in the

generation of radioactive waste at each stage.

- 316,250
3x10° — — T —
X ] Spelntfuel 221960 — I
2x105 — (ton)

114,740
X10° ~ 37,160
0 1980 1990 2000 2010
. 2,100
2x108 —— Plutonium " _
(ton) 1,392
1x10° 655
~ 144
0 1980 1990 2000 2010

Figure 1.3 Worldwide accumulation of spent fuel and plutonium produced from

nuclear power plants (Kim, 2006)

1.2.4.1. Mining and milling:

The mined uranium ore after crushing, grinding and dewatering is subjected to
beneficiation followed by acid or alkali leaching and is finally precipitated to obtain
ammonium diuranate (yellow cake). The yellow cake is processed to obtain uranium
oxide which is used for fuel fabrication. The production and processing of large

quantities of ore results in large volume of mill tailings, containing large quantities of
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naturally occurring radionuclides of U, Th, Ra, Po, Bi and Pb, which are dumped in
well-engineered barrier called mill tailing ponds. With the passage of time, these
radionuclides may migrate from the tailing ponds and intrude into the adjoining

environment (Patra et al. 2013).

URANIUM MINES CONVERSION CONVERSION
& MILLS TO OXIDE TO FUEL %

PL UTONIUM

G.eologlcal RE(,OVERH)
disposal URANIUM

REACTOR

' -

B BY PRODUCTS FOR

USE IN MEDICINE,
WASTE STORAGE : AGRICULTURE &
INDUSTRY

RFPROC[ SSIN(J

Figure 1.4 Nuclear fuel cycle

1.2.4.2. Nuclear fuel reprocessing:

The spent nuclear fuel containing uranium, plutonium, minor actinides,
fission products and activation products is given a suitable cooling period for the
decay of short lived radionuclides and to reduce the activity of **I (ty, = 8 days) to
manageable levels. The PUREX process which is employed in fuel reprocessing has
been its workhorse for the last few decades. In PUREX process, after interim cooling
and chemical or mechanical decladding of fuel, dissolution of fuel is done in nitric
acid followed by feed clarification and chemical conditions adjustment of solution
for solvent extraction which is carried out using 30% tributyl phosphate (TBP) in

dodecane. The U(VI) and Pu(lV) are co-extracted into TBP leaving majority of
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fission products in aqueous phase which is concentrated, conditioned and is called as
HLW. The separation of uranium and plutonium is achieved by selective reduction of
Pu(IV) to Pu(lll) which goes in aqueous phase and both uranium and plutonium are
subjected to further purification to obtain desired purity (Dey and Bansal,2006). The
nuclear fuel reprocessing plants generate waste in all categories and thus
understanding about the classification of radioactive waste is integral part of nuclear

waste management.

1.3. Classification and management of radioactive waste:

Classification of radioactive waste is extremely important from the point of
view of nuclear waste management. While classifying the radioactive waste, its
physical, chemical, radiological and biological properties must be taken into
consideration. The radioactive waste classification is a useful tool in segregation,
waste treatment selection, storage and disposal. Radioactive waste is generated in

various forms in entire fuel cycle viz., solid, liquid or gaseous.

1.3.1. Solid radioactive waste:

Solid radioactive wastes, depending upon their physical and chemical nature,
are classified as combustible, non-combustible, compressible and non—compressible.
They are further categorized depending upon the radioactivity content as shown in
Table 2. It typically comprises of resins, chemical sludges, and reactor components as
well as reprocessing equipments. The majority of solid waste has low activity and is
either combustible or compressible. The combustible waste is burn in specially
designed incinerators to achieve a volume reduction of about 50 while low active non-
combustible waste is compressed by using hydraulically operated baling press to

obtain volume reduction of five (Raj et al., 2006).
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1.3.2. Gaseous radioactive waste:

The classification of gaseous radioactive wastes according to their activity
level is listed in Table 1.2. It includes gaseous fission products generated due to
radiolysis. The gaseous waste is managed either by using high efficiency particulate

air filter or by chemically impregnated activated charcoal.

Table 1.2 Classification of Solid and Gaseous Waste as per Atomic Energy

Regulatory Board, India (Raj et al.,2006)

Category Solid Gaseous
Surface Dose (mGy/hr) | Activity Level(Bg/M®)
| <2 <3.7
I 2-20 3.7-3.7x 10°
I >20 >3.7x10°
v Alpha bearing

1.3.3. Liquid radioactive waste:
The classification of radioactive waste obtained during reprocessing of spent

fuel on the basis of level of radioactivity is given below (Raj et al.2006):

1.3.3.1. Exempt waste: Waste which satisfies the criteria of regulatory control for

radiation protection purposes for clearance, exemption or exclusion.

1.3.3.2. LLW: When the radioactivity level of the waste is in the range 37 Bg/L - 3.7
X 10° Bg/L then the waste is termed as LLW. It is generated as the effluent from
resorcinol formaldehyde polycondensate resin used in the treatment of ILW and as the
result of evaporation and concentration of secondary liquid waste during nuclear fuel
reprocessing. The treatment of LLW involves the precipitation of the majority of

radionuclides using suitable reagents (Banerjee et al. 2006). The solid residue is
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stored in a near surface repository and the supernatant is monitored and then

discharged after dilution.

1.3.3.3. ILW: When the radioactivity level of the waste is in the range 3.7 X 10° Bg/L
- 3.7 X 10" Bg/L then the waste is termed as ILW. It is obtained as the condensate
during the evaporation and concentration of HLW. The ILW is treated with resorcinol
formaldehyde polycondensate resin and iminodiacetic acid resin to remove **’Cs and
%3y respectively (Kumar et al. 2008). After use, these resins are immobilized in

cement matrix.

1.3.3.4. HLW: When the radioactivity level of the waste is above 3.7 X 10* Bg/L
then the waste is termed as HLW. HLW comprises only about 3% of the total volume
of all the radioactive wastes but it contains more than 99% of the total radioactivity
generated in the nuclear fuel cycle. The major amount of HLW is generated in first
extraction step of PUREX process. HLW contains left over uranium and plutonium,
minor actinides, activation products and fission products. The disposal of HLW is
challenging owing to the radiotoxicity associated with the minor actinides which have
half lives ranging from few hundred to millions of years (Table 1). To ensure the
isolation of waste effectively from the biosphere, till its radio toxicity reduces to
innocuous levels, three step approach is being followed in India for the management
of HLW (Alexander and McKinley, 2007).

(a) Vitrification of waste in stable and inert solid matrix, viz., glass

(b) Interim storage of solidified waste with continuous cooling

(c) Disposal in deep geological repositories
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1.3.3.4.(a) Vitrification of HLW in Glass Matrix:

Borosilicate glass matrix has been adopted for vitrification of HLW in India
(Kaushik et al., 2006). The glass matrix has been chosen as it has all the desired
characteristics, viz., high radiation and thermal stability, mechanical strength,
chemical durability and homogeneity. In vitrification process, pre-concentrated waste
along with glass-forming additives is fed to a metallic processing vessel located in the
induction furnace. A series of thermal and chemical conversions take place inside the
vessel that is evaporation of water and nitric acid, drying and decomposition of
nitrates to oxides, reaction of oxides with glass-forming additives and finally fusion of
the mixture to form molten glass. The molten glass is poured into stainless steel
canisters where it solidifies slowly and sealing of canister is done remotely. Three

such canisters are further encased in a stainless steel container known as an over-pack.

1.3.3.4.(b). Interim storage of solidified waste:

The radioactivity level of overpacks is of the order of 10°Ci which generates
decay heat of about 3 - 4 kW. Therefore, continuous cooling is required to maintain
centerline glass temperature in order to minimize devitrification (Raj et al. 2006). The
waste forms need to be cooled until disposal in deep geological repositories becomes

viable.

1.3.3.4.(c). Disposal in deep geological repositories:

After interim storage the overpacks containing waste are proposed to be
placed inside deep geological repositories which are designed to isolate these waste
forms from biosphere for hundreds of thousands of years so as to ascertain that the
residual radioactivity reaching the biosphere has negligible concentration compared to

the natural radioactivity persisting in the environment. In order to ensure complete
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isolation of the radioactive waste, repositories are designed using multi barrier system
which comprises of engineered barrier system and natural geological barrier.
Engineered barrier system includes waste form, cansisters, overpack, buffer and
backfill material while natural geological barrier is provided by host rock and its
surroundings as shown in figure 1.5. The host rock should have several
characteristics, viz., high strength, high thermal conductivity, low thermal expansion,
high sorption capacity, no ingress of water from surrounding and minimum
interaction with cansister and fluid (if any). The backfill/buffer material should
possess high swelling potential, high radionuclide retention capacity, low hydraulic
conductivity and low gas permeability. In India crystalline granitic rocks are being
considered as probable host rock while bentonite clays as the buffer/backfill materials

(Pusch, 1998).

DISPOSAL
TUNNEL

5.0 m

DISPOSAL HOLE __
(1-35 m Diameter)

BUFFER -- 2.05m

WASTE CANISTER ...
(0-35 m Diameter)

1 5.0m 1
|| 1

Figure 1.5 Cross section of disposal pit of deep geological repository showing

components of engineered barrier system.

Although the release of the radionuclides from the repository to biosphere is
expected to be prevented by multi barrier system, radionuclides may diffuse out of the
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glass matrix due to their decay heat, corrosion of canisters and/or natural calamities
such as earth quakes, volcanic eruptions, followed by their dispersion and dissolution,
which can ultimately lead to their release in biosphere. Therefore, it is imperative to
have detailed knowledge about the behaviour of these radionuclides, which are mainly
actinides, in the aquatic environment. Thus fundamental understanding of aquatic
actinide chemistry is entailed by long term safety assessment of deep geological

repositories.

1.4. Actinide Chemistry in natural water systems:

The chemistry of actinides in natural water systems is different and complex
as compared to their known chemistry in solution owing to presence of dissolved
heavy metal elements, variety of complexing organic and inorganic anions, natural
water colloids, suspended material and sediment, mineral and soil surrounding water.
Thus actinides are involved in multi component reactions which are dependent on
their chemical properties as well as that of given water. Before having a detailed
insight of the phenomena influencing actinide speciation in natural waters, few basic

concept of general actinide chemistry have been discussed.

1.4.1. General Actinide Chemistry:
1.4.1.1. Electronic Configuration:

The actinide series of elements, from actinium (Z = 89) to lawrencium (Z =
103), have been placed in the periodic table on the basis of the actinide concept
proposed by Seaborg in 1944 according to which each successive element is obtained
by sequential filling of inner 5f orbitals. The lanthanide series, encompassing
elements from lanthanum (Z = 57) to lutetium (Z = 71), also results from filling of 4f

orbitals. In both the series f-shells are sequentially getting populated and therefore the
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similarities and differences in the physical and chemical properties of corresponding
elements of two series provide insight in to the contribution of f-electrons in
determining these properties. Thus, comparative aspects of the properties of both the
series have been presented. Table 1.3 gives the ground state gas phase neutral atom

electronic configuration of actinide and lanthanide series (Edelstein et al. 2006 a).

Table 1.3 Electronic configurations of lanthanide and actinide elements

Lanthanides Actinides
Elements | Atomic Electronic | Elements | Atomic Electronic
number | configuration number | configurations

La 57 5d" 6s” Ac 89 6d" 75
Ce 58 4! 5d" 65° Th 90 6d° 75
Pr 59 4f° 65° Pa 91 5 6d" 75°
Nd 60 4F* 65° U 92 5 6d" 75°
Pm 61 4f° 6s° Np 93 5f* 6d’ 75°
Sm 62 4F° 6s° Pu 94 5f° 75°
Eu 63 47 657 Am 95 5f 7 75
Gd 64 4f7 5d" 65° Cm 96 5f76d" 75°
Tb 65 417 65° Bk 97 57 75°
Dy 66 4F 10 6 Cf 98 5F10 75
Ho 67 4f ' 6s* Es 99 5f11 75
Er 68 4F ' 65° Fm 100 512 75
Tm 69 4F " 6s° Md 101 5f 1% 75°
Yb 70 4F ' 6s° No 102 5f14 75
Lu 71 4f ' 5d" 65° Lr 103 5f1 6d" 75°

It is evident from the table that filling of electrons in f-shell in actinides
preceding americium is not as systematic as observed in case of lanthanides which

can be attributed to smaller energy difference between 5f, 6d and 7s orbitals in case of
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actinides. In case of all the transition series, the relative energy of the orbital being
occupied become lower as successive electrons are added and thus the energy of 5f
orbital become lower than 6d orbital in the elements beyond thorium. The relative
energies of electronic configurations of actinides that can interchange 5f and 6d
electrons are shown in figure 1.6 (Huheey et al., 2006). The inversion from one
electronic configuration to other, for the elements in which 5f-orbitals extend closer to
6d and 7s orbital, is inevitable. Therefore, early actinides up to americium (Z = 95)
show variable valancy. On the contrary, in lanthanides the large energy differences
between 4f and 5d orbitals do not favour the interchange of electrons among them and

consequently all the lanthanides exhibit predominantly single valancy.
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Figure 1.6 Approximate relative energies of the f"*d's? and f"s’ electron

configurations (Huheey et al., 2006)
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1.4.1.2. Oxidation State:

Actinides, especially early members of the series, exhibit multiple oxidation
states owing to the close proximity of 5f, 6d and 7s orbitals. lonization energy and
hydration energy are responsible in facilitating the conversion of one oxidation state
to another in aqueous solution, and a combination of these two energies will decide
the most stable oxidation state for a given metal ion. As the f orbitals are less
stabilized in early actinides, f-electrons having low ionization energy result in f°as the
most stable configuration for actinides up to uranium.

With increase in atomic number, f orbital becomes more stabilized compared
to 6d and 7s orbital and therefore actinides beyond americium exhibit +3 as the most
stable oxidation state except nobelium for which +2 state is most stable owing to
stability of full filled 5f shell. Table 1.4 lists the oxidation states of the actinides and

lanthanides (Ahrland et al.,1973).

Table 1.4 Oxidation states of actinide elements (Ahrland et al.,1973)

8 90 91 92 93 94 95 9 97 98 99 100 101 102 103
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
) 2 2 2
3 38 (B 3 3 3 3 3 3 3 3 3 3 3 3
4 4 4 4 4 4 4 4
5 5 5 5 5
6 6 6 6
7 7
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La C¢e Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
) 2 2 2 2
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

4 (4 4

Bold: most stable oxidation state, in parenthesis: oxidation state not known in solution
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In contrast, +3 oxidation state is predominant in lanthanides series owing to
the large difference in binding energy of 4f and 5d, 6s electrons. However, +2 (Eu and
Yb) and +4 (Ce and Tb) oxidation states also exist which corresponds to vacant or
enhanced stability of half-filled or full filled 4f configuration. Thus, later members of
actinides series behave like lanthanides and exhibit +3 as the most stable oxidation

state.

1.4.1.3. lon types:

All actinides, essentially, have same structure in same oxidation states. In
trivalent and tetravalent oxidation states, actinide ions exist as hydrated ions in acidic
solutions. In higher oxidation states, owing to very high ionic potential, actinide ions
immediately accept electron from donar atoms in solvent medium and form
oxygenated species of the type MO," and MO,?*which are termed as actinyl ions. The
actinyl ions are highly stable and act as a single entity during chemical transformation
but their formation decreases the effective charge on central actinide atom. The
effective charge on the metal ion is 3.3 + 0.1 and 2.3 # 0.2 in MO,** and MO,"
respectively which is greater than the ionic charge on molecular entity and therefore
coordinating field in the case of molecular ion is proportionately stronger (Choppin
and Allard, 1985) The order of effective charge, which affects the different chemical
properties, for different oxidation states is

M* > MO,%" > M >MO,"

1.4.1.4. Lanthanide and actinide contraction: Effect on ionic radius:
In lanthanides and actinides, as the atomic number increases, electrons
sequentially enter f orbitals which provide incomplete shielding of the outer shell

electrons from the steadily increasing nuclear charge due to their diffused character.
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Therefore, a steady decrease in the radius is observed in both the series. The
phenomena are termed as the lanthanide and actinide contraction for lanthanide and
actinide series respectively. Similar trend is observed in ionic radii of the elements of
both the series. Figure 1.7 shows the variation of ionic radius for +3 and +4 oxidation
states of lanthanides and actinides. The sufficiently small change in charge density, as
a result of slight decrease in ionic radius, accounts for almost identical chemical
properties of all elements across the series. Moreover for a given oxidation state, the
actinides and lanthanides having similar ionic radius exhibit similar chemical
properties for instance the elution of trivalent actinides and lanthanides with similar
ionic radius from dowex 50 using ammonium a-hydroxyisobutyrate is observed at
similar position (Nash et al., 2006). Thus, lanthanides are often used as the analogue
of homologous actinides.
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Figure 1.7 lonic radii of lanthanides and actinides for +3 and +4 oxidation states

1.4.2. Environmental Actinide Chemistry:
For understanding the chemical behaviour of actinides in natural waters, the

basic knowledge of their potential chemical reactions occurring in these aquatic
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systems is indispensible. In this section, the chemical properties of actinides, with

particular reference to natural waters, have been discussed.

1.4.2.1. Oxidation States of Actinides in solution:

The variety of oxidation states (Table 1.4) exhibited by actinide cations and

their coexistence in solution for a particular actinide, owing to small difference in

redox potentials (Figure 1.8), complicate the prediction of actinide behavior in

geochemical conditions with changes in Eh, pH, ligand concentrations, etc. Some of

the actinides of environmental interest (e.g., Am(I1I), Cm(lll), Th(IV)) exhibit single

oxidation state but others (e.g. U, Np, Pu) can exist in several states in solution. The

higher oxidation states are favoured with increasing pH and/or Eh.
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Figure 1.8 Redox potentials of U, Np and Pu at pH =0, 8, and 14 (Choppin, 2005)

Since in natural systems, water is dominant transport medium, predominant

actinide oxidation states and actinide species are determined by water conditions.
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Thus, for predicting the behaviour of actinides in aqueous solutions, thermodynamic
equilibrium diagrams (Eh vs. pH), called Pourbaix diagrams serve as a useful tool in
which stability areas are presented as a function of pH and electrochemical potential
scales. For constructing the Pourbaix diagrams for any radionuclide, it is first essential
to define the chemical stability area of water.

The potential when the oxygen generation starts on the anode is defined as the

upper stability limit of water. It is specified by the reaction:
1,0, + 2H + 2™ > H,0 (1.1)

By use the Nernst equation, the relationship between potential and pH

E=E, - 2.303RT10g i

nF ([H+]2pozi)

(1.2)

With Eg=1.299 V, T = 298°K, R = 8.134 J/ °K. mol , F = 96500 C/ mol and pO, =1
bar
E = 1.299 — 0.0591 pH (1.3)
The potential where hydrogen gas is evolved from the surface of an immersed
electrode defines the lower stability limit of water. It is defined by the reaction
H* + e~ —>%H2 (1.4)
Applying Nernst equation to above equilibrium, the relationship between potential
and pH
E = 0.059 pH (1.5)
The effective overall boundaries of the Pourbaix diagrams determined by the
stability field for water are given by equation (1.3) and (1.5). The dashed lines in
figure 1.9 define the area of water stability. Thus water offers its solutes only a small
electropotential window of stability. Outside these limits, solute-solvent redox

reactions alter the solution chemistry and oxidation-state stability. Within the stability
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zone of water, the distribution of different oxidation state and species of a particular
actinide can be obtained by considering all its redox and complexation reactions.
Figure 1.9 shows Eh-vs-pH diagram calculated for plutonium in water containing
hydroxide, carbonate, and fluoride ions. Higher Eh values stabilize redox-sensitive
actinides like plutonium in the higher oxidation states V and VI. The points labeled 1,
2 and 3 in figure 1.9 are triple points where plutonium can exist in three different
oxidation states. The solid black outline depicts the range of Eh/pH values found in
natural waters. In ocean water or in groundwater, plutonium is likely to be exist as
Pu(IV), while in rainwater or streams, plutonium can assume the V state (Runde,
2000). Thus, Pourbiax diagrams are used to predict transport and mobility of
actinides. In most ocean or groundwater environments U(V1), Np(V), Pu(1V), Am(lIl)

and Cm(l11) are the prevalent oxidation states.
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Figure 1.9 Speciation of Plutonium in natural waters (Runde, 2000)
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1.4.2.2. Hydration:

The hydration of actinides is one of the most important factors in determining
the structural and chemical properties of actinides. All actinides exist as hydrated ions
owing to strong interaction between actinides and water molecules. Two
terminologies which are used to quantify hydration are total hydration number (h) and
primary hydration number (Nu20). Total hydration number refers to all the water
molecules that feel the effect of cation over concentric hydration sphere whereas
primary hydration number refers to the water molecules which are directly bonded to
the cation. The hydration number can be measured using variety of methods viz., X-
ray and neutron diffraction, X-ray absorption fine structure (XAFS) measurements,
luminescence decay, NMR relaxation measurements, optical absorption spectroscopy.
The value of h and N0 for Am®* are 13.6 and 9.0 respectively. The Nygo of trivalent
actinides gradually changes from 9 to 8 across the actinide series while opposite trend
is observed for h. For example the Ny0 value decreases from 9 to 8 between Am**
and Cf** while h increases from ~12.6 to ~14 (Choppin and Jensen, 2006). The higher
value of h for later members of the series is attributed to increase in charge density
with increase in atomic number.

While the hydration number and coordinated water molecules for the trivalent
actinides have been studied extensively, for other oxidation states (+4, +5, +6) only
limited studies have been carried out. The Ny2o and h for actinide hydrates in +4
oxidation states lies in the range 8-10 and 20-22 respectively (Choppin and Jensen,
2006). The pentavalent and hexavalent actinides are relatively less hydrated, in
comparison to trivalent and tetravalent actinides, due to the formation of actinyl ion.
XAFS measurements of solution containing NpO," gave Nyoo value of 5 which is

consistent with value obtained by optical absorption spectra. The Raman studies of
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aqueous uranyl [UO,?"] solutions revealed the presence of six water molecules in the
plane perpendicular to O=U=0 axis thereby resulting Ny20 value of 6 for hexavalent

actinides (Choppin and Jensen, 2006).

1.4.2.3. Hydrolysis of actinide cations:

In aqueous solution, all actinide ions interact with water molecules and exist
as aquo ions. More is the effective charge on the metal ion, greater is the extent of
interaction with the water molecules. These hydrated cations act as hard acid thereby
polarizing the water molecules sufficiently enough to release protons. This
phenomenon of release of proton from water molecule under the influence of metal
ion is termed as hydrolysis. Actinides undergo hydrolysis in weakly acidic to alkaline
solutions in the +3, +4 and +6 oxidation states. The hydrolysis reaction can be
represented as

nAn** + q H,0 & An,(OH),"* % + qH™ (1.6)
The hydrolysis constant Bnq* is given by
Bra = [Ana(0H) " | [H* 19/ [An?*]" (17)
The hydrolysis reaction can also be defined as the complexation with hydroxide ion
nAn** + q OH™ & An,(OH),"™* (1.8)
The stability constant for the above reaction is given by
Brq = [Ann(0H) "] /[An?*]"[OH~ ]9 (1.9)
The ionic product of water (Ky) is defined as
K, = [H*][OH™ ] (1.10)
Thus,
Bng = Bngl Kw’ (1.11)

The order of hydrolysis is
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An*> An0,%*> An®**> AnO,"
which is in accordance with effective charge possessed by the actinide ions in
different oxidation states. The hydroxo complexes thus formed, prior to complete
hydrolysis, can undergo condensation reactions to form polynuclear species in which
metal ions are linked through hydroxo (M-OH-M) and oxo (M-O-M) bridges as

described by equations below

[An(H,0)4]”* © [An(OH)(H;0) -]V + qH* (1.12)

i //Dtl +{v-1) H O +{y=1)
£ '\_‘
(H,0), .M ] + p N(.—I?Ll}d_?:|
Dﬂz HO

H

0, +2({v-1)

. [{Hziﬁ}d 2 M_f_ I_r (HPG]J_?} + 2EI21’.'I
\Ua’
I (1.13)
In reactions such as this, a solvating water molecule around one cationic

species is replaced by a hydroxyl group. The hydroxyl ion is shared by the two metal
atoms forming polynuclear hydroxyl-bridged aggregates. Under appropriate
conditions, like high temperature, prolonged aging, and/or high pH, irreversible
elimination of more water is accompanied by the formation of oxygen bridges
between the metal atoms.

H H }[
/xf ./’“\

M
x./x.fxf

= [H=0-M=0-H=0] .

H Il FI (1_14)

The measurements of hydrolysis constant are challenging as actinide
hydroxides are quite insoluble and sorb to surfaces. Therefore, the sensitive
techniques such as TRLFS which allows the measurements at very low concentrations

have been used for their determination. For example, the hydrolysis constants of Cm
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(111) have been determined by Fanghanel and Kim (1994) using TRLFS.

Out of all the oxidation states, the tetravalent actinides are most prone to
hydrolysis and polymerisation. The tetravalent actinides undergo hydrolysis even in
acidic solutions with pH > 0.The hydrolysis of tetravalent actinides has been studied
using Th**,which is often used as a model for Np(IV) and Pu(lV), but there exist
significant differences in the extent of hydrolytic reactions as compared to other
tetravalent actinides owing to its higher ionic radius. The formation of complexes of
high nucleation has been confirmed by diffraction measurements that yielded Th-Th
bond distance of 3.99A° which is exactly same as in the solid Thy(OH)2(NO3)s(H20)s
that contains dimer joined by hydroxo bonds (Choppin and Jensen, 2006). In case of
Pu(IV), preparation and maintenance of only Pu**in solution is a challenge and thus
the data on hydrolysis constants available in the literature are not consistent.
Moreover, Pu** has high tendency to form intrinsic colloids which must be removed
using suitable ultra-filter to avoid improper estimation of hydrolysis constants.

The low effective charge (+ 2.2) on actinides in +5 oxidation state make them
least prone to hydrolysis. It has been observed that NpO," does not hydrolyze even up
to pH = 8. The actinides in +6 oxidation state undergo hydrolysis to an appreciable
extent. For the actinyl(\VI) ions, hydrolysis decreases with increase in atomic number
opposite to the trend expected based on charge to size ratio. UO,?* forms
mononuclear hydrolyzed species UOz(OH)qZ'q at lower (< 10® M) concentrations,
while at higher concentrations, polynuclear species are formed, depending upon the
pH and metal ion concentration, which are small entities containing fewer than five
uranium atoms. The tendency to form polymers of colloidal dimensions appears to be
diminishing in actinides in +6 oxidation state as compared to actinides in +4 oxidation

state (Choppin and Jensen, 2006).
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The natural waters have pH in the range 5-9 at which extensive hydrolysis is
observed in case of actinides. These hydrolytic reactions constrain the solubility of
actinides and facilitate the generation of colloids thereby modifying their speciation in

natural aquatic systems (Kim, 1986).

1.4.2.4. Complexation of actinides:

In all common solution oxidation states (+2 to +6), actinide ions act as hard
Lewis acids and thus prefer to bind with the hard Lewis base donor atoms such as
oxygen and fluorine. The actinide-ligands bonds are predominantly ionic in nature,
kinetically labile and non-directional. Electrostatic interaction and steric interferences
are the primary factors in determining the bond strength in actinide complexes. The
electrostatic interaction is a function of the effective charges of the metal ion and
ligand and actinide—ligand distance. The steric constraint arises due to the properties
of the actinide cation and that of the ligand viz., ionic size of actinide cation and
presence or absence of actinyl oxygen atoms, number and spatial relationship of
donor atoms, size of chelate ring and flexibility of ligand conformations.

Considering no steric constraints, the strength of complexation of a given
ligand for actinides in different oxidation states is given by

AnO,'< An**< AnO,* < An**

Moreover across the actinide series, for a given oxidation state the strength of
complexation increases owing to the increasing charge density of actinide ions.
Increase in charge density of ligands also favours complexation. However, steric
constraints become important generally in case of actinyl ions as the ‘-yl’ oxygen

atoms restrict the ligand to bond in the equatorial plane.
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Although, most of the actinide complexes are ionic in nature, some of them,
unlike lanthanides, do exhibit covalent character especially in the case of ligands with
soft donor atoms, viz., N, S etc. This behaviour observed in case of actinides can be
attributed to greater spatial extension of 5f orbitals than that of 4f orbitals which
increases the covalent bonding in actinides as compared to lanthanides. The increased
covalency in actinides, resulting in their higher affinity for soft electron donors, such
as ‘S’ donor ligands, has been exploited to separate lanthanide and actinide elements
(Bhattacharyya et al., 2006). Actinides form inner sphere and outer sphere complexes
depending upon the basicity of the ligands. The inner sphere complexes refer to the
species in which the bonding involves direct contact between cation and ligand where
as in outer sphere complex, the ligand does not enter the primary coordination sphere
of cation and is separated by solvent molecules. In aqueous solution, actinide cations
exist as hydrated ions of the type [M(H20)q]™ which on interaction with the ligand
(L™) results in the formation of an outer sphere complex or inner sphere complex
represented by the following equations
[M(H,0)q]™ + L™ — ([M(H,0)q]L)™™" : Outer sphere complexation ~ (1.15)
[M(H,0)q]™+ L™ — [M(H20)q1L]"™" + H,0: Inner sphere complexation (1.16)
Thermodynamic parameters of complexation can be used to distinguish between the
inner sphere and outer sphere complex formation.

In natural waters wide variety of complexing anions are present which can be
broadly classified into two categories namely inorganic and organic anions.
1.4.2.4. (a) Complexation by inorganic anions:

The common inorganic complexing anions present in natural waters are
carbonate (CO3%), sulphate (SO4%), phosphate (PO,%), chloride (CI), fluoride (F),

nitrate (NO3") and silicate (Silva et al. 1995). The concentration of these inorganic
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anions is dependent upon the source of water. For instance, ocean water contains very
high concentration of SO,*. The actinide solubility increases, as a result of
complexation with inorganic anions, as opposed to the hydrolysis reactions. Figure
1.10 shows the stability constants (1) for the formation of 1:1 actinide complexes
with common complexing anions present in natural waters for different oxidation
states. The hydrolysis (complexation by OH") and carbonate complexation are usually
predicted to be the most dominant in natural waters owing to their high concentration
in natural waters and strong complexing tendencies. Therefore, the species formed as
the result of carbonate complexation of actinides, in different oxidation states, are
discussed in detail.

Above pH > 6, trivalent actinides form AnCO3", An(CO;), and An(COs)s* as
major species in carbonate rich waters. The relative concentration of the three
carbonate complexes is dependent on pH of water under consideration (Silva and
Nitsche, 1995). Actinides in +3 oxidation state tend to precipitate as hydroxy
carbonate, of the type An(OH)COs, which governs their solubility equilibria in
presence of carbonate. In case of tetravalent actinides, hydrolysis is more dominant
which leads to the formation of insoluble An(OH), species. Therefore, An** do not
form carbonate complexes in significant levels (Choppin, 2005). However, like
trivalent actinides, An*" tend to precipitate as hydroxo carbonate complexes
(An(OH),COs3) which limit their solubility in carbonate rich waters (Kim et al. 1986).
Carbonate complexes of the type AnO,(COs)’, AnO,(CO3),> and AnO,(CO3);> are
known for pentavalent actinides whereas hexavalent actinides form AnO,(COs3),
AnO,(COs),> and AnO,(CO3);* complexes. The strong carbonate complexation in
case of hexavalent actinides is responsible for 90-100% of dissolved uranium in

oceans (Choppin, 2007).
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Figure 1.10 Stability constants of actinides of different oxidation states with common

aquatic ligands (Runde and Neu, 2006)

1.4.2.4.(b) Complexation by organic anions:
The organic compounds identified in natural waters are HS and LMCA viz.
citric, butyric, valeric, pyruvic, lactic, succinic, adipic, malonic, tartaric and malic

(Choppin and Allard,1985).

(i) LMCA:

LMCA are a group of organic compounds containing one or more carboxylate
functions (-COOH) and a short hydrocarbon group which can be aliphatic, aromatic,
saturated or unsaturated, straight chain or branched, and substituted with hydroxyl- or
keto-, or any other group in their structure. The occurrence of LMCA in the
environment is outcome of natural processes as well as from anthropogenic emissions.

Organic acids are excreted by many organisms, including bacteria, fungi and algae as
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well as higher plants and animals. Moreover, the degradation of dead biomass releases
significant amounts of organic acids (Fischer, 2002). Residues and byproducts from
different industries viz., agriculture and food processing, sewage, chemical, textile
and metallurgic industries are important anthropogenic emission sources (Abdel
daiem et al., 2012). Since all the factors contributing towards the concentration of
LMCA may operate up to different extents, their concentration may vary from source
to source (Strobel, 2001). Complexation of actinides with LMCA can increase their

mobility in the environment, thus it should be understood in detail.

(i) HS:

HS are formed as a result of decay of plant and animal remains in the soil. The
formation of HS has been postulated using several theories as shown in figure 1.11.
According to lignin theory (pathway 1) HS represent modified lignin, which is
incompletely utilized by microorganism and the residuum becomes part of the soil
humus. Another approach proposes the formation of either phenolic, aldehydes and
acids from lignin (pathway 3) or polyphenols from celluose (pathway 2), which
undergo enzymatic conversion to quinones which polymerize in the presence or
absence of amino compounds to form humic like macromolecules. Sugar-amine
condensation theory (pathway 4) involves the formation of reducing sugars and amino
acids, formed as by-products of microbial metabolism, which undergo nonenzymatic
polymerization to form HS. In practice all four pathways must be considered as likely
mechanisms for the synthesis of HS in nature. All these four pathways may operate in
all soils but to different extent depending upon their geographical, climatic, physical

and biological conditions.
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Figure 1.11 Different routes of formation of HS in environment

As there exist large variety in original material and decomposition stage, HS
are far from a ‘simple molecule’, instead, it consists of a heterogeneous mixture of
complex molecules. Their properties are dependent on the ecosystem in which they
are formed (Stevenson, 1982). HS are classified as FA, HA, and humins, depending
upon their solubility in water as shown in figure 1.12 (Pena-Mendez et al., 2005). The
hypothetical structure for HA proposed by Stevenson (1982) contains free and bound
phenolic groups, quinine structure, nitrogen and oxygen as bridging units and
carboxylic groups variously placed on aromatic rings as shown in figure 1.13.

The different properties of HS are depicted in figure 1.14. It is evident that
carbon and oxygen contents, acidity and degree of polymerization all change
systematically with increasing molecular weight. The low molecular weight FA has
higher oxygen but lower carbon contents than the high molecular weight HA. Another

striking difference is that while the oxygen in FA can be accounted for largely in
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known functional groups (COOH, OH, C=0), a high portion of the oxygen in HA

seems to occur as a structural component of HA.

Organic compounds

of soil
A"’/.f ‘.‘H‘*i
Living Soil organic
organismus matter
Alkaline
precipitation
Alkali-soluble Insoluble residue
humus fragments HUMIN

Acidic
precipitation

Insoluble residue Soluble part
HUMIC ACIDS | | FULVIC ACIDS

Figure 1.12 Classification of HS based on solubility

HS constitute large fraction of dissolved organic matter. Their concentration
varies from 0.1 mg/L in deep groundwater to 50 mg/L in swamp waters compared to
0.5-1.2 ppm in world’s oceans (Stevenson, 1982). They are anionic macromolecules
with heterogeneity in terms of physical and chemical properties and may be dissolved,
colloidal, or may be bound to the surface of an inorganic colloid. They have the
ability to form chelate with radionuclides via carboxylate groups, phenolic and/or
amino groups. Since the deprotonation of these functional groups is pH dependent, the
stability constant of these complexes vary with pH and degree of dissociation. The

typical log K values of humate complexes of Am(lI1), Pu(lV), Np(V) and U(VI) at pH
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7 are nearly 12, 16, 5 and 8 respectively (Silva and Nitsche, 1995). Hence, despite of
their low concentration, they influence the transport, bioavailability and fate of

radionuclides in the environment (Boggs et al., 1985).
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Figure 1.13 Proposed Structure of HA
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Figure 1.14 Chemical properties of HS

1.4.2.5. Colloid formation:
Colloids are ubiquitous in natural waters and therefore it is imperative to

understand their role in actinide migration. The term colloid refers to any particles or
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entities having diameter between 1 nm and 1 pm which remain stable in suspension
over long time periods unless coagulation occurs to form larger aggregates or
deposition onto surfaces of larger grains (Dozol and Hagemann, 1993). The colloidal
particles possess very large specific surface area and, therefore, are important sorbents
for environmental contaminants. There are mainly two types of colloids present in
natural waters namely inorganic colloids, formed by weathering and geochemical
alteration of rocks and minerals, and organic colloids (HS) (Zachara et al.,1994).
Moreover, inorganic colloids covered with organic colloids and microbes stabilized
by hydrophilic coatings also come in category of colloids present in natural water
(Kessler, 1999).
Colloids associated with actinides in ground water can be broadly classified as:
1.4.2.5. (a) Intrinsic colloids:

Intrinsic colloids are formed by condensation of actinides ions or molecules as
a result of hydrolytic or precipitation processes. The mechanism of intrinsic colloid
formation resembles that of precipitation. Thus, it is expected that when actinide
concentration is large enough to exceed the solubility product of the solid phase,
intrinsic colloids are formed (Ramsay, 1988; Kepak, 1971). The intrinsic colloids
formation can be thought to be the gradual transition from ions to hydrolyzed ions
followed by a series of nucleation and polymerization processes. Owing to extremely
low solubility of actinide oxides, hydroxides, carbonates and hydroxycarbonates,
these compounds can serve as building block of intrinsic colloid formation. The order
of tendency of different oxidation state of actinides to form intrinsic colloid is

AnO,'< An®*< AnO,*" < An**
It has been established that the stability of intrinsic colloids increases with

time due to the enhancement in crystallinity (Rai and Ryan, 1982) which ultimately
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results in quasi-stable species with a concentration in solution that can significantly
exceed the thermodynamically calculated solubility of actinide oxides or hydroxides
significantly (Rai et al., 1980; Neck et al., 2007). As intrinsic colloids of tetravalent
actinides possess high stability, resistance to disintegration on dilution with water, and
ability to increase the actinide concentration in solution, they are of major concern
while predicting actinide migration. While Pu(lV) intrinsic colloids are the most
studied in literature (Rai et al., 1980, 1982; Neck et al., 2007), similar generation of
intrinsic colloids have been reported for Th(IV) and Np(IV) in recent years (Altmaier

et al., 2004; Neck et al., 2001).

1.4.2.5. (b) Pesudo Colloids

Every aquatic system contains colloids varying in nature, form and size. The
type and concentration of colloids present in natural waters are dependent on the
associated geological structure and hydrogeochemical transformations (Degueldre et
al., 2000). In addition to natural processes, alteration processes in man-made
materials are also responsible for the colloid formation in natural waters. For example
dissolution of high-level waste glass and spent nuclear fuel may generate clay (mainly
smectite) and silica colloidal material (CRWMS 2000). The inorganic colloids exhibit
high sorption capacities to sorb actinides, owing to large surface area and high density
of surface functional groups, which is responsible for generation of actinide bearing
pseudo colloids. Extensive studies have been carried out in well-defined laboratory
conditions with synthetic colloids to understand the fundamental behavior of actinide-
bearing colloids (Keeney-Kennicutt and Morse, 1985; Sanchez et al., 1985; Nagasaki
et al., 1997; Novikov et al., 2006; Kalmykov et al., 2007; Farr et al., 2000; Lu et al.,
2003). Apart from inorganic colloids, HS and inorganic colloids covered with HS can

also form pseudo colloids with actinides. In order to avoid underestimation of the
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mobility of actinides, the consideration of colloid borne actinides in aquatic systems is
necessary (Schafer et al., 2012; Kersting et al., 1999). In addition to the knowledge
regarding extent of formation of colloids, the velocity of colloids in water which is a
function their charge and size has to be taken into account to predict actinide mobility

in aquatic systems (Ramsay, 1988).

1.4.2.6. Reactions at the mineral/water interface:

In natural environments there exist a wide variety of functional groups viz.,
hydroxyl, carbonate, silicate and phosphate that can strongly bind actinide ions on
rocks, sediments and minerals. Sorption of radionuclides on mineral surfaces is
regarded as one of the dominant retardation processes in the near and far-fields of
nuclear waste repositories (Geckeis and Rabung, 2008). The sorption is used to
describe the uptake of an ion or compound on solid surfaces, resulting in the transfer
of this species from the liquid to the solid phase. Sorption includes large number of
chemical processes viz., adsorption, absorption, incorporation, recrystallization, ion
exchange and surface precipitation (Schafer et al. 2012) of which the former two
processes are relevant to present work. Sorption involves the attachment of the metal
ion to the mineral surface either physically via electrostatic interactions (dipole-
dipole, ion-dipole, Vander Waals interactions) or chemically via a chemical bond
between the ion and the mineral surface (Stumm and Morgan, 1996). The former
process is termed as physiosorption and latter is called chemisorption. In
physiosorption, formation of an outer sphere complex take place in which the metal
ion retains its hydration sphere upon attachment to the surface while chemisorption
results in the formation of inner sphere complex where the metal ion loses parts of its
hydration shell to allow chemical bond formation between the sorbate and the sorbent.

Incorporation however, involves uptake of the ion within the mineral structure which
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is generally the outcome of the direct substitution of the metal ion with one of the

mineral’s structural components (Stumm and Morgan, 1996; Ishida et al., 2012).
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Figure 1.15 Conceptual illustration of the inner- (1.S.) and outer-sphere (O.S.) surface

complexes of Eu** with kaolinite (Ishida et al., 2012)

Since physiosorption, chemisorption and incorporation reactions involve
different interactions at solid/solution interface (figure 1.15), it is imperative to
distinguish between them as they will affect the mobility of actinides to different
extent in geologic media. The influence of one of the parameters of surrounding
solution i.e ionic strength on physiosorption and chemisorption has been discussed
briefly to illustrate the inherent differences in nature of complexes formed as the
result of two sorption processes. The outer sphere complexation on solid surface is
very sensitive to variations in the ionic strength of the surrounding solution (Dzombak
and Morel, 1990).

Thus, an increase in ionic strength only, may cause the outer sphere complex
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to desorb from the surface. On the other hand inner sphere complexes, bound strongly
to the surface owing to the chemical bond formation between the metal ion and the
solid surface, does not undergo desorption with change in ionic strength. Although,
desorption can take place in case of chemisorption, with increase of complexing
ligands, such as HS, citrate, COs*, SO4*, and H4SiO; in the surrounding media (Kar
et al., 2011a, 2011b, 2012). However, these complexes can form ternary surface
complexes and thus may not increase the mobility of the radionuclides in the
geosphere (Fernandes et al., 2010). Extensive studies have been carried out to
investigate the sorption of actinides on mineral oxides and clay minerals in which
spectroscopic techniques (Rabung et al., 2000, 2005,; Fouchard et al., 2004a;
Takahashi et al., 2006; Hartmann et al., 2008; Ishida et al., 2009; Schlegel et al.,
2004; Stumpf et al,. 2007; Denecke, 2006; Geipel, 2006) and SCM (Bradbury and
Baeyens, 2002, 2006, 2009a, 2011; Bradbury et al., 2005; Grambow et al. 2006;
Gaskova and Bukaty, 2008) have been employed to understand the sorption
mechanism in addition to the determination of Kp. Hence, reactions at mineral/water
interface are one of the dominant factors which control mobility of actinides in the

environment.

1.5. Need for Spectroscopic techniques to study actinide speciation:

Initially the focus of geochemists was to obtain Kp of actinides as input data
for performance assessment modeling related to actinide transport in the environment.
Later on, it was realized that for the development of appropriate geochemical sorption
models, required for reliable description and prediction of actinide environmental
behaviour, molecular level understanding of reaction mechanisms is needed which
can be obtained by using spectroscopic techniques which are generally non-invasive

and provide information about the oxidation state and chemical environment of the
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measured species. Laser based spectroscopic systems are very sensitive and allow
study of systems containing sub-molecular concentrations of some actinide ions. The
spectroscopic techniques, such as TRLFS, EXAFS, Raman or infrared spectroscopy,
Laser-Induced Photoacoustic Spectroscopy, Laser-Induced Thermal Lensing
Spectroscopy, NMR, UV-Visible Absorption Spectroscopy and XPS are being used to
understand the sorption mechanisms and actinide speciation at molecular level
(Zaera, 2012; Tan et al., 2010). The detection limits of actinides for different
spectroscopic methods which are dependent on the element and its oxidation state are

listed in table 1.5.

Table 1.5 Approximate detection limits of actinides in oxidation state speciation

(Choppin, 2006)

Technique Approximate detection limits
NMR 10"-10"M
X-ray Absorption Spectroscopy 10"-10"M
UV-Visible Absorption Spectroscopy >10"°M
LIPAS 10°-10°M
Laser-Induced Thermal Lensing Spectroscopy 10°-10°M
TRLFS 10°-10°M

Out of the above mentioned spectroscopic techniques, EXAFS and TRLFS are
the most widely used to study the actinide speciation. EXAFS is one of the most
versatile spectroscopic techniques which provide information about oxidation state
and the number and type of nearest neighbour surrounding the absorbing atom and
thus molecular structure of the actinide species. The only limitation with EXAFS is
that the detection limit for this spectroscopic tool is very high (Table 1.5). In contrast

TRLFS, comprises of characteristic luminescence spectral properties arising from f—f
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electron transitions of some actinide ions mainly Cm(lll) and U(VI), exhibit
extremely high sensitivity (Chung et al., 1998; Edelstein et al., 2006b; Simoni, 2002;
Klenze et al., 1991; Choppin and Peterman, 1998a) and allows for molecular-level
speciation even at trace concentrations as listed in table 1.5. Thus, spectroscopic
techniques enable the characterization of actinide species in solution as well as at
solid solution interface which, in turn, is helpful in constructing geochemical sorption

models.

1.6. Need of Modeling Actinide Sorption using Geochemical Codes:

The conditional Kp was initially employed to describe the radionuclide uptake
on geologic media. The prime limitation of Kp values is that they are valid only to the
specific experimental conditions for which they have been estimated. Since, neither
sorption mechanism, nor solution and surface speciation is considered while
determining Kp, they cannot account for changes in solution conditions that are
imperative in natural systems. The use of SCM has advantage over conditional Kp, as
in SCM, surface chemical reactions are represented by a set of mass balance
equations, analogous to aqueous systems, and thermodynamic constants thus obtained
are independent of changes in solution conditions (Dzombak and Morel, 1990). The
detailed knowledge obtained by spectroscopic techniques about the sorption process is
helpful in validation of SCM and increases confidence in their reliability. SCM are
capable of modeling the actinide sorption on mineral oxides, clays (Bradbury et al.
2005; Gaskova and Bukaty, 2008; Bradbury and Baeyens, 2002, 2009a, 2011). They
have the potential of serving as useful tools in predicting actinide behaviour at

solid/solution interface.
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1.7. Motivation for the present work:

Deep geological repositories have been designed so as to ensure isolation of
the fission products and transuranics for sufficiently long time and to minimize the
risk of radionuclide migration in the biosphere. However, a thorough nuclear safety
assessment has to be performed to access and predict radionuclide migration in case
of possible release scenarios which requires fundamental understanding of speciation
of radionuclides in the environment. Thus intense research in this field is need of hour
which has opened up challenging research avenues for scientists worldwide. The main
mode of transport for radionuclides from deep geological repositories towards the
biosphere is the aquatic environment. The speciation of radionuclides and their
migration is directly related to parameters of natural aquatic systems such as pH,
redox potential (Eh), the presence of dissolved inorganic and organic species and the
surrounding geologic media. Consequently, the geochemistry of radionuclides
requires comprehensive knowledge of their chemical interaction with components of
aquatic environment. The formation of complexes with inorganic and organic ligands,
intrinsic colloids formation, radionuclide interaction with colloids and the sorption of
radionuclides on surrounding geologic media affect radionuclide migration in the
geosphere. A sound understanding of these solid/water interface reactions is of
fundamental importance for the safety assessment of nuclear waste repositories. Thus
work carried out as a part of this thesis deals with the two aspects of actinide
speciation in natural waters:

(i) Complexation of actinides and lanthanides with LMCA and HA:

The actinide migration is influenced by presence of complexing anions

(inorganic and organic) present in the aquatic environment. Therefore, it is imperative

to understand the complexation of actinides with these ligands. The organic
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complexants such as HS and LMCA have high affinity for actinides and can also form
strong complexes with actinides and hence enhance their transport. Thus, fundamental
understanding of the complex formation and determination of stability constants with
these ligands is of utmost importance in order to predict the actinide migration in the
environment. Though the stability constants of actinides with the common carboxylic
acids have been determined in literature, the mechanism of binding of actinides with
these ligands needs to be understood in detail which can be done by probing such
systems using spectroscopic techniques.

With this in view complexation of Eu(lll), chemical analogue of Am(I1l) and
Cm(I1)), with different LMCA and HA have been studied by TRFS and the log K as
well as the stoichiometry of the complexes has been determined for LMCA (Jain et

al., 2008, 2009).

(i) Sorption of actinides and lanthanides on mineral oxides: Effect of complexing
anions:

The interaction of actinides at the solid/solution interface is one of the most
dominant pathways for controlling their migration in the environment and therefore it
has attracted the attention of geochemist during recent years. Depending on
geochemical conditions and the type of mineral, sorption can be physiosorption,
chemisorption or incorporation into the matrix. In addition, sorption mechanisms and
the extent of sorption are dependent on pH, Eh, total actinide ion concentration as
well as the composition of the aquatic environment in contact with mineral. Initially,
it was thought that only the determination of Kp values at solid solution interface
were sufficient for performance assessment modeling of deep geological repositories
but soon it was realized that detailed understanding of sorption mechanism is

imperative to construct geochemical sorption database and models. It is, therefore,
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essential to investigate the sorption of actinides on to mineral and study influence of
pH, actinide concentration, presence of complexing anions (inorganic and organic) on
sorption, in depth, using spectroscopic techniques and surface complexation models.
With this in view, sorption of actinides (U(VI), Cm(lll) and Np(IV,V) ) on
mineral oxides (silica, hematite) and influence of complexing anions (HA, citrate,
HIBA, carbonate), pH, ionic strength, actinide concentration has been investigated.
The spectroscopic studies have been carried out, wherever possible, to delineate
species responsible for sorption and to validate SCM (Kar et al., 2011 a, 2011 b,

2012; Jain et al., 2007; Kar et al.,(communicated)).

1.8. Scope of the thesis:

The complexation and sorption of actinides on mineral oxides are important in
understanding migration of actinide ions in aquatic environment. The actinide
sorption is dependent on the various organic and inorganic ligands present in the
surrounding media. HA and small complexing anions are prevalent in aquatic systems
and hence their complexation with actinides and their influence on actinide sorption
has been investigated in this thesis.

In the present work pertaining to complexation studies, Eu(lll), the rare earth
element having good fluorescence yield, has been used as an analogue of trivalent
actinides to study the complexation of Eu(lll) by different carboxylates, namely,
HIBA, SA, PA, MA and HA using TRFS and the stability constant and stoichiometry
of the Eu(l11)- carboxylate complexes has been deduced.

In the studies pertaining to sorption, four different systems have been
investigated.

a) The effect of pH, ionic strength, HA concentration and order of addition of Cm(l11)

and HA on curium sorption by silica colloids has been studied. LAM qualitatively
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reproduced the profile of the Cm(l111) sorption by silica in presence of HA.

b) Sorption of Eu(lll) by silica and the effect of HIBA has been studied by batch
sorption as well as TRFS. The speciation calculations of Eu(lll) using MINTEQAZ2
and the SCM of the binary and ternary systems using FITEQL4.0 has been carried
out. The surface complexes postulated have been validated using TRFS. Similar
studies were performed with Cm(lll) in order to demonstrate the differences, if any,
between Eu(l11) and Cm(111) with regard to sorption.

c) Sorption of neptunium on hematite colloids has been studied under aerobic and
anaerobic conditions at varying pH in absence and presence of HA. The stability
constant of Np(V)-humate complex was determined by solvent extraction method.
Under anerobic conditions Np(IV) sorption on hematite was studied and drastic
difference in sorption behaviour were observed in aerobic and anerobic conditions.

d) Sorption of U(VI) on silica surface was investigated as function of pH, ionic
strength, and U(VI) concentration by employing batch sorption experiments and
SCM. The effect of complexing anions viz., carbonate and citrate on U(VI) sorption
was also studied. SCM and TRFS were satisfactorily able to explain the sorption

phenomena in all the systems.
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2.1. Introduction:

The focus of the present studies is to understand the influence of LMCA and
HA on complexation and sorption of actinides and lanthanides. The complexation
studies entail the measurement of the stoichiometry of the complexes and their
stability constants while sorption studies deal with Kp determination followed by
spectroscopic characterization and SCM. In the present chapter, brief description of
the methodology of sample and radiotracer preparation, their characterization and
assay by different techniques viz., XRD, BET surface area analysis, zeta potential
measurement, UV-Visible Spectroscopy, ICP-AES, TOC content, TRFS, Radiometry
and the data analysis has been provided. In addition, aqueous speciation of
radionuclides, linear additive and SCM used to model sorption phenomenon have

been discussed in detail.

2.2. Preparation and Purification of Radiotracers:
The sorption studies on metal ions reported in the present thesis were carried
out with radiotracers. Procurement, preparation as well as purification of various

radiotracers are as follows:

2.2.1. Neptunium tracer:

29Np, the short lived (2.35 days) B/y-emitting isotope of neptunium was used
as the tracer for neptunium in sorption studies. 15 mg of uranium (as U3Og) was
irradiated in APSARA reactor at BARC having a neutron flux of 5 X 10™ n/cm?/s for
2 hours. After the irradiation, the uranium oxide was dissolved in 8 M HCI and the
solution loaded on to a Dowex 1 X 8 anion exchange column of 3 mm diameter and
50 mm length. The column was washed with 8M HCI till all the fission products were

washed from the column, which was monitored by gamma counting of the washings
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using HPGe detector (Eurysis Measures, France) coupled to a 4K MCA.
Subsequently neptunium was eluted with 2 mL mixture of 4 M HCI and 0.05 M HF.
The radiochemical purity of “*Np was ascertained by counting the eluted fraction on
HPGe. The solution was evaporated to dryness and then evaporated with 1M HCIO4
three times and finally dissolved in 0.1 M NaClO, solution to prepare 10™ M stock

solution having pH ~ 6.

2.2.2. Uranium tracer:

23 tracer (ty, = 1.59 X 10° years) was produced by the irradiation of %**Th
followed by its purification (Srinivasan et al., 1972). Purification of ?**U from its
daughter products and Thorium was carried out from 6 M HCI using anion exchange
procedure (Rattan et al., 1981). Uranium in 6 M HCI solution forms anionic complex
which is held on the column, whereas thorium and daughter products are not retained
on the column. The column was washed with excess of 6 M HCI to remove any
adsorbed impurities. Finally, the loaded uranium was eluted with 0.01 M HNO3. The
radiochemical purity of ?*3U tracer was ensured by alpha spectrometry. The eluted
fraction was evaporated to dryness thrice and the residue obtained was dissolved in ~
0.01 M HCIO,. The concentration of uranium in the **U stock solution thus obtained

was 8.95 X 10° M.

2.2.3. Curium tracer:
Existing stock of **Cm at Radiochemistry Division, BARC was used as a tracer for
curium. The alpha spectrometric assay of the curium solution showed it to be 99%

2%Ccm and 1% 2*°Cm. The curium concentration in stock solution was 2.2 X 108 M.
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2.2.4. Europium tracer:

Natural Eu,03 (10 mg) sealed in quartz was irradiated in Dhruva reactor at
BARC having a neutron flux of 5 X 10" n/cm?%/s for 7 days. After cooling period of
two days, the irradiated Eu,03 was dissolved in conc HCIO, and finally diluted to pH
2 with water to prepare the **** Eu stock solution. The concentration of Eu(lIl) in

the stock solution was 2 X 10 M.

2.3. Synthesis of hematite:

Hematite was synthesized by neutralization of aqueous ferric chloride (AR
grade, 0.5 M) solution with sodium hydroxide solution (AR grade, 0.5 M) followed
by thermostating the precipitate at 800°C to transform it into granular precipitate in an
air oven. It was filtered, washed repeatedly with distilled water to remove counter
ions and oven dried. The dried precipitate was further heated at 300°C for one hour to
form crystalline hematite. The crystalline powder was ground to sub-micron size

particles in a planetary ball mill (Ms FRITSCH, Germany).

2.4. Radiometric Techniques:

Alpha emitting radionuclides e.g. 2**Cm and ?**U were assayed in the sorption
experiments by liquid scintillation counting whereas Nal(TI) scintillation counter and
HPGe detector were used for the estimation and radionuclide purity of gamma
emitting radionuclides respectively.

2.4.1. Liquid Scintillation Counter:

For quantitative analysis of alpha emitters, liquid scintillation counters are
most widely used. The main advantage of these detectors is nearly 100% detection
efficiency which allows assay of as low as few Bq of alpha activity with good

precision. A scintillator is a material that emits luminescence in a suitable wavelength
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region when ionizing radiation interacts with it. Interaction of the charged particles
(alpha particles) with the scintillator results in emission of photons, which are
converted into a voltage signal using a PMT. The height of the voltage signal is a
measure of the energy of a particle while the number of pulses gives the activity of
the source. In cases, where the scintillator emits photons in UV region, a wavelength
shifter is added to the scintillator in order to shift the wavelength of the emitted
photons to visible region which is subsequently collected in the PMT since photo
cathodes of most PMTs are compatible with visible light. The liquid scintillation
counters provide data on the gross alpha activity as it cannot distinguish between
alpha energies and therefore it cannot be used for alpha spectrometry. Many organic
compounds are versatile scintillators for radiation measurements (Horrocks and Peng,
1971). The liquid scintillation cocktail comprises of a solvent like dioxane or toluene,
a scintillator like PPO (2,5-diphenyl oxazole) and a wavelength shifter such as
POPOP (1,4-bis-2-(5-phenyl oxazolyl)-benzene). The solvent is the main stopping
medium for radiation and must be chosen so as to provide the efficient energy transfer
to the scintillating solute. In the present work, the concentration of the radiotracers
was kept low so as to mimic natural conditions and hence generally large volume of
aqueous aliquots (1 mL) was added to scintillators. Thus di-isopropyl naphthalene
based scintillators which satisfied all the requirements were employed for alpha
counting. Each sample was counted for sufficient time so as to get more than 10,000

counts to minimize the statistical counting error.

2.4.2. Nal(TI) Scintillation Counter:
Sodium iodide activated with 0.1-0.2% of thallium, Nal(Tl), is by far the most
widely used inorganic scintillator for the assay of gamma emitting radionuclides.

Salient features of these detectors are the low cost, ease of operation and ruggedness
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(Knoll, 2000). The band gap in Nal crystal is of the order of 5-6 eV. When a charged
particle (or gamma ray) falls on the detector its energy is used up either for excitation
of electrons from the valence band to conduction band or for the ionization of atom.
Introduction of thallium in the Nal(Tl) not only shifts the wavelength to higher value
by creating intermediate levels in conduction bands but also increases the
fluorescence yield of the detector. The energy resolution of Nal(Tl) detector is about
7% at 662 keV.

In the present work, a 3" x 3" well type Nal(Tl) detector coupled with a
multichannel analyzer has been used for gamma counting. Nearly 100 % detection
efficiency for moderate energy photons in a well type Nal(TI) detector offers great
advantages for counting of low activity samples. A suitable aliquot (1 mL) of the
desired analyte solution was taken in glass counting tubes which was then placed in
the cavity of detector coupled with PMT and associated electronics. Each sample was
counted for sufficient time so as to get more than 10,000 counts to reduce the

statistical error in counting

2.4.3. HPGe:

In the present work, HPGe detector coupled with multichannel analyzer was
employed for gamma spectroscopy to check the radiochemical purity of the
radionuclides. The HPGe detector is made up of exceptionally pure germanium in
which the impurity level is around 10'° atoms/cm?® or less. This is referred to as high
purity germanium which approaches the theoretical pure semiconductor. HPGe is the
most widely used semiconductor detector for gamma spectrometry and can be called
as the workhorse of gamma ray spectroscopy. The high energy resolution (typically
1.9 keV at 1332 keV) is the key feature of this detector due to low band gap (0.7 eV).

The great advantage of HPGe detector is that it can be stored at room temperature
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(Knoll, 2000). However, while operating it has to be cooled to liquid nitrogen
temperature. In present work radiochemical purity of “*Np and *** Eu was ascertained

by using HPGe.

2.5. XRD:

XRD is one of the non-destructive, fast and most widely used techniques to
characterize single crystal, polycrystalline and amorphous materials. The ease of
sample preparation and highly-accurate determination of d-spacing calculations has
made XRD, a versatile tool in the field of material chemistry. In crystalline materials,
due to the presence of long range periodicity, the XRD patterns are in the form of
sharp peaks.

The underlying principle of XRD is based on scattering of X-rays by a crystal
consisting of well-defined array of atoms, ions and molecules. Since parallel arrays of
atoms of the crystal lattice are equivalent to the parallel lines of the diffraction
grating, therefore inter-planar spacing could be successfully determined from the
separations of bright fringes of the diffraction pattern. The wavelength of X-rays (0.5
to 2 A) has same magnitude as interplanar spacings in the crystal lattice and therefore
crystal planes act as diffraction gratings for impinging X-ray radiation. X-rays interact
with the electron cloud of the atoms which act as scattering centers and the scattered
X-rays from two scattering centers may undergo constructive or destructive
interference. Interaction of X-rays reflected by a set of parallel planes lead to
constructive interference only at a particular angle according to Bragg’s Law, given
by equation (2.1), which results in sharp peaks in XRD pattern and are characteristic
of a particular material.

nl = 2dsin6 (2.1)

where,
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n is the order of diffraction

A is the wavelength of X-rays,

0 is the glancing angle (called as Bragg's angle),

d is the inter-planar separation

In general, in most of the diffractometers Cu Ka is used as the X-ray source and a
proportional counter (Argon filled) as the detector. In present work, XRD (Stoe 0-0

diffractometer, Germany) was used to characterize mineral oxide hematite.

2.6. BET Surface Area Analyser:

BET surface area analysis is an important analysis technique for the
measurement of the surface area of a material. This technique is based on BET theory,
given by Brunauer-Emmett-Teller, which explains the physical adsorption of gas
molecules on a solid surface.

The BET theory explains multilayer adsorption by taking into consideration
following hypotheses: (a) gas molecules are physically adsorb on a solid in infinite
layers at saturation pressure; (b) there is no interaction between each adsorption layer;
and (c) the Langmuir theory can be applied to each layer. The resulting BET equation

is expressed by (2.2):

1 — c—1(p)+ 1 (22)

v[(z%o)—l] Umc p_o Ymc

p and po are the equilibrium and the saturation pressure of adsorbate at the

temperature of adsorption, v is the volume of adsorbed gas, and vy, is the volume of
adsorbed gas for monolayer formation, c is the BET constant, which is expressed by

(2.3):

c=exp (%) (2.3)
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E; is the heat of adsorption for the first layer, and E, is that for the second and
higher layers and is equal to the heat of liquifaction.

Equation (2.2) is a BET adsorption isotherm and can be plotted as a straight
line with 1/v[(po/p)-1] on the y-axis and (po/p) on the x-axis. The value of the slope
and the intercept are used to calculate the monolayer adsorbed gas quantity v, and the
BET constant c.

The surface area of the material can be evaluated by use of following

equation:

s=mNs), (2.4)

where
N : Avogadro's number,
s : adsorption cross section of the adsorbing species,
V: molar volume of adsorbate gas
a : mass of adsorbent (in g)
In present work, surface area of mineral oxides was determined using BET

surface area analyser (Sorptomatic 1990, CE Instruments, UK).

2.7. UV-Visible Spectrophotometry:

UV-Visible Spectrophotometry refers to absorption spectroscopy in the
ultraviolet-visible spectral region. Spectrophotometry is one of the direct methods for
determining concentration of the species as the spectra obtained are characteristic of
particular species. The observed spectra thus provide information about the species
formed which are helpful in both qualitative and quantitative estimations.

The principle of UV-Visible Spectrophotometry is based on the Lambert —

Beer law according to which equal fractions of the incident light are absorbed by
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successive layers of equal thickness and equal concentration of absorbing medium.
Mathematically, Lambert — Beer law is given by equation (2.5)
A= log(ITO) = ecl (2.5)
Where,
lo = intensity of light incident on the sample
| = intensity of transmitted light
A= absorbance
€ = Molar extinction coefficient which is the characteristic of species
c= concentration of species
| = path length

In this technique, absorption of electromagnetic radiation results in transition
from the ground state to the excited state. The wavelength, at which maximum
absorption for species is observed, (Amax), is used for its spectroscopic analysis. The
absorption spectrum is a reflection of structure of a species and therefore absorption
spectra provide information about the functional groups as well as oxidation state of
metal ion in a particular species. A schematic diagram of a standard
spectrophotometer is given in figure 2.1.

In the present case, UV-Visible absorption spectra of the HA samples were
recorded, using a Jasco V-350 UV/Vis spectrophotometer at ambient conditions, in
order to determine the fraction of HA sorbed on hematite. The equipment uses
deuterium lamp and halogen lamp as source of radiation for ultraviolet and visible
region respectively. A PMT is used for detection of transmitted photons. The

instrument has a resolution of 1 nm with wavelength accuracy of + 0.5 nm.
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Figure 2.1 Schematic diagram of a basic UV-Vis spectrophotometer

2.8. ICP-AES:

ICP-AES is one of the most common techniques for elemental analysis. Its
high specificity, multi-element capability and good detection limits make this
technique suitable for wide variety of applications. A plasma source is used for
dissociation of the sample into its constituent atoms or ions, and their subsequent
excitation to a higher energy level. They return to their ground state by emitting
photons of a particular wavelength which is characteristic of the element present. This
light is recorded by an optical spectrometer. When calibrated against standards the
technique provides a quantitative analysis of the original sample.

A JY-50P poly scan instrument with axial ICP and operated at 40.68 MHz
radio frequency (r.f) with 1.0 kW forward output r.f. power served as the spectral
excitation source. The instrument known as “Panorama” model has a unique facility
for simultaneous and sequential operation in the same spectrometer assembly. Thus,
the spectrometer has a polychromator covering 35 elements and is also able to
function as a sequential unit over a spectral range of £ 2.2 nm around each channel.
The block diagram of ICP-AES is given in figure 2.

In present work, ICP-AES has been used for the determination of dissolved

silica.
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Figure 2.2 Schematic of ICP-AES

2.9. Determination of Zeta potential:

The ionization of surface groups, lattice imperfection and specific ion
adsorption leads to development of a surface charge at the particle surface which in
turn affects the distribution of ions in the surrounding interfacial region and hence
increase in concentration of counter ions close to the surface which ultimately leads to
the formation of electric double layer around each particle. There exists a notional
boundary within the diffuse layer inside which the ions and particles form a stable
entity and move along with the particle, but any ions beyond the boundary do not
travel with the particle. This boundary is termed as shear plane and the potential at
this plane is known as the Zeta potential as shown in figure 2.3.

The stability of the colloidal system can be ascertained in terms of magnitude
of the zeta potential. Large negative or positive zeta potential values ( >+ 30 mV) of
colloidal system generate repulsion among particles and thus avoid tendency of
flocculation. Such systems are termed as stable suspensions In contrast low zeta
potential values (< + 30 mV) offer low electrostatic repulsion which results in
flocculation and these systems are called unstable suspensions. The point where zeta
potential becomes zero is called the isoelectric point or pH ,,c and is one of the very

important parameters used for characterizing the colloidal systems.
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The zeta potential measurement involves determination of electrophoretic mobility
which is defined as the velocity of a particle in an electric field. The charged particles
suspended in the electrolyte are attracted towards the electrode of opposite charge on
application of electric field but their movement is opposed by viscous forces acting on
them. When equilibrium is attained between these two opposing forces, the particles
move with constant velocity. The velocity i.e. electrophoretic mobility of the particle
(Ug) is dependent on the strength of electric field, the dielectric constant (g) and the
viscosity (1) of the medium and the Zeta potential (z). The electrophoretic mobility

and zeta potential is related by Henry equation (2.6)

_ 2&f(Ka)

U
E 3n

(2.6)

f(Ka) is known as Henry’s function and generally have two values either 1.5 or 1.0.
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Figure 2.3 Schematic showing Electrical double layer and Zeta potential
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This velocity is measured using the technique of the Laser Doppler
Velocimetry. The frequency shift or phase shift of an incident laser beam caused by
these moving particles is measured as the particle mobility, and from this mobility
zeta potential is determined using equation (2.6). In present studies the zeta potential
determination of hematite and silica were carried out using Malvern, Zetasizer Nano

ZS.

2.10 TOC Analyser:

TOC is the amount of carbon bound in an organic compound. A typical
analysis for TOC measures both the total carbon present as well as the so called
"inorganic carbon™ (IC), the latter representing the content of dissolved carbon
dioxide and carbonate salts. Subtraction of IC from the total carbon yields TOC. But
nowadays, direct determination of TOC can be made using photocatalytic oxidation
followed by infra red detection.

Introduction of sample directly into the photocatalytic reactor allows direct
mixing with the titanium dioxide (catalyst) slurry in the presence of a near-UV light
source (300-400 nm). There is continuous circulation of air in a closed loop system
and the reactor provides the necessary oxygen. Under these conditions any bound

organic carbon present in the sample is quickly oxidized.

4CHy + (4x + )0, ., 4xC0,(g) + 2y H,0 2.7

The carbon dioxide that is formed during this reaction is passed through a
condenser and then circulated through the closed loop system. A dual wavelength

Non-Dispersive Infra-Red detector measures the increase in carbon dioxide resulting
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from the oxidation. The block diagram of TOC analyser is shown in Figure 2.4. For
quantitative analysis of TOC, benzoic acid is used as a standard.
In present studies, Anatoc analyzer (SGE, Australia), with detection limit 0.5

ppm carbon, has been employed to determine the sorption of HIBA and citric acid on

silica.
Pump
Condenser
B NDIR
Reactor Detector
m [njection Port
L INear UV Lamp
Figure 2.4 Schematic of TOC analyser
2.11. TRFS:

For a comprehensive understanding of the interaction mechanisms between
trivalent lanthanides/actinides and the chosen minerals and complexing ligands, TRFS
have been employed. TRFS is one of the most sensitive, non-invasive and widely
used spectroscopic techniques for speciation studies. The technique has triple
advantage of (i) characteristic excitation wavelength, (ii) characteristic emission
wavelength and (iii) characteristic lifetime which helps in accurate assignment of the

complex stoichiometry and structure in both sorption as well as complexation studies
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(Plancque et al., 2003). The fluorescence emission spectra are characteristic of
particular species and the selective excitation helps in reduction of interferences from
others species. Thus spectral characteristics and lifetime of species provide
information about the important properties like oxidation states of metal ions, co-
ordination numbers, and covalence. Due to the above mentioned advantages, TRFS

has been used extensively for speciation studies.

2.11.1. Principle of TRFS:

Photoluminescence is a process in which a substance absorbs photons
(electromagnetic radiation) and then emits its characteristic luminescence. Quantum
mechanically, this can be described as an excitation to a higher energy state and then
return to a lower energy state accompanied by the emission of a photon. The various
dexcitation pathways of an excited molecule can be described with the help of
Jablonski diagram as shown in figure 2.5. Sy, S;, and Sy, depict the singlet ground,
first, and second electronic states respectively. The vertical lines are used to depict
transitions between different electronic states. The light absorption is instantaneous in
nature (10™ s). Following light absorption, several processes usually occur. A
fluorophore is usually excited to some higher vibrational level of either S; or S, and
rapidly relax to the lowest vibrational level of S;. This process is called internal
conversion and generally occurs within 102 s or less. When the relaxation occurs
between an excited state and the ground state of same spin multiplicity (AS = 0) the
luminescence process is referred to as fluorescence. Thus, fluorescence emission
generally results from a thermally equilibrated excited state, that is, the lowest energy
vibrational state of S;. Although the fluorescence is a fast process, some of the
original energy is dissipated so that the emitted light photons are of lower energy than

those absorbed. The generated photon in this case is said to be red shifted as the result
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of loss of energy in internal conversion. Molecules in the S; state can also undergo a
spin conversion to the first triplet state T, which is termed as intersystem crossing.
Emission from T, is termed phosphorescence, and is generally shifted to longer
wavelengths (lower energy) relative to the fluorescence. Transition from T to the
singlet ground state is quantum mechanically forbidden, which result in a slow
process of radiative transition back to the singlet ground state, sometimes lasting even
minutes or hours (Lakowicz, 2006). Typically, this is correlated with the relaxation

time that is longer for phosphorescence than for fluorescence.

Jablonski Energy Diagram
Excitation Excited Singlet States

e - gkt Vibrational
10° d 3
2,“‘ » S,? :I—Energy States
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Internal Internal
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(1074 10" sec)  © ‘ ¢ Excited
S 2 Triplet
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Figure 2.5 Jablonski diagram depicting photo physical processes

Some f-elements relax through intense luminescence emission in aqueous
media. Some actinide and lanthanide fluorophores are Am(lIl), Cm(lll), Bk(lII),
CE(111), Pa(1V), U(VI), Eu(lll), Gd(I1), and Tb(lll). The characteristic optical spectra

of these inner transition elements originate from f-f transitions, taking place between
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the partly filled 4f (lanthanides) and 5f (actinides) energy levels (Carnall, 1979). The
f-f transitions are sensitive to changes in the ligand field, thus, making TRFS an

extremely useful tool to probe the complex speciation of these elements.

2.11.2. Instrumentation:

The present TRFS studies were carried out using an Edinburgh 920 series
spectrometer which works on the principle of TCSPC. The spectrometer is equipped
with a Xe flash lamp and a couple of M 300 monochromators providing resolution of

~1 nm.

2.11.2.1. Xenon flash lamp:

A Xenon flash lamp is an electric arc lamp designed to produce extremely
intense, incoherent, full-spectrum white light for very short durations. Flash lamp
comprises a hermetically sealed glass tube, in which noble gas xenon is filled with
electrodes at either end to carry electrical current. The electrodes of the lamp are
usually connected to a capacitor, which is charged to a relatively high voltage
(generally between 250 and 5000 volts). The gas, owing to its inert nature, exhibits
extremely high resistance, and the lamp does not conduct electricity until the gas is
ionized. On ionization, a spark forms between the electrodes, allowing the capacitor
to discharge. The sudden surge of electric current quickly heats the gas to a plasma
state, where electrical resistance becomes very low, and a high voltage pulse is

generated to produce the light.

2.11.2.2. Monochromator:
The dispersion of polychromatic or white light into the various colors or

wavelengths is achieved by using monochromators. In most spectrofluorimeters, the
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dispersion into light of specific wavelength is attained by using diffraction gratings,
an optical component with a periodic structure that splits and diffracts light into
several beams travelling in different directions. The directions of these beams depend
on the spacing of the grating and the wavelength of the light. The relationship
between the grating spacing (d), the angles of the incident (6;) and diffracted beams
(6;) of light is known as the grating equation which is given in equation (2.11)

mA = d(sin 6; + sin 6,) (2.11)
where m is the order of diffraction and A is the wavelength.

M300 monochromator, dispersive element in the instrument used for present
studies, is a high quality general purpose grating monochromators designed for use in
the UV, visible and infra-red spectral regions. All the gratings are kinematically
mounted so that calibration is not lost when gratings are changed. The use of an 1800
lines/mm of 69 mm x 69 mm grating in the visible region results in a higher resolution

and light gathering power.

2.11.2.3. TCSPC

TCSPC technique is a digital counting technique where the photons, that are
time correlated in relation to an excitation light pulse, are counted. The sample is
excited with light pulse, resulting in the waveform, as shown in the figure 2.6, which
excite many fluorophores and numerous photons are observed. However, the
conditions for TCSPC are so adjusted that less than one photon is detected per laser
pulse. In fact, the typical detection rate is 1 photon per 100 excitation pulses. The time
difference between the excitation pulse and the observed photon is measured and
stored in a histogram which represents the waveform of decay provided less than one
photon per 100 excitation pulse is detected. The excitation pulse, in addition to

sample excitation, triggers the start PMT which sends an analog signal to CFD that
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generates a logic signal which represents the accurate arrival time of the pulse. This
signal is passed to TAC as a start signal, which generates a linear voltage ramp with
respect to time. As soon as the first fluorescence photon is observed, stop PMT
detects the photon and the arrival time of the signal is accurately determined using a
CFD, which sends a signal to stop the voltage ramp. The voltage contained in TAC is

proportional to the time delay (t) between the excitation and emission signals.

Dgtector Time (ns)
signal:
Photon % A
i A
5 A,
6
7
; A
10
N Lo
Photon
distribution
Time (ns)

Figure 2.6 Principle of TCSPC depicting excitation pulse and decay profile

(Lakowicz, 2006)

The sample is repetitively excited and a probability histogram relating the time
difference between an excitation pulse (Start) and the observation of the first
fluorescence photon (Stop) is obtained. The time of arrival of photon must be defined
precisely and accurately in TCSPC. This precise timing information is achieved by
CFD. The schematic diagram of TCSPC set up used for fluorescence investigations is

shown in figure 2.7.

86



Chapter 11
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Figure 2.7 Block diagram of TCSPC set up for fluorescence experiments

2.11.2.4. CFD:

The analog signal from PMT corresponding to individual photon detection,
have a significant spread in pulse height which means that timing based on amplitude

threshold will result in considerable jitter as shown in figure 2.8.

(a) Leading Edge Discrimination (b) Constant Fraction Discrimination

At (Timing jitter) Low timing

jitter
1

Voltage

Emission

— Threshold Pulse

Time (ps)

Figure 2.8 Constant fraction discrimination in TCSPC. (a): Timing error due to pulse

height variations (b): Operation of a CFD (Lakowicz, 2006)

The accurate timing information about a photon is obtained with the help of

CFD in which input signal is split into two parts, one part is delayed by about half the
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pulse width and the other part of the signal is inverted. On summing of these two
parts, the zero crossing point is independent of the pulse height which accurately

determines the arrival time of the signal (Lakowicz, 2006).

Figure 2.9 shows the TRFS setup used for present work.

e Chamber

Wavelength range — 180-900nm

Figure 2.9 Photograph of the CD-920 time resolved fluorescence spectrometer

2.12.3. Data treatment and Error analysis:

Decay curve analysis is a very vital aspect of the TCSPC technique. In reality
d-pulse excitation is impossible as all excitation sources have their finite pulse width
and therefore measured decay is the convolution of the true decay and the excitation
pulse profile. Therefore analysis of decay curve involves following steps:

(a) Removal of distortion introduced by excitation pulse and extraction of true sample
decay profile

(b) Evaluation of parameters to ascertain goodness of fit
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The first step is carried out using deconvolution procedure. The observed
fluorescence decay curve is convolution of excitation pulse and decay profile of
sample. Mathematically, the observed decay curve, F(t), is given by equation (2.12)

F(t) = [[1(t —t)D(t)de (2.12)
where D(t’) represents sample decay profile while I(t) represents instrument response
function i.e lamp profile which is measured by replacing the sample by scattering
solution and resetting the emission monochromators to the excitation
monochromators.

In our analysis program, reconvolution is employed which involves
convoluting a theoretical model, that is assumed to represent the sample decay, with
an instrument response function and the resultant convolution integral is compared
with observed decay curve. However, it is possible to do exponential fitting without
reconvolution analysis by excluding instrument response function. Thus, sample
decay curve, D (1), can be represented as

D(t) = X7, Biexp (— /7)) (2.13)

where n is the number of species in the decay curve and t represents the

lifetime of each species and is defined as the average time the molecule spends in the
excited state prior to return to the ground state.

Nonlinear least square fitting is used to compare the theoretical function and
measured data. The goal of least squares is to test whether a given mathematical
model is consistent with the data, and to determine the parameter values for that
model which provide best match between observed and calculated decay which is
achieved by minimization of the goodness-of-fit parameters. Statistical parameters

which are used to judge the goodness of fit are described in brief.
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(a) Chi square value (y°):
x2 is defined as follows :

D(t)-F(t)]?
= %P (2.14)

where D(t) is raw fluorescence data, F(t) is the fitting function and o(t) is the
statistical uncertainty of point D(t). The aim is to adjust the fitting parameters such
that lowest value of ¥ is obtained. Thus, if the fitting function represents the observed
decay accurately then the ratio of actual deviation to expected deviation will be equal
to number of data points, N. It is not convenient to interpret the values of y%as it is
dependent on number of data points. Therefore, reduced yg? is used which is obtained

by normalizing %> by degree of freedom.

2 X2
X =5 (2.15)

where n is the number of data points, p is the number of floating parameters,
and n — p is the number of degrees of freedom. For TCSPC the number of data points
is typically much larger than the number of parameters so that (n — p) is
approximately equal to n. Thus,
XR~1 (2.16)
(b) Weighted Residuals:
Weighted Residuals are very important means of determining the goodness of
fit. The weighted residuals are the difference between the fitted function and the

measured data, normalized by data uncertainty. Thus,

Y(t)—F(t
R(t) = % (2.17)

Hence

X2 = % R((®) (2.18)
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For a good fit, weighted residuals should be randomly distributed around zero among

the data channels.

2.12. Kp determination of radionuclides:

Sorption plays an important role in reducing the mobility of radionuclides in
natural systems. Initial research for modeling performance assessment related to
nuclear waste repositories dealt with determination of solid/liquid Kp which is
measured as the concentration ratio of radionuclides on solid and in aqueous phase
under well defined set of experimental conditions of temperature, pressure, Eh, pH,

ionic strength and solid/solution ratio. Thus, the Kp is expressed as

K= /¢ (28)

where Cs is the concentration of radionuclide per gram of solid and C_ is the
concentration of radionuclide per mL of aqueous phase. Since the speciation of
radionuclides is quite complex, specially for lanthanides and actinides, many species
for a particular radionuclide can exist simultaneously for given set of experimental
parameters but Kp represents the gross distribution of radionuclide at solid/solution
interface without considering their speciation.

Another parameter, which is commonly used in surface chemistry to evaluate the
distribution of radionuclide at solid /solution interface, is % sorption which is defined

as

% sorption = (Ci;—.Cf)X 100 (2.9

where C; and Cs are the initial and final concentration, after sorption on solid surface,
of radionuclides in aqueous phase. The % sorption and Kp are related by following

equation:
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Kp
Kp+1

% sorption = X 100 (2.10)

Generally, batch sorption method is used for Kp determination. The design of the

batch sorption experiments employed for present studies is discussed below.

2.12.1. Experimental Details:

Batch sorption experiments were carried out in 50 mL Oak Ridge
polypropylene tubes. The mineral oxides, after characterization for surface properties,
were suspended in aqueous phase of fixed ionic strength in fixed solid to liquid ratio
for 12 to 24 hours. NaClO4 was used to maintain the ionic strength owing to least
complexing tendency of the perchlorate ion. Subsequently appropriate quantity of
radionuclide was added in order to achieve desired radionuclide concentration. The
control, prepared in 0.1 M HCIO4 but without mineral oxide, was taken for each of the
sorption experiment in order to determine the initial concentration of radionuclide
(Ci). Thereafter, pH of the suspensions was adjusted in the range 2-10 using dil NaOH
and dil HCIO,4. While adjusting the pH, drop wise addition of acid/base was done so
as to avoid local changes in radionuclide speciation. The pH adjustment was followed
by equilibration of suspensions for a time period which was fixed based on kinetics
experiments. Post equilibration, the pH of the suspensions was checked, recorded and
suspensions were centrifuged at appropriate centrifuge speed for appropriate time to
separate the phases. A suitable aliquot (1 mL in most of the cases) of supernatant was
taken for determining the concentration of radionuclide in supernatant (Cs) after
equilibration. Once Ci and C¢ were known, % sorption at varying pH was determined
for radionuclides. In ternary systems, where the effect of complexing ions on
radionuclide sorption is investigated, suspensions were equilibrated with complexing

anions, in similar manner as mentioned above, prior to radionuclide addition. It is
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worth mentioning that pH of suspensions were readjusted after radionuclide addition
so that radionuclide and complexing ion equilibrate at same pH. Similar methodology
was adopted for ternary systems in which radionuclide addition was preceded by

addition of complexing anion.

2.12.2. Error determination on sorption data:

In order to quantify the error on sorption data, it is essential to identify the
sources of error. In present work radionuclides investigated are mainly lanthanides
and actinides which undergo extensive hydrolysis. Therefore it is imperative to their
check sorption on walls of polypropylene containers. The wall sorption was estimated
by removal of suspensions from the polypropylene container and subsequently tube
was rinsed with distill water followed by addition of 1.0 M HNO3 in same quantity as
that of aqueous phase in sorption experiments. After 24 hours, the solution was
assayed so as to estimate the leached radionuclide from walls of the container. The
wall sorption was quantified as the ratio of concentration of radionuclide leached into
HNO; to the initial concentration of radionuclide in the sorption experiments.
Negligible wall sorption was obtained in systems investigated in present work.

The other errors viz., random errors, systematic errors were taken into account by
performing duplicate measurements and calculating standard deviation. Since
duplicate measurements for entire range of pH is difficult, statistical error on

radioactive counting was considered while calculating the error on sorption.

2.13. Modeling of sorption data:
Initially, Kp approach was commonly used for modeling adsorption on solid
surfaces and migration of radionuclides in geosphere. The severe weakness of the Kp

approach is that all physico-chemical interactions taking place at the solid solution
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interface are represented by purely phenomenological parameter. Such Kp tend to
exhibit large uncertainties when inter- or extra polation to other system is required.
Surface reaction mechanisms and changes in chemical environment are also neglected
in Kp approach. In order to have the fundamental understanding of the type of
interaction taking place at solid/solution interface and development of efficient
thermodynamic sorption database, sorption models which can overcome the above
mentioned short comings are required. In present work, two modeling approaches

namely LAM and SCM are used, which are discussed below:

2.13.1. LAM:

The LAM, a mathematical model, is used for predict the sorption of metals
onto surfaces in the presence of HA. In ternary system, metal cations, HA and the
solid or colloid surface coexist. The different interactions of ternary system are shown
in figure 2.10.

LAM is based on the series of assumptions which are given below (Samadfam
et al., 1998,2000; Sakuragi et al., 2004; Christl and Kretzschma,. 2001):

a) Kp for the ternary system is a combination of the distribution coefficients of
the separate binary interactions.

b) The individual sorption coefficients are independent of the metal
concentration.

c) The sorption properties or characteristics of the mineral are not affected by the
presence of HA.

d) Different molecular weight fractions of HA are neglected and sorption of HA

is considered as a whole.
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e) Affinity of metals for mineral-bound HA and for dissolved HA are considered
identical.
f) The mass of mineral is much higher than the mass of mineral-bound HA.

g) Electrostatic interactions at the mineral-water interface are neglected.

Mém—@ @

T7TT1TTTTT

Figure 2.10 Interactions between metal cations (M), HA molecules and the surface of

the solid

In view of above assumptions, Kp for the ternary system is defined as

K3 +(V /) fuaBlHA]
1+(1-fua)BIHA]

Ky, = (2.19)

where, B is metal-humate stability constant, Kp? is the distribution coefficient for the
binary metal-solid surface interaction, fua is the fraction of HA sorbed onto the
surface, V and W are the volume of solution and weight of solid respectively and

[HA] is the concentration of HA in solution.

2.13.2. SCM:

SCM are used to describe the equilibrium reactions that take place at the
solid/solution interface. SCM enables treatment of sorption data by taking into
consideration main basic processes defining overall sorption phenomenon. It

considers sorption of ions at solid/solution interface similar to complexation in

95



Chapter 11

solution, and electrostatic effects at the surface-solution interface are addressed by
theories describing the electrical double layer.

An accepted mechanism for oxide surfaces is to introduce the concept of
amphoteric surface sites i.e. general hydrolysed species, =SOH. The pH dependent
surface charge arises due to the protonation/deprotonation of the hydroxylated
functional groups according to the following equations

=SOH+ H*o=S0H;f (K (2.20)
=SOHe=S0" + HY (K2) (2.21)

where K; and K are the intrinsic equilibrium constants for the reactions 2.20 and 2.21

respectively. The mass law equations corresponding to the equations 2.20 and 2.21

are,
_ _lson)} Fy
Ky = isomiia+] XP (RT) (2.22)
_ [so71[H"] _Fy
KZ - [SOH] p ( RT) (223)

where [X] refers to the concentration of species X. The argument of the exponential
term represents the Coulomb term that accounts for the change in electrostatic energy
during the surface chemical reaction (Dzombak and Morel, 1990). R is the molar gas
constant, T the absolute temperature (K), F is the Faraday constant and v represents
the surface potential. In SCM, the adsorption on a surface is calculated as a function
of the surface potential which cannot be determined directly. Therefore determination
of surface charge density, o, is done which can be related to surface potential, .
Several expressions have been proposed to relate ¥ to o, and based on these

expressions; different SCMs have been proposed viz., CCM and DLM.
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2.13.2.1. CCM:

The CCM was developed by Schindler and coworkers (Dzombak and Morel,
1990). It is applicable at high ionic strength or at very low surface potential values. It
also assumes that all the surface complexes are inner-sphere complexes. The
relationship between surface charge density (co) and surface potential (yo) (where 0

indicates the surface plane), in the CCM is given by the following equation:

CAS

where, C is the capacitance density (F/m?), A is the surface area (m?/g), S is the
sorbent density (g/ L). A diagram of the structure of the surface-solution interface for

the CCM is shown in figure 2.11.
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Figure 2.11 Conceptual representation of surface charge development in: A) DLM B)

CCM (Hayes et al., 1991)

2.13.2.2. DLM:

The DLM was developed by Stumm and his co-workers (1970). The model

assumes two planes for surface charge: a surface layer (plane 0) and diffuse layer of
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counter ions (plane d). A diagram of the structure of the surface-solution interface for
DLM is shown in figure 2.11. The relationship between surface charge and surface
potential is described with the Gouy-Chapman theory which is based on following

assumptions:

a) The ions in the solution are assumed to be point charges.
b) Correlations between the ions in the solution are not taken into account.
c) The surface charge is homogeneous.
d) The liquid is homogeneous and the dielectric constant € is not affected by the
electric field from the surface.
e) The concentration of ions at any location in the electrical double layer is
related to the bulk ion concentration by the Boltzmann distribution.
The relation between surface charge density (o) and surface potential (),
based on above assumptions, can be derived as follows:
According to Gauss Law, the total electric flux coming out of a closed surface
is equal to the charge enclosed divided by the permittivity as illustrated in equation

(2.25)

_ pM
7= (2.25)

Eo&yr
where E is the electric field, g is the permittivity of vacuum, & is the permittivity of
medium and p is the charge density. The electric field is differential of electric

potential .
() == (1) (2.26)
Thus, on combining equation (2.25) and (2.26), we have

— P
S =22 (2.27)
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For one dimension, the above equation can be written as

a*px) _ p) (2.28)

dx? £o&r

Applying Boltzmann distribution for the ions in the electric double layer, we have

Z.
d*P(x) _ NaeXZiciexp (- €/
dx? £0&r

(2.29)

Na is Avogadro's number; c; is the bulk ionic concentration and Z; is the
corresponding ionic valence. For 1:1 electrolyte (c+ = c- = c). Accordingly, equation

(2.29) becomes

TV _ 2NaZec ginh (224 (2.30)

dx? £0&r kT
For Zey/kT<< 1,

d?P(x) _ 2Na(Ze)*c

dx? £o&rkT 4 (2'31)
2N4(Ze)%c . 2 .
e kT 1S equal to k°, where k is known as Debye Huckel parameter. Thus,
P _ 2
T S KU (2.32)
The solution of above equation is
P(x) = Poexp (—kx) (2.33)

which is a simple exponential decay
The whole system should be electrically neutral, which is described by the

electro neutrality condition.

dz av
o=§, pdx = &6 6 T2 =[66CD)|
(2.34)
Equation (2.34) gives the relation between the surface charge density and

2
potential on the surface. Taking value of % from equation (2.30) and then solving
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equation (2.34), we get the relationship between surface charge density and surface

potential in accordance with Gouy Chapman Theory.
0= (8RT&&CX 10%)°5 sinh 22 (2.35)
Once v is known, the equilibrium constants for surface reactions can be calculated.
In present work DLM has been employed in the SCM of the sorption data.
Since computing surface reaction equilibrium constants involves rigorous

calculations, geochemical speciation code, FITEQL 4.0, has been used in present

studies.

2.13.3. FITEQL 4.0

The best-fit equilibrium constants for surface equilibrium reactions were
determined by modeling sorption data using the simulation code FITEQL 4.0. To
solve sorption problems, laws of mass action and mass balance constraints are applied
and chemical species concentrations are subjected to iteration until the difference
between the calculated and observed values is minimized i.e. best fit solution of the
derived set of nonlinear equations is achieved. This iterative numerical procedure,
based on Newton Raphson approximation, typically computes a correct and unique
solution; provided the geochemical equilibrium problem is mathematically defined in
terms of adequate chemical components. The geochemical problem definition of
components and species in FITEQL 4.0 is given in the form of Tableau (Dzombak
and Morel, 1990; Morel and Morgan, 1971; Morel, 1983). In this format, every
species can be represented as the product of reactions involving only components.
Components are defined in such a manner that they cannot be obtained as reaction
product of other components. The charge on the surface species is also defined as a

component in tableau. For each convergent optimization, FITEQL 4.0 provides the
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quality of fit criterion (Vy) for a set of surface constants. Vy is the weighted sum of
squares of residues (WSOS) divided by the degrees of freedom (DF), may be

calculated using the equation:

_ wsos _ Z(yj/sj)z

DF NpNc—Ny

4 (2.36)

where DF (Degree of Freedom) = N (number of data points) — number of adjustable
parameters, Yj is the mass residual balance calculated from the deviation between the
calculated and experimental mass balance for the component j; S; is the error
calculated for Y; from the experimental error estimates; N, is the number of data
points; N is the number of components for which both the total and the free
concentrations are known; and N, is the number of adjustable parameters. The value
of Vy thus depends on the experimental error estimates and generally lies between
0.1- 20 for satisfactory fit of the data, when realistic error estimates are used

(Dzombak and Morel, 1990; Herbelin and Westell, 1994).

2.13.4. MINTEQAZ2:

In present work the speciation of metal ions in aqueous solution has been
calculated using equilibrium speciation code MINTEQAZ2. A comprehensive database
of components and species has been included in MINTEQA2. However, there is
provision in MINTEQAZ2 to add new components and species. Moreover, it includes
the implementation of a competitive Gaussian model for computing the complexation
of metals by DOM. An ancillary program, PRODEFAZ2, serves as an interactive pre-
processor to help produce the required MINTEQAZ2 input files. Like FITEQL 4.0,
nonlinear optimization procedure is used to calculate speciation in MINTEQA2

(Allison et al., 1991).
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3.1 Introduction:

In the present chapter the spectroscopic study of the complexation of Eu(lll),
an analogue of trivalent actinides, such as, Am(lll), Cm(lll) by various small
carboxylate ligands and HA has been described.

HS and LMCA are ubiquitous in the ecosphere. Complexation of
actinides/lanthanides with HS as well as LMCA is important as they influence
transport and migration of actinides in the environment. HS are formed as the result of
degradation of plant and animal matter whereas the occurrence of large variety of
LMCA viz., citrate, phthalate, succinate, in the environment is the outcome of
biological, geological, (bio) geochemical processes as well as their use in numerous
industrial processes. However, the carboxylates groups are responsible for
complexation in both the cases. In present study, the complexation of Eu(lll) with
HIBA, PA, SA, MA and HA has been investigated. The structure of different LMCA
are given in figure 3.1 while that of HA in figure 1.13.

SA is an intermediate in citric acid cycle and used in polymer and food
industries while MA is used in preparation of medicines. The esters of PA are used as
plasticizers and anhydride of PA is used in production of dyes. HIBA is used in the
manufacture of superconducting fibers, biological analysis for diabetes and urinalysis.
Moreover, it is most commonly used in radiochemical separation of individual
members of actinides /lanthanides series (Choppin et al., 1956). Thus, all LMCAs
investigated in the present work are introduced in the environment as industrial
effluents.

The complexation studies of actinides/lanthanides with LMCA help in
understanding the structure of complexes as well as provide deep insight of the

various mechanistic aspects of complexation process which in turn will be helpful in
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predicting their fate in the environment. Though lot of data on stability constants of
actinide/lanthanide complexes with LMCA are available in literature, reliable
complexation constants are needed to know the extent to which LMCA will affect the
radionuclide speciation. In spite of many years of research, complexation studies of
An(I11) and Ln(I11) with complexing anions present in water are still being perused in
order to refine the existing database of stability constants which will enable more
realistic prediction of transport of long-lived radionuclides in environment. Further

the structures of the complexes need to be determined to understand the mechanism of

HO 0]
OH
O

complexation.

Phthalic Acid (PA) Mandelic Acid (MA)
O
HO
OH O

Succinic acid (SA
a-hydroxyisobutyric acid (HIBA) uccinic acid (SA)

Figure 3.1 Structure of LMCA studied for determination of complexation constants

TRFS is one of the spectroscopic methods used for determining molecular
level speciation of metal ions. This technique has the advantage of triple resolution
namely, excitation resolution (excitation wavelength can be unique to a particular
metal ion), emission resolution (characteristic emission wavelength for a particular

species) and the lifetime resolution (Plancque et al., 2003). Moreover, TRFS is a very
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sensitive tool and provides information about concentrations (based on intensities)
and coordination (based on emission wave numbers and fluorescence lifetimes) of
fluorescing probe (Krepelova et al., 2007; Gabriel et al., 2001). In addition, TRFS is
a non-invasive technique and can be used directly for studying solutions and solids.
Owing to the above mentioned advantages, TRFS enables the speciation of
lanthanides like Eu(lll) and actinides like U(VI), Am(I1l) and Cm(lll) in aqueous
solutions and on the water/mineral interfaces. However the major drawbacks of TRFS
are that lanthanides/actinides that are fluorescent are limited and TRFS measurements
are influenced by parameters such as temperature, pH, and method of sample
preparation which should be taken into account while interpreting results of TRFS
measurements (Gabriel et al., 2001). Recently Geipel (2006) has reviewed the
actinide speciation work by laser induced spectroscopy.

In present studies, Eu(lll) has been used as an analogue of the trivalent
lanthanides/actinides owing to similarities in the complexation behaviour of trivalent
lanthanides and actinides. The energy level diagram of Eu(lll) along with the typical
emission profile of Eu(l1l) is given in figure 3.2 ( Tan et al., 2010).

The fluorescence emission of Eu (I11) has characteristic peaks at wavelength
of 580, 592, 616, 650 and 700 nm corresponding to deexcitation of °Dy level to 'F;
levels with i = 0 to 4. Since 4f-electrons are well shielded, the emission wavelength
positions for °Do—'Fo.4 transitions are almost independent of the chemical
environment of the Eu(lll) ion. The emission at 592 nm is of magnetic dipole nature
and hence is insensitive to changes in the coordination sphere of the metal ion. On the
other hand emission at 616 nm is hypersensitive, that means, its intensity changes
with change in chemical environment around the metal ion. This hypersensitivity has

been attributed to the electric dipole nature of the transition (*Dg _,'F2) and mixing of
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quadrapole components (Hass and Stein, 1971). The factor lg1¢6/ls9, (intensity ratio of
the 616 nm and 592 nm peaks) is known as the ‘asymmetric ratio’ and is a measure of

the asymmetry in electron density around the metal ion.
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Figure 3.2 Energy level diagram of Eu(l11) along with typical emission spectrum(

Tan et al., 2010).

Lanthanide ions (Ln%*") exist in aqueous solution in the form of aquo
complexes. Fluorescence of lanthanides/actinides is known to be quenched by the
water molecules in the first coordination sphere of the metal ions. This is due to the
deexcitation of the excited state through OH vibration of the coordinated water
molecule. In lanthanide aquo complexes, [Ln(H»0),]**, the value of n is 9 for early
lanthanides while it changes to 8 for later elements due to the reduction in the ionic
radius owing to lanthanide contraction. Owing to the presence of 9 water molecules in
the first coordination sphere, the lifetime of the °Dy, excited state decrease from 2.5 ms
in solids to 110 ps in the aqueous solution at low pH values. The drastic reduction in
the lifetime is attributed to quenching of the fluorescence by coupling with OH

vibrations which provides efficient path for radiationless deexcitation of excited state.
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The energy gap between the luminescent Dy state and the highest acceptor (“F) state
Eu®" is ~ 12000 cm™ while the symmetric frequency of OH vibration is 3700 cm™.

Thus, ~ 3 OH vibrations are required to quench the fluorescence as shown in figure

3.3.
25 Euqn)
v(0-H)  v(0-D]
5D, -
20— -_—
5D1 —

4] ——

SDO'E“?‘
3 —

15— —

2 w—

10— — |

Energy (cm-1+103)

1 —

5_7F5_ O — —

4 —
3 —

2 —

Figure 3.3 Eu(l11') fluorescence quenching by the vibrational energy levels of O-H,
O-D oscillators. Semi-circles denote the lowest luminescent levels. Curved arrows
denote the most likely vibrational overtone for the non-radiative decay processes

(Choppin and Peterman, 1998 a)

Moreover, the rate of deexcitation via this process is directly proportional to
the number of OH oscillators in the first coordination sphere. As the water molecules
in the first coordination sphere are replaced by the complexing ligands such as
carboxylates, the lifetime increases to higher value than 110 ps. The rise in T value is
a measure of the degree of complexation. This can be used to determine the number of
ligand bound to metal ion. Since the similar lifetime changes have been observed for

both the bands at 592 and 616 nm, the number of water molecules coordinated to
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metal ion can be determined from lifetime data measured using any of the peaks.
Horrocks and Sudnick (1979) used this approach to deduce the number of water
molecules coordinated to metal ion Eu(lll). A number of studies were subsequently
carried out to determine the number of coordinated water molecules in the complexes
of Eu (Ill) and other rare earth ions (Barthelemy et al., 1989; Kimura and Choppin,
1994; Kimura and Kato, 1998; Thomason et al., 1996).

TRLFS have been used to determine stability constant by several authors
(Aoyagi et al., 2004; Toraishi et al.,2004; Chung et al.,2005; Klenze et al.,1998;Wang
et al.,, 1999; Plancque et al.,, 2005; Couston et al.,2004; Moulin et al.,1999;
Montavon et al.,2002; Dobbs et al.,1989). In Eu-salicylate and Eu-5-sulfosalicylate
system, static quenching of carboxylic acids was observed with increasing
concentration of Eu(lll) which was used to determine the stability constant of the
complex using Stern Volmer equation (Aoyagi et al., 2004; Toraishi et al.,2004). In
addition, quenching of FA fluorescence with increasing Eu(lll) concentration was
used to calculate stability constant thereby demonstrating that ligand fluorescence
quenching may be effectively used for the complexation study between the HS and
the paramagnetic metal ions with a low fluorescence yield (Chung et al.,2005).
Complexation of Cm(l11) with 5-sulfo-salicylic acid (SSA) was studied using TRLFS
and pure spectral components and their mole fraction obtained from peak
deconvolution of emission spectra were used to deduce the stability constant (Klenze
et al.,1998). Wang et al. (1999) calculated stability constants of Eu(lll) with aromatic
(mellitic, pyromellitic, hemimellitic, trimellitic, trimesic, phthalic, isophthalic,
terephthalic and benzoic) carboxylic acids from the changes ‘Fo—°Dg excitation

spectra with increasing carboxylate concentration.
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Moreover, the hypersensitivity of the band at 616 nm has been used to
determine the stability constant of the metal ligand complex (Plancque et al., 2005;
Couston et al.,2004; Moulin et al.,1999; Montavon et al.,2002; Dobbs et al.,1989).
The interaction of Eu(l11) with small organic ligands e.g. acetic acid, glycolic acid and
4 hydroxy acetic acid has been studied by Plancque. et.al (2005) using TRLFS to
deduce the information about metal ion binding to HA. The intensity ratio (l16/ls92)
and fluorescence lifetimes were used to determine the equilibrium constant and
hydration number in the Eu(lll), tetraethylmalonamide (TEMA), and NO3 system.
Hydration number obtained from fluorescence lifetime clearly depicted the inner-
sphere location of nitrate in the Eu(NOs)," complex and the outer-sphere location of
TEMA in the Eu(TEMA)** complex (Couston et al.,2004). The complexation of
Eu(lll) with new micellar system (TACS8), a " diblock" surfactant cage molecule
containing a cage (cyclam) as a complexation part linked to a sugar-based surfactant
part, has been studied using TRLFS and the hypersensitive transition was used to
estimate the complexation constant (Moulin et al.,1999). The complexation behaviour
of Eu(Il) with polymaleic acid (PMA) studied using TRLFS showed the formation of
1:1 Eu:PMA complex and the existence of at least two distinct interaction
environments (“sites””) of Eu with the polymer chain, whose proportions varied with
the ratio of the total Eu and PMA concentrations, was proven from the lifetimes and
emission spectra of Eu-PMA complexes (Montavon et al.,2002). Moreover, Dobbs et
al. (1989) used free metal concentration, deduced from variation in intensity ratio of
Eu(l11) with FA concentration, as an input to continuous multiple site ligand modeling
inorder to describe Eu(l1l) complexation with FA.

In the present work, the intensity ratio of 616 and 592 nm peaks in the

fluorescence emission spectra of Eu(111)-LMCA complexes was used to determine the
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stability constant of the complexes. The stoichiometry of the complexes (ML,) has

also been corroborated by lifetime data.

3.2 Experimental
3.2.1. Reagents used: All the reagents used for the present investigation were of AR
grade. Eu,O3 (spec pure), HIBA, PA, MA and SA were obtained from Merck. HA was

purchased from ACROS.

3.2.2. Preparation of stock solutions:
3.2.2.1. Eu(l1) stock solution:

The stock solution of Eu(lll) was prepared by dissolving AR grade Eu,O3 in
conc. HNOj3. Solution was evaporated to dryness. The metal nitrates thus formed were
dissolved in HCIO4. The solution was again evaporated to dryness thrice and the
residue obtained was dissolved in ~ 0.1 M HCIO,. The stock solution of Eu(lll)) was
standardized by complexometric titration with EDTA using Xylenol orange as

indicator. The concentration of europium stock solution was 5.6X 107 M.

3.2.2.2. LMCA stock solutions:

2.6 g of HIBA was dissolved in 25 ml of water to prepare HIBA stock solution
having concentration 1 M. For PA stock solution, 2.3269 g of PA was dissolved in 20
ml of 1.045 M NaOH which was finally made up to 25 ml. Owing to the low
solubility of PA in water, NaOH was used. The final concentration of PA solution was
0.56 M. The stock solutions of MA and SA were prepared in a similar manner and the
final concentration was the same, that is, 0.56 M. For stock solution of HA, 0.0108 ¢
of HA was dissolved in 10 mL water. The proton exchange capacity of HA had been

determined by the Bartya method and the value was 4.6 meqg/g (Kumar, 2012). The
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final concentration of HA was 1 g/L and accordingly the concentration of HA was in
the range 10”° M. HA concentration represents the concentration of proton exchanging
groups. Millipore water having resistivity 18 MQ.cm was used for making all

solutions.

3.2.3. Preparation of samples:

3.2.3.1. Eu-HIBA: The solution having different HIBA to Eu(lll) ratio were prepared
at pH 4 by adding appropriate quantity of stock solution of HIBA to Eu(lll) solution.
The concentration of Eu(l11) in the final solution was 5.6 X 10> M while that of HIBA
was varied from 0 to 0.42 M so as to have L/M ratio from 0 to 75. In all the solutions
ionic strength was maintained at 0.1 M NaClO4 by using appropriate volume of 1 M

NaClQO,. This applies to other systems described below.

3.2.3.2. Eu-PA: The solutions having different PA to Eu ratio were prepared at pH
5.0 by adding appropriate quantity of stock solution of PA to Eu solution. The
concentration of Eu in final solution was 5.6 X 10™* M, while that of PA was varied

from 0 to 0.056 M, so as to have L/M ratio from 0 to 100.

3.2.3.3. Eu-MA: Seventeen samples having varying ratio of concentration of Eu and
MA from 1:0 up to 1:100 were prepared by mixing appropriate volume of the stock
solutions and maintaining the pH of the solutions to 5.0 using dilute NaOH solution.
The Eu concentration was fixed at 5.6 X 10 M while that of MA was varied up to
0.056 M. For the higher value of L/M ratio europium concentration was taken as 5.6X

10 ° M.
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3.2.3.4. Eu-SA: Different L/M solutions were prepared at pH 5.5 by adding
appropriate quantity of stock solutions of SA and Eu so that the final concentration of
Eu was 5.6 X 10 M, while that of SA was varied from 0-0.112 M so as to have L/M

ratio from 0-200.

3.2.3.5. Eu-HA: The solutions having a range of L/M ratio from 0 to 10 were
prepared using required amount of Eu and HA from their stock solutions. In all the
solutions Eu concentration was 5.6 X 10 M whereas the HA concentration varied
from 0-100 mg/I. For all the solutions, pH was fixed at 6.5.

The ligand assisted Eu(l11) excitation takes place in case of PA, MA, SA and
HA which allowed the complexation studies at lower concentration of Eu(lll) as

compared to that used for Eu(l11)-HIBA system.

3.3. Relationship between lifetime and the coordinated water molecules:

It is expected that lanthanides/actinides should have long lifetimes as f-f
transitions, responsible for their fluorescence, are forbidden transitions. However, in
aquatic environment their lifetimes are relatively short due to non-radiative relaxation
of excited f levels to lower lying vibrational levels of water molecules in first
coordination sphere of the lanthanides/actinides. The vibration of few OH bonds
offers an alternative pathway for deexcitation of the °Dy state of Eu®" and hence can
provide a possible quenching mechanism of the Eu(lll) fluorescence. This
radiationless deexcitation exhibits a very large isotope effect as replacement of OH by
OD oscillators’ results in virtual elimination of this mode of deexcitation of excited
state. Since, the symmetric stretching of OD vibration is 2600 cm™, 5 OD vibrational
overtones are required for radiationless transition as shown in figure 3.3. Coupling to

a higher energy overtone, as required for the OD oscillator, results in less efficient
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guenching of the Eu(lll) excited state. Horrocks et al. established empirical
relationship between lifetime (1) and number of water molecules in first coordination
sphere of Eu®" (Np20) by synthesizing variety of crystalline Eu** complexes of known
crystal structure having varying numbers of water molecules in the range zero to nine
coordinated to the Eu**ions (Horrocks and Sudnick, 1979). Two series of crystals
were prepared, one containing coordinated H,O and the other coordinated D-O.
Lifetime of crystalline solids of both the series was measured. The large isotope
effect was used to identify the contribution of coordinated H,O to the rate of
deexcitation of excited state. The observed exponential decay constant, Kopsq, IS given
by
Kobsd = Knat + Knonrad + Kh2o (3.1)
where Ky IS the natural rate constant for the emission of photons, Knonrag IS the
rate constant for radiationless deexcitation processes which do not involve water, and
ki2o is the rate constant for the transfer of energy to the OH vibrations of coordinated
water. For any given complex, ko is proportional to the number of coordinated
water molecules. Thus, Kopsg in D20 is summation of Knar and Knonrad, While Kopsg in H,O
includes all three terms of equation 3.1. The measured difference Akgpsg = Kopsa(H20) -
Kobsd(D20), is a measure of the number of coordinated water molecules, g. Since the
number of water molecules was known in case of solids, correlation between the
Akopsg In case of solids and the known number of water molecules was deduced which
was applied to a number of model chelate systems in solution and to the structurally
well-characterized proteins. The close correspondence was found between the
solution and solid-state results (Horrocks and Sudnick, 1979). The relationship
between number of water molecules in the inner coordination sphere and lifetime is

given by equation (Hass and Stein, 1971; Kimura and Kato, 1998):
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n(H.0) + 0.5 = 1.07 k — 0.62 (3.2)

where n(H20) is the number of water molecules in the inner hydration sphere

of the Eu(lll) ion. The high uncertainty, + 0.5 in number of inner sphere water
molecules was reported, due to the potential of a small degree of quenching of excited
state of Eu(lll) by O-H bonds in the outer coordination spheres. The number of
coordination sites of Eu(l11) occupied by the ligand can be calculated as the difference
between 9 and n(H;0), as fully hydrated Eu(lll) ion has 9 water molecules in its
primary coordination sphere (Ozaki et al., 2007). Thus, fluorescence decay lifetime
provides information about the chemical environment of Eu(lll) complexes in

solution as well as adsorbed on solid phases.

3.4. Results and Discussion:
3.4.1. Eu -HIBA:

Figure 3.4 shows the excitation spectrum of aqueous solution of Eu(Ill), at Aem
= 592 nm, having metal ion concentration equal to 5.6 X 10° M at pH 4.0. The
interference from HIBA in the fluorescence spectra of Eu(lll) was found to be
negligible. Since no ligand assisted excitation was observed in case of Eu(lIl)-HIBA
complexes, Aex = 395 Nnm was used for recording spectral and temporal characteristics
of Eu(lIN)-HIBA system.

The fluorescence emission spectra of a few solutions with varying Eu-HIBA
ratio are shown in Figure 3.5. The figure shows emission peaks at 592 and 616 nm
due to de-excitation of °Dy to 'F; and F, respectively. The spectra of different
solutions have been normalized to the intensity at 592 nm. It is evident from the plot
that intensity of 616 nm peak increases with respect to that of 592 nm with increasing
ligand to metal ratio. With increasing concentration the successive higher number of

ligands replace the water molecules in the inner coordination sphere of Eu(l11) which
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results in change in the electric field gradient around Eu(lll). Since the transition
corresponding to 616 nm is electric dipole transition, its intensity increases with
increasing ligand to metal ratio. In contrast, transition at 592 nm is magnetic dipole
transition and its intensity remains unaffected on changing electric field gradient

around metal ion.
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Figure 3.4 Excitation spectrum of Eu(IIl) aqueous solution (Aem = 592 nm)

Figure 3.6 shows the plot of intensity ratio lgie502 @s @ function of [HIBA]/
[Eu]. The plot shows stepwise increase of lgigs92 With [HIBA]/ [Eu] indicating the
formation of Eu-HIBA complexes having different stoichiometry. The intensity plot
can be resolved into different regions for systems in which the complexes are formed
between the ligands and metal ion. The first region can be defined by [L] : [M] <2, in
which formation of ML species takes place, while the second region, occurring for [L]
: [M] ratio between 2 and 10, accounts for the formation of the ML, species.

Similarly, the formation of MLj3 occurs when the [L] : [M] ratio is between 10 and 75.
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Figure 3.5 Fluorescence emission spectra of solutions with different Eu : HIBA ratio
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Figure 3.6 Plot of lg16/l502vs [HIBA]/[EU]

It is worth mentioning that segregation of intensity ratio plot into different
regions is possible as plateau (constant value for intensity ratio) is attained for every

region which indicates that the metal ion is not binding to an additional ligand even
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though the [L] : [M] ratio continues to increase. Therefore, three different regions
defined above were selected to compute stability constants of Eu(lll)-HIBA

complexes as described below

3.4.1.2. Determination of Stability constants from Intensity ratio (Is16/1592):

The stability constant of Eu —LMCA complex ML; (i= 1-3) were determined
from the data of lgi6/ls92 @S @ function of ligand concentration using the following
procedure:

Isoz = X[M] + X X7, [ML;] (3.3)
le1e = YIM] + Y 32, ki [ML] (3.4)

lg16 _ Y[M]+Y Yi_1 ki[ML;]
Isoz  X[M]+X ¥3_,[ML;]

(3.5)

where X be the fluorescence contribution factor for the emission band at 592
nm. This factor is the same for both the metal terms since the intensity of this band is
not influenced by the metal-ligand complex. The corresponding intensity contribution
factor for band at 616 nm is Y. Since band at 616 nm is hypersensitive transition,
therefore fluorescence contribution factor for metal and metal complexes is not equal.
Hence for metal complexes constant k is introduced which is defined as the
enhancement in the fluorescence intensity of the complex at 616 nm with respect to

uncomplexed metal ion.

%can be obtained from the ratio [Rq] for the sample containing no ligand i.e.

when Y, ML;=0

Ro="/x (36)
Likewise k for ML can be obtained from the ratio R, for the sample having

highest concentration of ligand that is when [M] <<< [ML], therefore [M] =0
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Ry = (Y/y)k 3.7)

From equation (3.6) & (3.7)
R, = Rok (3.8)
Considering the formation of 1:1 complex between Eu and the ligand, the
stability constant 1, defined by equation (3.9), can be obtained by placing R values
before the first plateau in equation (3.5) and using the mass balance equation for the

total metal and ligand concentration.

_ [ML]
ﬁll - [M][L] (39)

[ML], obtained from the R values for the intermediate [L], is given by

__ [M7](R-Ry)
(L] = M= (3.10)

Free ligand concentration is given by

[L] = [L]r — [ML] (3.11)
In the case of free ligand concentration, the pK, of the acid must be taken into
account.
The free metal concentration is given by

[M] = [M]r — [ML] (3.12)
Substituting the value of [ML], [L] and [M] from equation (3.10, 3.11, 3.12)
respectively into equation (3.9) the stability constant can be determined. In the case of

ML, the stability constant was determined by solving the following three equations

Ig16 _ Y{[M]+k{[ML{]+k,[ML,]}

Iso,  X{{M]+[ML4]+ [ML,]} (3.13)
[M]y = [M] + [ML] + [ML,] (3.14)
[L]r = [L] + [ML{] + 2[ML,] (3.15)

Likewise in case of MLj following equations were used
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lg16 — Y{[M]+ kq[MLy]+k,[ML,]+k3[ML3]}

Isg2 X{[M]+ [ML{]+ [ML,]+[ML3]} (3.16)
[M]y = [M]+ [ML{]+ [ML,] + [MLs] (3.17)
[L]ly = [L] + [ML{] + 2[ML,] + 3[ML;] (3.18)

where ki Ko, ks were taken from the R values at the corresponding plateaus in
the plot of lgi6/lse2 VS. L/IM. Thus, by dividing the intensity ratio data into various
segments, the stability constants were deduced. The stability constants of Eu(lll) —
HIBA complexes are given in Table 3.1. The log 1 and log B, values for Eu(lll)-
HIBA complexes obtained in present study are in conformity with literature data
(Martell and Smith, 1977), in which potentiometry was used for determination of
stability constants, while log 3 values are lower. The lower experimental temperature
in case of reported data may be the reason for the difference in the observed and
reported values.

The plot of lifetime (t) as a function of [HIBA]/[EU] is shown in Figure 3.7
(a). The mono-exponential fit for all [HIBA]/[Eu] indicates fast exchange of ligand
between free metal ion and the complex. The life time increases from 110 ps for the
aquo complex Eu(H,0), to 346.4 s for the highest concentration of [HIBA]. This is
due to the replacement of the water molecules in the primary coordination sphere of
Eu(ll) by HIBA upon complexation.

The coordinated water molecules provide alternative non-radiative pathway
for the °Do~> 'F; transitions, through OH stretching vibrations. The number of water
molecules coordinated to Eu(lll) at different values of [HIBA]/[Eu] are also shown in
figure 3.7 (b). The n(H,O) for Eu-aquo complex was found to be 9 which is in
agreement with the literature data (Horrocks and Sudnick,1979). Considering that

HIBA acts as a bidentate ligand, each HIBA molecule will replace two water
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molecules from Eu-aquo complex. This is evident from figure 3.5 which shows
plateaus at 7, 5 and 3 thus suggesting the formation of ML, ML,, ML3 type of

complexes with increasing HIBA concentration.

Table 3.1 Stability Constants of Eu with HIBA, SA, PA and MA

Ligand Log B1 Log B> Log Bs Remarks
(pkay,pkay)
HIBA 3.32+0.04 55 +0.07 | 6.62+0.13 Present work
(3.79) 3.09 5.54 7.32 (Martell and Smith,1977)
SA 29+ 0.1 51+0.2 Present work
(4.00, 5.24) 3.0+0.01 4.9 £0.02 (Wang et al., 2000)
PA 3.7+£0.3 58+0.3 Present work
(2.75,4.93) 35+002 |5.17+0.08 (Wang et al., 1999)
MA 29+0.2 4.9 0.4 Present work
(3.19) 2.70 4.89 (Manning, 1967)

Ozaki.et.al. (2002) constructed CE diagram for a variety Eu(l11) complexes by
plotting intensity ratio (ls16/ls92) against ANpo (9-n(H20)) as shown in Figure 3.8.
According to this diagram when Eu(l1l) forms outer sphere complex with the ligands,
ls16/1592 increases whereas ANpp0 remains close to zero. Thus, outer sphere complexes
are depicted by narrow zone ‘A’ in CE diagram as shown in figure 3.8. In contrast
when inner-sphere complexes are formed, increase in intensity ratio is accompanied
by expulsion of water molecules. Hence much wider zone ‘B’, compared to zone A,
has been assigned to inner sphere complex. Thus lg16/l502 Vs ANw2o diagrams help in
understanding of the coordination environment of Eu(lll) by predicting the formation

of inner sphere and outer sphere complexes.
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Figure 3.7 (a) Lifetime vs. [HIBA] /[Eu], (b) Number of water molecules vs.

[HIBAJ/[EU]

In present work the CE diagram is constructed by plotting lg16/ls9, fOr varying
[HIBA]/[Eu(III)] against corresponding ANu20 as shown in figure 3.9. ANy20, Which
represents the number of coordination sites occupied by the ligands in the place of
water molecules in the inner sphere of Eu(lll), increases with lg16/lsg2. Initially when
[HIBA] concentration is extremely small, Eu(lll) aguo complexes dominate and
hence value of ANy is close to zero. The lgi6/lsg, for all Eu(l1)-HIBA complexes
are greater than 1 (figure 3.6) and the corresponding ANy,o are greater than 2, hence
all these complexes lie in the zone B (figure 3.8) which correspond to the formation of
inner sphere complexes. Thus CE diagram reveals the gradual change in the
coordination of Eu(l1l) ion for varying [HIBA]/[Eu(lI1)] and validate the formation of

inner sphere complexes.
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Figure 3.8 Schematic CE diagram indicating areas corresponding to the characteristics
of the interactions between Eu(ll1) and ligands. Plots in zones A and B are attributable

to outer-sphere and inner sphere coordination, respectively (Ozaki et al. 2002).
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Similar studies were carried out with other LMCA which are discussed below

in brief:

3.4.2. Eu-PA:

For Eu(l11)-PA system, the familiar emission bands at 592 nm and 616 nm due
to °Do—'F; and *Dy—>'F respectively were obtained. The plot of lgi/s02 against L/M
(figure 3.10) shows that with the increasing L/M, the asymmetric ratio also increases
as the result of replacement of water molecules by the chelating ligand. The plot of
intensity ratio vs L/M shows two plateaus, first around L/ M ratio 8-20 and second
plateau at L/M close to 50, which were used to deduce stability constants of Eu(lll)-
PA complexes (Table 3.1). These two plateaus are attributed to the formation of 1:1
and 1:2 complexes respectively which are further corroborated from the lifetime data.
The information about the stoichiometry of the complex formed was obtained from
the lifetime data shown in figure 3.11 (a). From the plot of n(H,0) vs. L/M (figure
3.11 (b)), it can be seen that, n(H,0) = 7 and 5 at L/M around 8-20 and at L/M =50
respectively. As PA is known to be a bidentate ligand the n(H,O) values corroborate
formation of 1:1 and 1:2 in respective ranges (Wang et al., 1999).

The log B values for Eu-PA complexes are slightly different than those
reported in literature (Wang et al., 1999), wherein changes in the *Dy—>'Fy excitation
spectra of Eu(l1l) with increasing PA concentration were used to deduce the stability
constant. The observed discrepancies in the stability constant values can be attributed
to sensitivity of excitation source used in two studies. In present studies xenon flash

lamp has been used whereas in literature the laser was used as an excitation source.
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Figure 3.11 (a) Lifetime vs. [PA] /[Eu], (b)Number of water molecules vs. [PA] /[Eu]
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3.4.3. Eu-MA:

The emission spectra of Eu-MA solutions having varying ratio of the
concentration of ligand and metal ion showed the familiar rise in the intensity of 616
nm peak with respect to that at 592 nm as shown in figure 3.12. The intensity ratio
shows a small plateau at L/M value in the region around 8-10 and a second plateau at

L/M close to 75-100 as shown in figure 3.12.
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Figure 3.12 lg16/ Isgp Of Eu vs. [MA] /[Eu]

The life time data follow similar trend with the corresponding n(H,O) values being 7
and 5 at L/M value close to 8 and 75 respectively indicating the formation of 1:1 and
1:2 type of complexes between Eu and MA as shown in figure 3.13. The stability
constant of Eu(MA) and Eu(MA), (Table 3.1) were determined from the intensity
ratio data which are in conformity with literature data (Manning, 1967). The intensity

ratio appears to increase beyond L/M value equal to 200 indicating the formation of
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Eu(MA)s. However the measurements at higher L/M value than 200 could not be
continued due to the limiting solubility of MA and difficulty in maintaining the ionic

strength at 0.1 M.
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Figure 3.13 (a) Lifetime vs. [MA] /[Eu], (b)Number of water molecules vs. [MA]

/[Eu]

3.4.4. Eu-SA:

As in the case of HIBA, PA and MA, similar results were also obtained for
Eu-SA system. Figure 3.14 shows the plot of lg16/502 (@aSymmetric ratio) as a function
of L/M. The plot shows step wise increase of lgi659. With SA concentration indicating
the formation of 1:1 and 1:2 complexes whose stability constant are given in Table
3.1. The log p values for Eu-SA are in quite a good agreement with the literature data

(Wang et al., 2000).
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Figure 3.15 (a) Lifetime vs. [SA] /[Eu] (b)Number of water molecules vs. [SA] /[Eu]

Figure 3.15 (a) shows the plot of life time as a function of L/M. The life-time

increases from 113 ps (for L/M = 0 i.e. aquo complex of Eu) to 186 s for the highest
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concentration of SA (L/M = 200). Figure 3.15 (b) shows the number of water
molecules coordinated to Eu at different values of L/M. Considering SA as a bidentate
ligand at pH 5.5, each SA will replace two water molecules from Eu (aquo) complex.
The n(H,0) value for 1:1 complex (7) agrees with that expected for removal of two

water molecules, that for 1:2 complex is also as the expected value (5).

3.4.5. Eu-HA:

The HA solution has intense and broad excitation spectrum as shown in figure
3.16 owing to large number of chromophores present in HA. In view of this, the
concentration of Eu (5 X 10° M) was decreased, so as to work with lower

concentration of HA thereby avoid quenching of Eu(l11) fluorescence.
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Figure 3.16 Excitation spectrum of HA

The continuous rise of asymmetric ratio, lgie592 @s a function of L/M was
observed for Eu(lll)-HA system (figure 3.17) which indicates the formation of
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Eu(lll)-HA complex. In case of Eu(lll)-HA system stability constant could not be
determined as plateau in the intensity ratio plot was not observed due to the limited
range of [HAJ/[Eu] investigated in the present work, owing to the quenching of
Eu(lll) fluorescence by HA. For [HAJ/[Eu] = 10, the lg6/lsg2 IS less than that for
[HA]/[Eu] = 8 which implies that the static quenching of Eu(lll) fluorescence take
place above [HA]/[Eu] = 8. Since xenon lamp was used as the excitation source in
present studies, the concentrations lower than 5 X 10° M could not be employed to
study Eu(lll)-HA system. However in literature, there are reports where binding
characteristics of HS with Eu(111)/Cm(I11) has been studied at very low concentration

(~10” M) by employing laser as an excitation source (Chung et al., 2005;Monsallier

et al., 2003).
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The plot of life-time vs. L/M (figure 3.18 (a)) shows no change in life-time at
least up to L/M of 5, above which a slight increase of life time was observed. The
constancy of life-time and its closeness to that of Eu aquo complex [Eu (H20)q]
indicates the number of coordinated water molecules does not change upon
complexation with HA (figure 3.18(b)). Owing to the heterogeneity of the complexing
sites in the HA macromolecule, the increase in the life-time value above L/M = 8
indicates the binding of Eu to higher affinity sites when Eu concentration is small as

compared to HA concentration.
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Figure 3.18 (a) Lifetime vs [HA] /[Eu], (b)Number of water molecules vs [HA] /[Eu]
The CE diagram for Eu(l11)-HA system (figure 3.19) shows that all the points
pertaining to different [HA]/[Eu] lie in the zone A (figure 3.8) which correspond to

outer sphere complexation. Thus, CE diagram validate the outer sphere complex

formation for Eu(l11)-HA system predicted from lifetime data.
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Figure 3.19 CE diagram for Eu(l11)-HA system

The carboxylic and hydroxyl groups are major functional groups in HA which
are responsible for its complexing and adsorptive properties. Since HA is a
macromolecule of undefined structure with large heterogeneity, initially it was
thought that LMCA having carboxyl and hydroxyl moiety can be used as model
compounds of HA to understand the binding characteristics of HA. In present work
complexation of both LMCA and HA with Eu(lll) has been investigated and the
formation of outer sphere complex in case of HA, in contrast to LMCA, suggests that
the behaviour of LMCA cannot be taken analogues to HA. The drastically different
behaviour is the outcome of polyfunctionality and site heterogeneity of HA. On the
other hand, even though LMCA have similar functional groups as those found in HA,
their well-defined structure and sites as compared to HA preclude their use as model
compounds of HA. Although as large variety of LMCA exist in nature, their

complexation studies with lanthanides/actinides are important but LMCA should not
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be treated as model compounds of HA. Similar observations have been made in the

literature (Kar et al., (communicated))

3.5. Conclusions:

In the present work TRFS was used to deduce the stability constant of Eu —
LMCA complexes. The lgi6/ls92 and life time increases with increasing ratio of ligand
to metal ion concentration. The stability constants of Eu-LMCA complexes were
obtained from the ratios of intensity of 616 and 592 nm peaks The number of water
molecules coordinated to Eu(lll), obtained from lifetime data, revealed the
information about the stoichiometry of the complexes. Eu(lll) forms 1:1, 1:2 and 1:3
type of complexes with HIBA but only 1:1 and 1:2 complexes with phthalic, mandelic
and SA as the ligand to metal concentration ratio is increased. The stability constants
for all the systems are in agreement with the literature data obtained by other
methods. The life-time data of Eu-HA solutions are invariant with L/M ratio up to 5
indicating outer sphere complexation. The deviation from the life-time data at the
highest values of L/M indicates the binding of Eu(lll) to high affinity sites. It was
found that binding characteristics of HA are entirely different from LMCA. This
suggests that utmost care need to be taken while studying metal ion binding to HA

using model systems.
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Chapter 1V

4.1. Introduction:

In the present chapter the effect of HA and HIBA on sorption of Cm(lll) by
silica colloids was studied by employing batch sorption, LAM (in case of HA) and
SCM (in case of HIBA). Moreover, the effect of changing the order of addition of the
metal ion and HA/ HIBA on sorption was also investigated. Further, similar sorption
studies, using HIBA, were carried out with Eu(I11) at higher concentration (5 X 107
M) so as to characterize the surface complexes by TRFS and information obtained
from TRFS was used in the SCM. The results obtained for Eu(lIl) and Cm(lll)
systems have been compared. Also, the use of small organic molecules as model
compounds of HA has been evaluated by comparing the influence of HA and HIBA
on sorption of Cm(11) by silica.

Trivalent actinides such as, americium ( **Am, *Am) and curium ( **Cm,
2%%Cm) constitute a major fraction of the minor actinides present in the high level
liquid waste generated during the reprocessing of spent nuclear fuel. Though
partitioning and transmutation is being considered as one of the options to incinerate
these minor actinides in accelerator driven sub-critical reactor system (ADS),
presently the HLW is being managed by immobilizing it in solid form (glass, synroc),
which may be buried in deep geological repositories in near future. Thus, these long-
lived isotopes, such as, **Am, **Am, ?*>Cm and #**Cm will be present in the earth
(deep geological repositories) for thousands of years and over this time period, it is
possible that these minor actinides might enter the geosphere, through earthquakes,
volcanic eruptions, leaching and corrosion of waste form and underground water
movement. The major concern during the release of the minor actinides and long lived
fission products from the vitrified waste buried in a deep geological repository is the

migration of long lived radionuclides in aquatic environment which is known to be
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influenced by the presence of colloids and complexing anions (Kepak, 1971; Penrose
et al., 1990; Kersting et al.,1999). Moreover, organic complexing anions affect the
dissolution of glass containing vitrified waste (Gin et al., 1994). Hence it is
imperative to know the mechanism of interaction of the radioactive elements with
colloids and complexing anions. The complexing anions include simple organic
molecules, viz., carboxylic acids, amino polycarboxylic acids as well as complex
molecules, such as, FA and HA.

The common colloids present in natural waters are based on oxides of Si, Al
and Fe. Extensive studies have been carried out on the sorption of trivalent actinides/
lanthanides on different colloids (Piasecki and Sverjensky, 2008; Rabung et al. 1998,
2000, 2004, 2006; Kumar et al., 2013; Fairhust et al., 1995a; Takahashi et al., 2006;
Pathak et al., 2006, 2007a). Silica is one of the most common constituents of the
mineral oxides, viz., feldspar, quartz, etc. as well as clays, viz., bentonite, which are
being proposed as backfill material in the deep geological repositories. The granitic
rocks which contain silica rich minerals are preferred host rocks for depositing the
immobilized HLW. Various literature reports exist in which sorption of Eu(lll) on
silica follows typical S shaped sorption profile and role of various parameters such as
pH, ionic strength and silica dissolution has been evaluated (Fairhust et al., 1995a;
Takahashi et al., 2006; Pathak and Choppin, 2006, 2007a).

The concentration of HA in natural waters is observed to be in the range of
few parts per million which is sufficient to affect the sorption behaviour of
multivalent cations such as Am(I11) and Cm(lIl). Several studies exist in literature in
which the effect of HA on the sorption of Eu(l11) and Am(l1l) on colloids are reported
(Macasek et al.,1999; Ledin et al., 1994; Fairhurst et al. 1995b; Sakuragi et al.,

2004; Samadfam et al. 2000). Presence of HA enhances the sorption of
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Eu(l11)/Am(111) on colloids at low pH and decrease the same at high pH, compared to
the binary metal ion-colloid system.

Although attempts are being made to understand the sorption behaviour of
radionuclides in presence of HS (Macasek et al., 1999; Ledin et al., 1994; Fairhurst
et al., 1995b; Sakuragi et al., 2004; Samadfam et al., 2000; Tan et al., 2008, 2009;
Wang et al., 2004; Chen et al., 2013), the complex structure and poly functionality of
HS make it extremely difficult to understand the sorption phenomena from
fundamental point of view. However, the sorption phenomena in systems containing
simple molecules are easier to explain, as complexation of metal ions with such
molecules is well understood (Jain et al., 2008). Further, the small molecules have
well defined structure and thus are helpful in understanding the sorption phenomena
from mechanistic point of view. Various literature reports exist in which effect of
LMCA on sorption of trivalent lanthanides and actinides have been studied (Alliot et
al., 2005a, 2005h, 2006; Pathak and Choppin, 2007a; Tits et al., 2005).

The sorption profile is dependent upon the interaction of the complexing
anions with the metal ion as well as the surface sites in the case of ternary metal ion-
ligand-mineral oxide systems. The formation of synergic surface complexes has also
been proposed to explain the sorption profile of Eu(lI1)/Am(IIl) sorption on alumina
in presence of complexing anions (acetic, oxalic and carbonic acids) (Alliot et al.,
2005a; Alliot et al., 2005b; Alliot et al., 2006). A synergistic enhancement in the
sorption of Eu(lll) on suspended silica was observed for oxalate and phosphate
ligands and formation of ternary Eu/silica/ligand complexes were confirmed by
TRLFS (Pathak and Choppin, 2007a). On the other hand the retention of Eu(lll),
Am(111) and Th(IV) on calcite was not affected by gluconic acid and isosaccharinic

acid (Tits et al., 2005).
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Spectroscopic techniques such as TRLFS and EXAFS have been employed to
characterize the sorbed species in both binary and ternary systems containing
complexing anions (Tan et al., 2008, 2009; Wang et al., 2004; Chen et al. 2013,
Rabung et al., 2000, 2005; Fouchard et al., 2004a; Hartmann et al., 2008; Ishida et
al., 2009; Schlegel et al., 2004; Stumpf et al., 2007). Though TRLFS and EXAFS are
the most widely used spectroscopic techniques for characterization of the sorbed
metal ions, other techniques, such as, XPS and SEM-EDS has also been used in a few
cases (Fouchard et al., 2004a; Mercier et al., 2006). These studies provide valuable
information about the structure of the surface complexes and thereby help in
validation of SCM hypothesis.

SCMs provide molecular description using equilibrium approach and are
designed to calculate the interaction constants mathematically by taking into account
the aqueous distribution of species, the reactivity and the electrostatic properties of
the surface. SCM has been widely used to model sorption data of actinides and fission
products on various mineral oxides and clays (Kar et al., 2012; Bradbury and
Baeyens 2006; Grambow et al., 2006; Bradbury et al., 2005; Gaskova and Bukaty,
2008). In addition to the modeling of binary systems, the modeling of the sorption
data for the ternary, actinide-complexing anions- mineral oxides, systems has also
been attempted (Guo et al., 2009a; Stamberg et al,. 2006; Singh et al., 2010).
Recently the sorption of Eu(lll) on rectorite in the presence of HA has been
successfully modeled by SCM (Chen et al., 2013).

The aim of the present work was to study the effect of HA on the sorption of
Cm(Ill) by silica. LAM was used to qualitatively explain the sorption profile. To the
best of our knowledge, there are no studies in the literature on the effect of HA on

sorption of Cm(lll) by silica colloids. The effect of ionic strength and HA
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concentration on Cm(I11) sorption was also investigated. Further, the studies were also
carried out on the effect of addition order of Cm(l11) and HA to the silica suspensions.

In addition, the effect of varying concentration of HIBA and addition order of
the Cm(II1) and HIBA on the sorption of Cm(lIl) by silica was also studied using
batch sorption experiments and SCM. HIBA has been used as a simple organic
complexant. SCM for both binary and ternary system was done using the DLM.
Though there exist large number of studies in literature in which SCM of effect of
complexing anions have been dealt (Guo et al., 2009a; Stamberg et al., 2006; Singh et
al., 2010), SCM of Cm(lll) in presence of small organic molecules has been
attempted for the first time. Moreover, the comparison of the effect of HIBA and HA
on Cm(Ill) sorption on to silica has been made so as to ascertain whether simple
molecules can be used as analogue of HS when it comes to study the influence of
organics on the sorption of metals.

Furthermore, the spectroscopic characterization of the sorbed species was also
carried out using TRFS with Eu(lI1) as a probe. The effect of HIBA on the sorption of
Eu(lll) by silica was investigated using batch sorption experiments, TRFS and SCM.
Both, batch sorption experiments as well as TRFS measurements, were carried out in
the case of binary (Eu(lll)-Silica) and ternary (Eu(lll)-silica-HIBA) systems. The
complexation of Eu(lll) by HIBA has been studied in our laboratory using TRFS,
wherein the fluorescence emission spectra were found to be sensitive to the
complexation of Eu(lll) by HIBA as described in chapter 3 (Jain et al., 2008). The
TRFS of sorbed Eu(lll) have been used to infer about the surface complexes during

the modeling for both binary and ternary system using the DLM.
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4.2. Experimental:
4.2.1 Materials and characterization:

Silica powder (Aerosil Belgium) was used as received. Its surface area and
point of zero charge was determined by methods described in Chapter 2. The number
of surface sites on the silica powder was determined by titrating the 300 mg of silica
in 50 ml 0.1 M NaClO,4 with standard 0.01 M HCIO, / 0.1 M NaOH.

2%Cm (T, = 18.1 years) was used as a tracer for curium so as to attain low
concentration (2.2 X 10™° M) encountered in natural water conditions. For sorption
studies of Eu(l1), ***Eu was used as a radiotracer.

HA (Aldrich) having proton exchange capacity of 7.1 meqg/g was used (Boily
and Fein, 2000). AR grade HIBA (Alfa Aesar) was used as received. All solutions
were prepared in low conductivity Millipore water having resistivity of 18 MQ.cm

and HA solutions were stored in dark.

4.2.2. Batch Sorption Experiments:

Sorption studies were carried out by using batch sorption method to
investigate the sorption of 2**Cm (111) on silica. The sorption of Cm(111) is influenced
by several factors such as contact time, pH, ionic strength, HA concentration and
order of addition of HA/HIBA and Cm(l11). The effect of these different experimental
parameters on Cm(lll) sorption by silica has been studied. Furthermore, batch
sorption studies were also carried out with Eu(l1) in presence and absence of HIBA.

The details of the batch sorption experiments have been discussed in Chapter
2. The concentration of silica suspensions was 5 g/L in case of Cm(ll1) and 10 g/L for

experiments with Eu(l11). lonic strength was maintained at 0.1 M using NaClO,.
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In order to determine the time required to achieve equilibrium in the sorption, kinetic
sorption study at pH 6.5 was carried out which showed that the equilibrium in the
percentage sorption was achieved in 24 hours. Hence the equilibration time for
sorption of ?**Cm by silica was fixed as 24 hours.

In the case of experiments in presence of HA, the suspensions were first
equilibrated with 2 mg/L HA for 48 hours and subsequently ***Cm activity was added
for further equilibration for another 24 hours. This order is hereafter referred to as
Silica-HA-Cm. The 48 hours of contact time for silica and HA was based on the
literature reports for the Eu(l11)-silica system (Fairhurst et al., 1995 b).

The experiments with the reverse order of addition of ***Cm and HA (referred
to as Silica-Cm-HA) were carried out by first equilibrating the silica suspensions ( 20
mL containing 5 g/L silica) at varying pH with the **Cm activity for 24 hours and
later adding the HA solution (2 mg/L), which was then equilibrated for another 48
hours. 1 mL aliquots were drawn from the supernatant (after centrifugation) after
equilibration with HA to obtain the sorption data for ternary (silica-Cm-HA) system.

The effect of ionic strength was studied by measuring sorption at different
ionic strengths, 0.005-0.2 M NaClO,4 and at a fixed pH of 6.5. This pH value was
chosen as the percentage sorption was found to be close to 100% at this pH. Effect of
HA concentration (2-20 mg/L) on sorption of Cm by silica was also studied

In the case of experiments in presence of HIBA, the experiments were carried
out in similar manner as for HA. Concentration of HIBA was 1.0 X 10°M and 1.0 X
10 M. The HIBA concentrations 1.0 X 10° M and 1.0 X 10® M will be hitherto
represented as HIBA(I) and HIBA(II) respectively. Ternary system where HIBA was
added before Cm are termed as Silica-HIBA-Cm and those with the reverse order of

addition of Cm(lIl) and HIBA are referred to as Silica-Cm-HIBA. For binary silica-
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Eu(ll1) and ternary silica-HIBA-Eu(l11) systems, same methodology was followed and

HIBA concentration was kept 2.5 X 10 M.

4.2.3. Silica dissolution studies:

For the determination of dissolved silica, silica suspensions (10 g/L) of
varying pH were equilibrated with Eu(lll) (5 X 10° M) for 4 and 24 hours,
respectively, on a mechanical shaker. The suspensions were centrifuged and the
supernatant solutions were assayed for dissolved Si content by ICP-AES. The
calibration of the instrument was carried out using 1000 mg/L standard Si solution

(Merck) after suitable dilution.

4.2.4. Sorption of HIBA by silica:

In order to determine the sorption of HIBA by silica, the silica suspensions (10
g/L) of varying pH were contacted with HIBA (2.5 X 10° M) for 48 hours in a
mechanical shaker. The suspensions were later centrifuged and the supernatant

solutions were assayed for TOC.

4.2.5. TRFS measurements:

For the TRFS measurements 10 ml of silica suspensions (10 g/L) of varying
pH (4.0-8.0) were contacted with Eu(l11) solutions (5.0 X 10 M) for 24 hours. The
suspensions were filtered using 0.1 micron membrane filter to remove any unsorbed
Eu(lll). Subsequently the solid samples were vacuum dried and mounted on glass
plate for TRFS measurements. Similar exercise was carried out for preparation of

sample in the case of ternary Eu(ll1)-silica-HIBA system.
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4.3 Results and Discussion:
4.3.1 Characterization of Silica:

The surface area of silica was found to be 180 + 5 m?/g, which corresponds to
particle size of 6.2 + 0.2 nm. The point of zero charge (pHpzc) of silica was obtained
from zeta potential measurements and the value was found to be 2.4 (Kumar et al.,
2006). The data of acid base titration of silica are shown in figure 4.1. These were
analysed by FITEQL 4.0 to obtain the concentration of surface sites and log K for
protonation (log K;) and deprotonation (log K;) of = SiOH groups, which are given in
Table 4.4. The log K, obtained in the present work is close to that reported by

E.Osthols (1995) (log K; = -6.9) for Aerosil OX 200 silica.
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Figure 4.1 Potentiometric titration of silica suspension (6 g/L) in 0.1 M NaClO,.

4.3.2. Silica Dissolution Studies:
The results of the ICP-AES measurements of Si concentration in the

supernatant solutions of Eu(lll)-silica systems are given in Table 4.1. The amount of
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dissolved Si is more for equilibration time of 4 hours than that of 24 hours, indicating
the interaction of the dissolved silica with the solid surface.
Dissolution of silica can be characterized by the following equilibria (Stumm

and Morgen, 1996):

Si0,(s,amorphous) + 2 H,0 < Si(OH), 4.1)
Si(0H), © SiO(0H); + H* (4.2)
SiO(0H); © SiO(OH)2 + H* (4.3)

The dissolution of silica increases with pH. Furthermore, Eu(lll) is known to
promote the dissolution of silica by facilitating hydrolysis of Si-O-Si bonds
(Takahashi et al., 2006). The concentration of silicic acid formed owing to the
dissolution of silica in presence of Eu(lll) is of the order of 10 mM, at which
polysilicic acid is dominant (Panak et al., 2005). In absence of Eu(lll), the
concentration of silicic acid formed owing to the dissolution of silica is of the order of
2 mM (Kar et al., 2012). It is to be noted that in presence of Cm(lll), the
concentration of silicic acid has been assumed to be same as in case of bare silica

owing to very low concentration of Cm(l11) employed in the present work.

Table 4.1 Dissolved Si (ppm) in silica suspensions (10 g/L) in presence of Eu(ll)

(5.0 X 10 M) measured after different time of equilibration.

pH (4 hours) (24 hours)
4.56 240 200
6 310 240
7.86 510 260

4.3.3. Speciation Calculations:
Speciation of Cm(lll) in aqueous solution was calculated using the

geochemical equilibrium speciation code MINTEQA2 (Allison et al., 1991) after
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incorporating the stability constants of Cm** complexes with OH™ (Wimmer et al.,
1992), HIBA (Shalinets, 1971) and silicic acid (Panak et al., 2005; Jensen and
Choppin, 1996). The speciation of Cm(lll) in presence of silicic acid was generated
by considering the formation of CmOSi(OH)s%* and Cm(OSi(OH)s3),". The stability
constant for Cm(l11) disilicate was not available in literature, thereby necessitating the
use of stability constant value of Eu(lll) disilicate (Jensen and Choppin, 1996).
Deprotonation constant of HIBA (Portanova et al., 2003) was also incorporated in
MINTEQAZ2. Formation of Cm*®* humate complexes was also considered by making
use of the formation constant and site capacities as defined within MINTEQAZ2. The
values of log B for Cm-HA and site density of HA are 6.4 and 7.6 X 107 eq.g™
respectively (Boily and Fein, 2000; Cornelis, 2005).

Speciation of Eu(l1l) was calculated after incorporating the log K for Eu(ll1)-
HIBA (Jain et al., 2008), Eu(lll) silicate complexes (Jensen and Choppin, 1996) and
Eu(ll) hydroxo complexes (Tetre et al., 2006). In view of the non-availability of the
log K for interaction of europium and polysilicic acid, we studied the speciation of
Eu(111) in presence of silicic acid considering the formation of EuOSi(OH)s** and
Eu(OSi(OH)3),". The log K for the Eu(lll)-silicates were taken from Jensen and
Choppin (1996). The log K of different complexes considered in the calculations are
given in Table 4.2. The data was transformed to zero ionic strength before inserting as
input in the code.

The carbonate concentration in the suspensions was assumed to be negligible
as (i) millipore water was boiled before use, (ii) the sorption was carried out in air
tight polypropylene tubes and (iii) the time period for closing the tubes after

adjustment of pH was kept as short as possible.
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Table 4.2 Log B used for calculating the aqueous speciation

Reaction log

cm* +H,0——» Cm(OH)* +H" -7.2°8

Cm* + 2H,0—— Cm(OH)," + 2 H"* -15.1°2
Cm* +3H,0——» Cm(OH); +3H* -26.2°
(CH3),COHCOO + H* — 5 (CH3);COHCOOH 3.75°
Cm* , (CH3),COHCOO" —— (CH3),COHCOOCmM** 2.96 ¢
Cm > , 2(CH3),COHCOO > ((CH3),COHCOO0),Cm* 5.15°¢
Cm ™ , 3(CH3),COHCOO ___ ((CH3),COHCO0);Cm 6.36°
Cm ** + H,Si0,4 Cm(OSi(OH);)** +H* -2.07°
Cm*+2H,Si0, — , Cm(OSi(OH)3),"+2H" -6.87°¢
Eu® + H,0 , EUOH)* + H” 787

Eu®" + 2H,0 Eu(OH)," +2H" -16.4°
Eu® +3H,0 —— Eu(OH); +3H" -25.2°
Eu® +4H,0 ____ , Eu(OH), +4H" -35.3'
Eu® . (CH3),COHCOO (CH3),COHCOOEU** 3.329
Eu®" ., 2(CHs),COHCOO" > ((CH3),COHCOO),Eu* 5.50 9
Eu®" ., 3(CHs),COHCOO" ((CH3),COHCOO)sEu 6.629
Eu " + OSi(OH)3 Eu(OSi(OH)3)** 7.26°¢

Eu®*+20Si(OH)s ,  EUu(OSi(OH)s)," 11.7°¢

(a:Wimmer et al.,1992; b: Portanova et al., 2003; c: Shalinets, 1971; d: Panak et al.,
2005; e: Jenson and Choppin, 1996; f: Tetre et al., 2006; g: Kar et al.,2008)

The speciation diagrams in absence and presence of HA are shown in figures

4.2 (a) and 4.2 (b). It is worth mentioning that here the contribution of dissolved

silicates is not included. During the interpretation of sorption data of addition order of

Cm(lll) and HA, it was realized that silica dissolution plays important role in deciding

Cm(lll) speciation. In absence of HA, hydrolyzed Cm(Ill) species dominate the
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speciation above pH 6, while in presence of HA, the humate complex dominates the
speciation in the pH range of 5-8, with the hydrolyzed species concentration
increasing above pH 8. However, at higher pH (> 8) values carbonate complexation of

Cm(l111) cannot be ruled out.
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Figure 4.2 Speciation of Cm(lIl) in (a) absence and (b) presence of (2 mg/L) HA.

[Cm1IN]=22X 10" M, 1=0.1 M

The speciation diagrams in absence and presence of HIBA are shown in
figures 4.3 (a) and 4.3 (b and c) respectively. It can be seen that up to pH 7.0,
Cm(OSi(OH)s)*" is the dominant species above which Cm(OSi(OH)3)," dominates. In
the presence of 10° M HIBA (figure 4.3 (b)), curium silicate continues to dominate
the speciation while in case of 10° M HIBA (figure 4.3 (c)), Cm(HIBA)*" and
Cm(HIBA)," are also present up to pH 4.5 though the speciation is still dominated by

silicate complexes.
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Figure 4.3 Curium speciation in absence (a) and presence (b and c¢) of HIBA.
[Cm(11)] = 2.2 X 10 [HIBA] =1 X 10 ° M in (b) and 1 X 103 M (c). lonic
strength = 0.1 M NaClO,Cm®*" (1), Cm(IBA)**(V), Cm(IBA),*(0), [Cm(OSi(OH)s]**

(0) and [CM(OSi(OH)a)2]" (A).

Figures 4.4 (a) and 4.4 (b) show the speciation of Eu(lll) in absence and
presence of HIBA respectively. It can be seen that up to pH 7.0, Eu(OSi(OH)3)*" is
the dominant species above which Eu(OSi(OH)s)," dominates. In the presence of
HIBA, Eu®*, Eu(HIBA)?** and Eu(HIBA)," are also present up to pH 4.5 but the
speciation continues to be dominated by silicate complexes.

Thus, silicates are major species in pH range of study for Cm(lll) and Eu(lll)

irrespective of their concentration.
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Figure 4.4 Europium speciation in absence (a) and presence (b) of HIBA. [Eu(lll)] =

5.0 X 10°M;

[HIBA] =

2.5 X 103 M. lonic strength = 0.1 M NaClO,. Eu** (o),

Eu(IBA)*(A), Eu(IBA),*(V), [Eu(OSi(OH)3]2*(0) and [Eu(OSi(OH)s),]* ().

4.3.4. Kinetics study of sorption of Cm (I111) by silica colloids:

Figure 4.5 shows the temporal profile of the sorption of Cm (lll) by silica

colloids at pH 6.5. The sorption reaches a equilibrium value in less than 24 hours. Ho.

et. al. (1998) did the comparison of various kinetic models and found that pseudo

second order equation describes the sorption Kinetics better than other models. The

sorption kinetics in literature has been modeled by the pseudo second-order rate

equation (Fan et al., 2008; Chen et al., 2007)

t 1

Qt_

kq?

t

- (4.4)

146



Chapter 1V

k (g mg*h™) is the pseudo second-order rate constant of adsorption, g. and q;

are the amounts of metal ion sorbed (mg/g) at equilibrium and at time t respectively.
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Figure 4.5 Kinetics of sorption of Cm by silica. pH = 6.5, [Cm(I11)] = 2.2 X 10™° M,

I =0.1 M (NaClQy,), [Silica] =5 g/l

Figure 4.6 shows the plot of t/g; vs t. The values of ge and k calculated from
slope and intercept are 9.88 X 10° mg g™ and 1.35 X 10®° g mg*h™ respectively. The
value of g, obtained from slope analysis was found close to g; at maximum contact
time between curium and silica and low value of k suggests that sorption equilibrium
is attained slowly. The coefficient of regression for linear fitting is close to 1 which
signifies that sorption kinetics can be described by pseudo second order rate equation.
Similar trends have been observed in case of Th(IV) sorption on attapulgite (Fan et

al., 2008).
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Figure 4.6 Plot of kinetic data showing pseudo second order kinetics

4.3.5. Sorption of Cm (I11) by silica: Effect of HA:

The percentage sorption of curium by silica colloids increases with increasing
pH and reaches a saturation value > 95 % at pH 6.5 above which it remains constant
as shown in figure 4.7. This is understood in terms of positive charge on silica
colloids at low pH (< 2.4) and increasingly negative charge above it. As the pH of the
aqueous suspension increases above 2.4, the silica surface becomes more and more
negatively charged thus resulting in the sorption of the positively charged Cm®" ions.
The high percentage sorption at higher pH can be explained in terms of the surface
complexation between Cm*" and =SiO™ surface sites of silica. The results are in
agreement with the literature data for sorption of Am(l11) by kaolinite (Samadfam et
al., 2000) and that of Eu(l1l) by silica (Fairhurst et al.,1995 a).

In the presence of HA, the sorption of Cm(lll) on silica is enhanced compared
to the binary system of Cm(lll)-silica system at lower pH values. The percentage

sorption reaches a maximum at pH 6 and then falls to lower value in the pH range 6.5-
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8 above which it is found to increase again. The enhancement in the percentage
sorption at low pH and reduction at high pH in presence of HA is also observed in the
sorption studies with Eu (1) (Fairhurst et al., 1995 a) and Am (I11) (Sakuragi et al.,
2004) and can be explained in terms of the sorption profile of HA on silica (Kumar et
al,. 2006). At low pH, the negatively charged HA molecules get sorbed on the
positively charged silica surface (=Si-OH;") by electrostatic interaction. With increase
in pH the silica particles acquire negative charge due to the deprotonation of the =Si-
OH surface sites, resulting in repulsion between the anionic HA molecules and the
negatively charged silica particles and hence decrease in the sorption of HA by silica.
The HA molecules present in the liquid phase, owing to their strong affinity for
Cm(I11) result in decreased sorption of Cm (l11) onto the silica surface.

Figure 4.7 shows that in presence of HA, the decrease in the sorption at
intermediate pH is much more in the case of silica-HA-Cm than that in case of silica-
Cm-HA system. Further, the percentage sorption at varying length of time of
equilibration 24-72 hours was found to be nearly same for the silica-Cm-HA system.
The enhancement in the sorption of Cm(lll) by silica at low pH is similar to that
observed in the previous experiment Silica-HA-Cm. However, the decrease in the
sorption of Cm(lll) at intermediate pH values is not as high as was observed in the
case of Silica-HA-Cm.

Various authors report the influence of addition sequence on metal ions
distribution at solid liquid interface (Wang et al., 2000; Xu et al., 2006 a; Reiller et
al., 2005; Davis,1984 ; Fan, 2009) while others rule out its effect on metal sorption
(Xu et al., 2006 b; Li et al., 2009; Liu et al., 2001; Wang et al., 2004). Wang. et.al
(2000) studied the effect of sequence of Yb(lll) and FA addition to the alumina and

found higher Kp values when FA addition preceded Yb(Ill) which was attributed to
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different behavior of FA molecules sorbed on alumina and those in solution. Similar

effect of addition order was observed in case of copper sorption on alumina (Davis,

1984). The EXAFS studies of Eu(lll) sorbed by attapulgite, a hydrated Mg-Al-

silicate, in presence of HA showed difference in the structure of the sorbed species

when the order of addition of Eu(lll) and HA was reversed (Fan, 2009). On the

contrary, Wang. et al. (2004) did not observe any effect of addition sequence of

alumina and HA in the fluorescence spectra of Cm(ll1)-alumina-HA system. Thus the

effect of the sequence of metal ion and HA addition to the solid sorbent influences the

metal ion sorption, has to be investigated in detail.
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Figure 4.7 Sorption of Cm by silica; Effect of addition order. [Cm(I11)] = 2.2 X 107

M, 1 =0.1 M (NaClQy), [Silica] = 5¢/l, [HA] = 2 mg/L. The dash and dotted lines are

the LAM fits of silica-HA-Cm(l11) systems

In the present study of silica-Cm-HA, initially Cm(lI1) is sorbed quantitatively

onto the silica surface. Addition of HA to this suspension results in complexation of
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sorbed Cm(IIl) by HA. One of the explanations for the decreased desorption of
Cm(l11) in the Silica-Cm-HA at intermediate pH values, could be the incorporation of
Cm(ll1) in silica matrix following dissolution of silica. The dissolution of silica
increases with pH. Furthermore, Takahashi et al. (2006) found that presence of Eu(lI1)
promotes the dissolution of silica by facilitating hydrolysis of Si-O-Si bonds. Chung
et al. (1998) studied Cm(lll) sorption on silica using TRLFS and obtained two
lifetimes 220ps and 740ps. They assigned shorter lifetime component to =SiOCm**
and larger lifetime component to co-precipitation of Cm and Si(OH), formed as the

result of silica dissolution

4.3.5.1. LAM of ternary system:

With a view to understand the role of HA in influencing the sorption
behaviour of Cm(Ill) by silica, LAM was carried out. This simple model, assumes
that the sorption in the case of ternary Cm-silica-HA system can be explained in terms
of the additive effect of the binary interactions between the individual components.
According to this model, complexation of Cm(I11) by mineral bound HA will enhance
the sorption of Cm(lll), while the HA present in solution will tend to decrease the
sorption. The Kp at any pH in the ternary system is given by the equation 2.19.

The Kp? for binary system as a function of pH was obtained from the
measured sorption data. The fraction of HA bound to silica as a function of pH was
obtained from the experimental data on sorption of Aldrich HA on silica measured by
Fairhurst et al. (1995 a). For the stability constant of Cm(l11)-HA, the data reported by
Silva and Nitsche (1995), for Am(IIl)-HA as a function of pH was used. The
percentage sorption of Cm(ll1) in the ternary system calculated from the Kp values are

shown as dotted and dashed lines in figure 4.7 for two conditions of ; and f3,, that is,
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(1) B2 = B1 and (ii) B2 = 1.05 B1. The results show that the linear additive model can
explain the observed trend of sorption data, that is, enhancement at lower pH and
decrease at intermediate pH values qualitatively. Increasing the stability constant of
Cm(111) complex with mineral bound HA by 5%, with respect to that in solution gives
the results which are closer to the experimental data. However, the calculated sorption
curves are far from the experimental data, indicating that the assumptions in the linear
additive model that the Kp values are additive may not be valid. This is plausible as
the sorption of HA onto silica might modify the surface charge characteristics of the
silica at lower pH. HA coated silica particles have been found to have more negative
surface charge than bare silica particles (Ledin et al. 1994). The rise in percentage
sorption at higher pH (> 8) is in agreement with that observed by Fairhurst et al.
(1995 a) and could be due to the formation of carbonate complexes or incorporation
of Cm in lattice (Panak et al., 1996; Takahashi et al., 2002). However, the exact
mechanism of the rise is not clear. Speciation calculation of Cm(lll) in aqueous
system containing both HA and carbonate anions predicts the dominance of
Cm(CO3), at pH above 9 while humate complexes dominate in the pH range of 7-9
(Takahashi et al., 2002). For a clear understanding of the effect of HA on the sorption
of Cm(lll) by silica, SCM of the ternary system is needed with input about the
structure of the surface complexes from the spectroscopic techniques, such as EXAFS
and TRLFS, which can provide direct signature of the metal ligand complex on the

mineral oxides (Takahashi et al., 2002).

4.3.6. Sorption of Cm (I11) by silica: Effect of ionic strength:
Figure 4.8 shows a plot of percentage sorption of curium by silica colloids as a

function of ionic strength at pH 6.5. The percentage sorption remains nearly constant

152



Chapter 1V

indicating negligible effect of ionic strength on the sorption process. This suggests
that the sorption follows inner sphere complex formation between Cm(l1l) and surface
sites on silica. The small decrease in the percentage sorption with increasing ionic
strength (1) up to I = 0.1 M may be due to the ionic strength dependence of the

binding constant of Cm(l11) with silica (Reed et al.,1999).
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Figure 4.8 Effect of ionic strength on sorption of Cm by silica colloids. pH = 6.5,

[Cm(11D)] = 2.2 X 10 M, [Silica] =5 g/l

Figure 4.9 shows the speciation of Cm(lll) as a function of ionic strength at
pH 6.5 obtained using the geochemical code MINTEQAZ2. The concentration of
Cm(OH)?* decreases with increase in ionic strength up to I = 0.05 M which is
attributed to a decrease in activity coefficient of Cm*" and Cm(OH)?* with ionic
strength. The decrease in activity coefficient of Cm®" is higher than that of Cm(OH)?*,

hence Cm(OH)** concentration decreases initially. Above | = 0.05 M, the
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concentration of both the species remains constant. The higher hydrolyzed species are

not dominant at pH 6.5.
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Figure 4.9 Speciation of Cm(lll) as a function of ionic strength at pH = 6.5.

In case of sorption reactions three factors are affected by ionic strength namely
(i) Coulombic energy, (ii) dissociation constant of surface sites and (iii) activity
coefficient of Cm*" in solution. The Coulombic energy and activity coefficient of
Cm® in solution decrease with ionic strength and dissociation constant of surface
sites increases with ionic strength (Dzombak and Morel, 1990). Thus, the first two
factors tend to decrease the sorption while third one favours the sorption with
increasing ionic strength. The net effect is that there is a slight decrease in sorption
initially with ionic strength. Thus, the negligible influence of ionic strength suggests

the occurrence of inner sphere complexation between silica surface sites and curium.
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4.3.7. Sorption of Cm (I11) by silica: Effect of HA concentration:

The variation of the percentage sorption as a function of concentration of HA,
at pH = 6.0, is plotted in Figure 4.10. Except for the lowest concentration of HA, the
percentage sorption gradually decreases with increasing concentration of HA, which
can be explained in terms of strong complexation of Cm(lll) by HA in the
intermediate pH range. Similar effect of HA concentration has been observed in case

of Th(IV) sorption on hematite (Reiller et al., 2005).
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Figure 4.10 Sorption of Cm by silica as a function of [HA]. (pH = 6.0)

4.3.8. Sorption of Cm (I11) by silica: Effect of HIBA concentration:

The percentage sorption of curium by silica colloids in absence and presence
of HIBA is shown in Figure 4.11. In the case of Silica-Cm-HIBA(l), the sorption data
follow that of the binary system whereas the sorption edge is slightly shifted to higher
pH for Silica-HIBA(1)-Cm system as compared to the binary Cm(lll)-silica system as

shown in figure 4.11. Similar trends are observed in Silica-Cm-HIBA(II) and Silica-
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HIBA(I1)-Cm systems (figure 4.11) but in case of Silica-HIBA(I1)-Cm the shift of

sorption edge is more pronounced as compared to Silica-HIBA(I)-Cm. This is

attributed to higher HIBA concentration in these systems.
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Figure 4.11 Sorption of Cm(lIl) on silica in presence and absence of HIBA.

[Cm(I1D)] = 2.2 X 10 M: Silica =5 g/L; [HIBA()] =1 X 10° M, ; [HIBA(IN] = 1 X

103 M; 1=0.1 M (NaClOy).

The effect of HIBA on the sorption of Eu(lll) by silica can be understood

considering the sorption of HIBA Dby silica. TOC values in the supernatant solutions

were found to be close to that corresponding to the initial HIBA concentration

indicating negligible sorption of HIBA by silica at all pH values. The low pK, (3.78)

of HIBA (Portanova et al., 2003) suggests that its anionic form dominates in the pH

range of study in which the silica surface is negatively charged (PZC < 2.4) (Kumar et

al., 2006), thereby resulting in negligible sorption of HIBA on silica. Thus, HIBA can

be treated as a complexing anion present in silica suspension. For Silica-HIBA(I)-Cm
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system, with the increase in pH of the suspension, the complexation of Cm(lll) by
HIBA results in decreased sorption of Cm(l11) on silica surface. In the case of Silica-
Cm(lI)-HIBA(I) system, initially Cm(lll) is sorbed quantitatively onto the silica
surface. Introduction of HIBA to this suspension should result in complexation of
sorbed Cm(I11) by HIBA and thereby generation of sorption profile similar to Silica-
HIBA(I1)-Cm system. However, the decrease in the sorption of Cm(l11) as observed in
case of Silica-HIBA(I)-Cm is not seen in the case of Silica- Cm-HIBA(I). In most of
the cases the effect of addition order of HA and metal ion on sorption to mineral
oxides have been studied (Wang et al., 2000, 2004; Xu et al., 2006 a, 2006 b; Reiller
et al.,, 2005; Davis, 1984; Fan, 2009; Li et al., 2009; Liu et al., 2001) but there is
hardly any literature report dealing with addition order of small complexing anions
and metal ions. One of the explanations for the decreased desorption of Cm(lll) in the
Silica-Cm-HIBA(l), could be the incorporation of Cm(Ill) in silica matrix following
dissolution of silica. The log p for Cm-HA (Cornelis, 2005) is much more than that of
Cm-HIBA which is responsible for the higher desorption capacity of HA as compared

to HIBA.

4.3.9. SCM:

SCM was used to analyse the data of Cm(lI11) sorption on silica in absence and
presence of HIBA to infer about the surface reactions governing the sorption process.
In present studies DLM has been used which assumes the oxide-water interface to
comprise of two charged layers, namely, surface layer and a diffuse layer of counter
ions in solution. The Gouy-Chapman distribution of ions was assumed for the diffuse

layer.
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4.3.9.1. SCM of binary systems:

In Cm(l1)-silica system, the most dominant species in the pH range of study
are Cm*" and CmH;SiO4" as shown in figure 4.3(a). Thus, a model considering
monodentate mononuclear curium surface complex =SiOCm?* and monodentate
mononuclear curium monosilicate surface complex =SiOCMH;SiO4" was tried which
successfully fit the sorption data for binary system. The corresponding surface
complexation reactions are described in equations (4.5) and (4.6).

= SiOH + C(m3t e=Siocm?*t+ HT (4.5)
= SiOH + (mH;Si0,*" & = Si0CmH,Si0," + H* (4.6)

Although the above model fit the sorption data quite well, TRLFS of Cm(lll)
sorption on silica revealed the existence of two species with lifetimes 220 ps and 740
ps which correspond to 2 and O water molecules respectively (Chung et al., 1998),
therefore the sorption data was fitted using monodentate mononuclear curium
disilicate surface complex =SiOCm(H3SiO,), instead of monodentate mononuclear
curium monosilicate surface complex =SiOCmH3SiO;" as =SiOCm(H3Si0y);
approximates more closely to the species containing no water molecules. The surface
complexation reaction for =SiOCm(H;3SiO4); is given below.

= SiOH + 2CmH;Si0,*" © = Si0Cm(H;35i0,), + 2HY  (4.7)

Thus, Cm(111) sorption on silica is described using monodentate mononuclear
curium surface complex =SiOCm*" and monodentate mononuclear curium disilicate

surface complex =SiOCm(H3Si04), as shown in figure 4.12.

4.3.9.2. SCM of ternary systems:
The sorption data for the ternary system of Cm(lll)-silica-HIBA systems

were modeled using similar analogy as that in case of binary system.
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Figure 4.12 SCM of Cm(lll) sorption by Silica in presence of HIBA (a) binary
Silica-Cm system; (b) Silica-Cm-HIBA(I) system ; (c) Silica-HIBA(I)-Cm system;

[Cm(I11)] = 2.2 X 10 M; Silica =5 g/L; [HIBA] =1 X 10 ° M.

4.3.9.2. (a) Silica-Cm-HIBA() system ([HIBA] = 10 M) :

In Silica-Cm-HIBA(I) system, the surface complex pertaining to Cm(lll) and
CmH3SiO,", the major species in aqueous phase in the pH range of study, were
considered while modeling the sorption data of this ternary system. The sorption
profile could be explained considering the surface complexes, namely, =SiOCm?* and
=SiOCmHsSiO4". However, using the similar hypothesis, as in the case of binary
system, that =SiOCm(H3Si0,), approximates more closely to the species containing

no water molecules, =Si0Cm(H3SiO4); and =SiOCm?* were considered as surface
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complexes which gave the best fit as shown in figure 4.12 (b) and corresponding

surface reactions are given by equations (4.5) and (4.7).

4.3.9.2. (b) Silica-HIBA(I)-Cm system ([HIBA] = 10° M):

The aqueous speciation is same in both Silica-HIBA(I)-Cm and Silica-Cm-
HIBA(I) systems as it is independent of order of addition of HIBA and Cm(lll). The
surface complexes =SiOCm?* and =SiOCm(H3SiO4), were evaluated to fit the
sorption data but no convergence was obtained which in turn validated that order of
addition of HIBA and Cm(lll) does influence the surface species responsible for
sorption. In case of Silica-HIBA(I)-Cm, when Cm(lll) is added to silica suspension
containing HIBA, Cm(lIl) can interact both with HIBA and silica. As the kinetics of
complex formation (Cm-HIBA) is much faster than that of sorption, it can be
concluded that Cm-HIBA complex is formed instantaneously and get sorbed on to
silica surface, even though aqueous speciation calculations do not support their
existence. Consideration of surface complexes, namely, =SiOCm(IBA)" and
=SiOCm(H3Si0,), resulted in successful fitting of sorption data as shown in figure
4.12 (c). The surface complexation reactions for both the sorbates are given by
equation (4.7) and (4.8).

= SiOH + CmIBA** & = SiOCmIBA* + H* (4.8)

4.3.9.2. (c) Silica-Cm-HIBA(II) system ([HIBA] = 10° M):

The speciation of Cm(lll) is dominated by Cm**, Cm(IBA)" and
Cm(HsSi04)?* in the pH range of interest (figure 4.3(c)). As far as curium silicate
species are concerned Cm(H3SiO4)," was considered as sorbate instead of

CmHsSiO**. All the permutations of the surface complexes involving the above
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mentioned species were tried in order to fit the sorption profile but no convergence
was obtained in any case. Therefore Cm(IBA)," complex, though formed in minute
amount, was considered as a potential sorbate along with Cm(H3SiO,),". The two
surface complexes comprising of these two species were found to fit the sorption data
satisfactorily as shown in figure 4.13 (a). The corresponding surface complexation
reactions are given by equations (4.7) and (4.9).

= SiOH + (CmIBA),” & = Si0(CmIBA), + H* (4.9)

4.3.9.2. (d) Silica-HIBA(I1)-Cm system ([HIBA] = 10° M):

In Silica-HIBA(II)-Cm(I1l) system, the aqueous speciation is same as in Silica-
Cm(lIN-HIBA(Il). The surface complexes pertaining to Cm(IBA)," and
Cm(HsSi0,)," were evaluated for fitting the sorption data but satisfactory fit was not
obtained as the 10-20 % sorption at low pH could not be explained by considering
only these two surface complexes. In order to account for sorption at low pH, outer
sphere surface complex =SiOHCm(IBA)® was tested along with the two surface
complexes mentioned above which could successfully fit the sorption data as shown
in figure 4.13 (b).

The need for an outer sphere complex can be attributed to sorption of HIBA
on silica surface which was determined using TOC content in supernatant of the silica
suspension after equilibration with HIBA. It is worth mentioning here that sorption of
2-3% HIBA on silica at low pH would not be manifested in the TOC measurement,
though it would be sufficient to enhance the sorption of Cm(lll) at low pH. The
surface complexation reactions for all the three sorbates are given by equation (4.7),
(4.9) and (4.10).

= SiOH + CmIBA%** © = SiOHCmIBA** (4.10)
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Figure 4.13 SCM of Cm(l11) sorption by Silica in presence of HIBA (a) Silica-Cm-

HIBA(I1) system ; (b) Silica-HIBA(II )-Cm system; [Cm(111)] = 2.2 X 10™° M; Silica

=5g/L; [HIBA] =1 X 103 M.

Thus, it appears that not only the aqueous speciation governs the various

possibilities of surface complexes, but the addition order of HIBA and Cm(l1l) is also

one of the important parameters influencing the type of surface complex formed at the

solid solution interface. The stability constants of the surface complexes for all the

systems are given in Table 4

3.
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Table 4.3 Optimized parameter values as obtained from FITEQL for Cm-silica

and Cm-silica-HIBA systems

System Reaction Log K WSQOS/
DF
Silica-Cm(lII) =SiOH + Cm ** + 2SiO(OH); « -7.94 15.1
=SiOCm(0Si(OH)3 ), + H*
=SiOH + Cm ** <> =SiOCm**+ H" | -2.53
Silica-Cm(I11)- | =SiOH + Cm *" + 2SiO(OH); <« -8.04 10.1
HIBA(I) =SiOCm(OSi(OH)3 ), + H*
=SiOH + Cm ** & =SiOCm*" + H" | -2.48
Silica-HIBA()- | _gi01 + Cm * + 2Si0(0H)y <> -7.58 2.55
Cm(ll) =SiOCm(0Si(OH)3 ), + H*
=SiOH + Cm ** + HIBA < 2.16
=SiOCm(IBA)" + 2H"
Silica-Cm(lll)- | =SiOH + Cm *" + 2SiO(OH)3 -8.21 3.91
HIBA(II) =SiOCm(OSi(OH)3 ), + H
=SiOH + Cm °* + 2HIBA « 4.25
=SiOCm(IBA); + 3H"
Silica-HIBA(II)- | =SiOH + Cm *" + 2SiO(OH); < -8.42 3.33
Cm(ll) =SiOCm(0Si(OH)3 ), + H*
=SiOH + Cm ** + 2HIBA < 3.65
=SiOCm(IBA), + 3H*
=SiOH + Cm ** + HIBA « 5.19
=SOHCm(IBA)** + H*

4.3.10. Sorption of Eu(l11) by silica: Effect of HIBA concentration:
Figure 4.14 shows the data on sorption of Eu(lll) by silica both in absence and
presence of HIBA. The sorption of Eu(lll) by silica increases with the pH of the

suspension approaching nearly 100% at pH 7.0. In the presence of HIBA, a significant
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decrease in the sorption of Eu(l1l) by silica was observed in the pH range of 5.5 — 7.0.

Similar observation was made by Pathak et al. (2007a) in the case of sorption of

Eu(lll) by silica in presence of citrate.

% sorption

100 -

80

60 -

40 -

20 A

—o— Eu-silica-HIBA
—e —FEu-silica

Figure 4.14 Sorption of Eu(lll) on silica in presence and absence of HIBA. [Eu(l11)]

=5.0 X 10° M; Silica = 10 g/L; [HIBA] = 2.5 X 103 M, I = 0.1 M (NaClOy).

Sorption of HIBA by silica has been found to be negligible at all pH values,

therefore HIBA can be treated as a complexing anion present in silica suspension.

With the increase in pH of the suspension, the complexation of Eu(lll) by HIBA

results in decreased sorption of Eu(lIl) on silica surface. The similar decrease in the

sorption of UO,*" on silica has been observed in presence of citric acid (Kar et

al.,2012). At higher pH values, surface precipitation of Eu(OH)3 is possible. Surface

precipitation is likely to occur when metal concentration is more than 1/10 of the
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solubility limit and surface coverage is greater than 1/3 of the total surface sites
available for sorption (Dzombak and Morel, 1990).

In the present work, though, solubility limit is exceeded at pH 6.2, but even at
100% sorption only small fraction of the total surface sites will be occupied and hence
surface precipitation is likely to be absent. Further, the TRFS measurements did not
show any lifetime component (40+5 us) (Plancque et al., 2003) corresponding to
Eu(OH); which confirms the absence of Eu(lll) precipitation. Absence of surface
precipitation was also reported by Rabung et al. (2000) in the metal ion concentration
range 10® -10* M even at pH = 8. TRFS studies with 2 X 10 M Eu(lIl) on silica
also showed that europium precipitation did not take place even at pH 7.5 (Takahashi
et al., 2006). Fluorescence studies of Eu(l11) (10" M) on silica revealed the existence
of two surface complexes. However, no signature of Eu(OH)s precipitation was
observed even at a concentration 20 times higher than that used in present work

(Fouchard et al., 2004a).

4.3.10. 1. TRFS:

Figures 4.15 (a) and 4.15 (b) show the fluorescence emission spectra of Eu(l11)
sorbed on silica in absence and presence of HIBA respectively. The spectrum shows
characteristic fluorescence emission due to the decay of the °Dy excited state of Eu**
into 7F,- (j = 0-4) states. The spectra have been normalized with respect to the intensity
at 592 nm, except for pH < 5.5, where no spectral features characteristic of Eu(lll)
were observed. The transition corresponding to 616 nm peak (°Dy = 'F.) is
hypersensitive owing to its electric dipole nature and its intensity is dependent on the
symmetry around the metal ion. With the sorption of Eu(lll) by silica, the chemical

environment around the metal ion becomes more and more asymmetric leading to the

165



Chapter 1V

increase in the asymmetric ratio (R = lg16/ls92). This is evident from the increase in
intensity of the 616 nm peak with respect to that of 592 nm peak as shown in figure

4.15 (a).
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Figure 4.15 Time resolved fluorescence emission spectra of Eu(l11) sorbed on silica
in absence (a) and presence (b) of HIBA. [Eu(l11)] = 5.0 X 10°M; Silica = 10 g/L;

[HIBA] = 2.5 X 102 M.

Figure 4.16 shows the typical fluorescence decay curve for Eu(lll) sorbed on
silica at pH 8.06. The fluorescence decay data from 25 ps to 2.0 ms were fitted into
multi-exponential functions to obtain the lifetime data. The best fit (X2~1.4) was
obtained with four life time components. The shortest lived component was found to

be of the order of 1 us which is due to instrumental artifact and does not vanish even
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if the spectrum is recorded by giving an appropriate delay. The other short lived
component is around 20 ps and did not show any signature of Eu(lll) characteristic
emission when the spectrum was gated with respect to this particular lifetime. Hence
in further discussion two lifetime components, 11 and 1, having characteristic Eu(l11)
emission have been discussed. The emission spectrum of bare silica showed a broad
band with maximum at 450 nm. It was found that silica exhibits a longer lived
component (Figure 4.16 (b)) but its fraction is much smaller (4-5%) than that

observed (30-70%) in case of europium sorbed on silica.

10000—E T =153 s (a) Eu -silica

T=455 s (b) silica

1000
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S 100-
o 3
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1

Figure 4.16 Comparison of the fluorescence decay curve of Eu(l1) sorbed on silica at

pH = 8.06 to that of bare silica.

Figure 4.17 shows the variation of 11 and 1, as a function of pH both in
absence and presence of HIBA. The magnitude of the life times, 150 ps and 400 ps,
remains nearly constant at all pH values. The error on the lifetime values is about 10%

which arises due to the instrumental drifts, temperature variation and sample
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preparation. The magnitude of 11 and T, IS in agreement with the literature reports
where in the 11 and 7, values of 130 ps and 350 ps (Fouchard et al., 2004a) and 137

ps and 335 ps (Tetre et al., 2006) have been observed.
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Figure 4.17 Fluorescence life time data of Eu(l11) sorbed on silica in absence (a) and
presence (b) of HIBA. [Eu(l11)] = 5.0 X 10”° M; Silica= 10 g/L; [HIBA] =2.5 X 103

M.

The lifetime can be correlated to the number of water molecules by the
relationship given in equation 3.2. Though this empirical correlation is applicable to
Eu(l1l) complexes in solution, it can be used as a guide to predict the nature of sorbed
Eu(lll) species. The short lived component corresponds to 6-7 water molecules
indicating that Eu(ll1) is sorbed onto silica through inner sphere complexation while
the long lived component, corresponding to 1-2 water molecules, is attributed to

sorbed Eu(lll) silicate complexes. The lifetime data are similar in presence of HIBA
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indicating negligible effect of HIBA on the fluorescence characteristics of sorbed

Eu(l11). This further corroborates the negligible sorption of HIBA by silica.
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Figure 4.18 Lifetime data of Eu(l11) sorbed on silica as function of equilibration time.

[Eu(l11)] = 5.0 X 10™ M; Silica = 10 g/L.

Takahashi et al. (1998) observed mono-exponential decay with the lifetime
increasing with pH, while bi-exponential decay has been reported by many authors
(Fouchard et al., 2004a; Tetre et al., 2006), though no comments were made about
the nature of species. Similar observations were made by Chung et al. (1998) in the
study of Cm(lll) sorption on silica by TRFS. They assigned shorter lifetime
component (220 ps) to =SiOCm?* and the longer lifetime component (740 ps) to co-

precipitation of Cm and Si(OH), formed as a result of silica dissolution. Thus the
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TRFS studies clearly suggest the occurrence of two surface complexes having
distinctly different chemical environments.

Figure 4.18 shows the fluorescence decay lifetime of Eu(lll) sorbed on to
silica as a function of aging time for two pH values (6 and 8). The constancy of the
lifetimes over a period of 5 days suggests the absence of any aging effects which has
been proposed as a mechanism of the incorporation of Eu(lll) into the silica matrix

(Takahashi et al., 2006).

4.3.10.2. SCM :

The information obtained from the TRFS measurements and the speciation
calculation of Eu(I1l) in presence of silicic acid and HIBA have been used in the SCM
of the binary and ternary systems using FITEQL 4.0. Based on the speciation diagram
(figure 4.3), and the life time values, the two surface complexes can be attributed to
sorption of Eu®* (r1) and Eu(OSi(OH)s)," (t») onto the silica surface. Though
Eu(OSi(OH)3)?* is the dominant species in the pH range of study (figure 4.3),
considering the inevitable formation of polysilicic acid, Eu(OSi(OH)3)," has been
considered, as a more realistic species, in SCM. Moreover, the two surface complexes
owing to sorption of Eu** and Eu(OSi(OH)3)** onto the silica surface did not yield
satisfactory fits which further corroborates the formation of polysilicic acid. The SCM
predictions along with experimental data, considering Eu(OSi(OH)s),", are shown as
continuous curves in figure 4.19 (a) and 4.19 (b) for both binary and ternary systems
respectively. The log K values for the surface complexes along with WSOS/DF are

given in Table 4.4,
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Table 4.4 Optimised parameter values as obtained from FITEQL for Eu-silica and

Eu-silica -HIBA
System Reaction log K WSOS/DF
Potentiometric SiOH + H" < =SiOH," 0.56
titration data fitting =SiOH < =Si0+ H” -6.8 16.68
using DLM Surface sites =SiOH 2.45x 10 mol/g
Eu-silica (2(=SiOH) + Eu®* « (=SiO),Eu” -6.41
+2H") 6.79
2(=SiOH) + Eu ** + 2SiO(OH)5" -14.09
> (=Si0),Eu(0Si(OH)3 ).+ 2H"
Eu-silica-HIBA | (2(=SiOH) + Eu®" & (=SiO),Eu’ -6.78
+2H")
2(=SiOH) + Eu®" + 2SiO(OH); < -14.93 21.09
(=Si0),Eu(OSi(OH)3 ), + 2H*

Figure 4.19 shows that (=SiO),Eu(OSi(OH)3),” dominates the sorption of
Eu(lll) by silica in the pH range of 6-8. This is further corroborated by the
observation of dominating long lived component in the fluorescence decay data,
indicating nearly 1-2 water molecules around the Eu** ion. The bidentate binding of
Cm(lll) to quartz surface has also been predicted by Stumpf et al. (2004). Since
europium silicates are the dominant species in presence of HIBA (figure 4.3), the
same surface complexes have been proposed for ternary system. Thus we find that,
though presence of HIBA decreases the sorption of Eu(lll) by silica in the
intermediate pH range of 5.5 — 7.0, Eu-silicate complexes dominate the surface
complexation with the un-complexed Eu(lll) playing a minor role. The detail
understanding of the sorption process would require the study of Eu(l1l) complexation

with polysilicic acid.
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Figure 4.19 SCM of Eu(lll) sorption by Silica in absence (a) and presence of
HIBA(b). [Eu(111)] =5.0 X 10° M; Silica= 10 g/L; [HIBA] =25 X 10° M. L =

OSi(OH); .

4.3.11. Comparison of Silica-Cm(l11) and Silica-Eu(l11) systems:

Sorption of Cm(I1l) and Eu(lll) on silica, shown in figure 4.20 (a), follow
the typical 'S’ shaped curve with the sorption edge at pH 4 and pH 6 respectively. The
observed difference in the sorption edge is a manifestation of five order of magnitude
difference in concentration of Cm(IIl) (1 X 10™° M) and Eu(lI1) (5 X 10 M). In the
case of Eu(lll)-silica system, bidentate mononuclear europium surface complex
(=SO);Eu” and bidentate mononuclear europium disilicate surface complex
(=SO),Eu(H3SiOy4)," were postulated to fit the sorption profile whereas for the
Cm(lll)-silica system, satisfactory fits were obtained with monodentate mononuclear

curium surface complex =SOCm?* and monodentate mononuclear curium disilicate
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surface complex =SOCm(H3SiO4),. The different kind of binding in both the systems
can be attributed to the different ratio of silica sites to metal ion involved, which is 50

for Eu(l11)-silica system and about 107 for Cm(l11)-silica system.
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Figure 4.20 Sorption of Cm(111) and Eu(l11) on silica in absence (a) and presence (b)
of HIBA. For Silica-Cm(l11) system :For Silica-Cm(l1l) system :Silica =5 g/L,
[Cm(I1)] = 2.2 X 10" M, [HIBA] =1 X 10 M and 1= 0.1 M (NaClO,). For Silica-
Eu(111) system :Silica = 10 g/L [Eu(111)] =5 X 10° M, [HIBA] = 2.5 X 10 M and

1=0.1 M (NaClQ,) (Kar et al. 2011b).

The comparison of sorption data for ternary systems, namely, Silica-HIBA(II)-

Cm with Silica-HIBA-Eu is shown in figure 4.20 (b) (Kar et al., 2011 b). Silica-
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HIBA(II) -Cm system has been selected as concentration of HIBA and the order of
addition of HIBA and metal ion are similar to Silica-HIBA-Eu system.

The shift of sorption edge to higher pH in case of Eu(lll) is attributed to the
higher concentration of Eu(lll) than that of Cm(lll). The bidentate mononuclear
europium surface complex (=SO),Eu” and bidentate mononuclear europium disilicate
surface complex (=SO),Eu(HsSiO4), were able to fit the sorption profile in Silica —
HIBA-Eu(l1) system. Though presence of HIBA shifts the sorption edge to high pH,
the speciation is still dominated by europium silicates in presence of HIBA.
Therefore, the same surface complexes have been proposed for ternary system. In
case of Silica-HIBA(II)-Cm, apart from the two inner sphere surface complexes
=SiOCm(IBA), and =SiOCm(H3Si0,),, which are different from that in Silica-Eu(l11)
system an outer sphere complex =SiOHCm(IBA)*" is required to reproduce the
sorption profile.

In case of Silica-HIBA(II)-Cm system, the surface complexes involving
Cm(I11)-HIBA also appear to participate in the sorption process in contrast to Silica-
HIBA-Eu(lll) owing to five order of magnitude higher value of [HIBA]/[M(III)] in
case of Cm(lll) than that in case of Eu(lll). Moreover, the concentration ratio of
dissolved silica to HIBA is 2 in case of Silica-HIBA(I1)-Cm system where as it is 4
for Silica-HIBA-Eu(lll). Thus although stability constants for metal silicate
complexes are very high as compared to metal HIBA complexes, due to the
comparable concentration of HIBA and dissolved silica the contribution of Cm-HIBA
complexes towards the surface speciation cannot be ruled out. However, in order to
have detailed understanding about the role of HIBA, its concentration variation over a

wide range need to be studied.
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4.3.12. Comparison of Silica-HIBA(I)-Cm and Silica-HA-Cm systems:

HA is a natural organic matter with large heterogeneity. The high molecular
weight with hydrocarbon networks leads to lipophilic interactions and functional
groups like carboxylate and phenolate contribute to the lyophilic character of HA
(Stevenson, 1982). HA is found to have significant influence on the migration of
radio-nuclides in the aquatic environment (Choppin, 1999). The presence of
carboxylic and hydroxyl groups, the major functional groups in HA, has attracted the
attention of geochemists towards the adsorptive properties of low molecular weight
organic acids which are considered building blocks of NOM. However, even if their
influence on the adsorption of metal ions can be modeled accurately, the behaviour of
these compounds may not be analogues to HA. With this in view, the data for sorption
of Cm(lll) by silica in presence of HIBA were compared with those in presence of
HA. The data are shown in figure 4.21.

Unlike in the case of silica-HA-Cm, wherein strong influence of presence of
HA was observed in the pH range 3-8, (enhancement at lower pH and decrease in
sorption at higher pH), the effect of HIBA on sorption of Cm(l11) by silica was found
to be weak. This is partly due to the sorption of HA on silica at lower pH and
negligible sorption at higher pH and partly due to the higher stability constant of
Cm(l)-HA complexes than that of Cm(lI1)-HIBA. In the case of Silica-Cm-HIBA(l),
the sorption data exhibits similar sorption profile as that observed for the binary
Cm(lll)-Silica system. This is again quite different from silica-Cm-HA system,
wherein the Cm(Ill) sorption by silica is enhanced at low pH and decreased in the

intermediate pH range, though not as much as in the case of silica-HA-Cm system
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Figure 4.21 Sorption of Cm(lII1) on silica in presence of HIBA and HA. Silica=5
g/L; [Cm(1I)] = 2.2 X 10™°M; 1 = 0.1 M (NaClO4);[HIBA] =1 X 10° M and [HA] =

2 mg/L.

From the above observations, it is evident that the influence of HIBA on
sorption of Cm(lll) by silica is drastically different from that of HA, which can be
attributed to polyfunctionality of HA. Thus, though small molecules can be studied in
order to have fundamental understanding of the nature of binding between the
different functional groups present in HA and metal ion, they cannot be used as

analogues of HA.

4.4. Conclusions:

The present study has shown that the sorption of curium by silica is
significantly influenced by the presence of HA in the entire pH range of 4-10. While
the sorption is enhanced at lower pH (< 5) it is drastically decreased in the pH range

of 6.5-8 in the presence of HA. The addition order of Cm(lll) and HA was found to
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affect the sorption data in the ternary silica-Cm-HA system. The incomplete
desorption of Cm(lll) in the case of ternary silica-Cm-HA system could be due to
partial incorporation of Cm(lll) in the silica matrix. The near independence of the
sorption data on ionic strength indicates inner sphere complex formation between
Cm*" ions and the silica surface sites.

In case of HIBA, Cm(lll) sorption is dependent upon the addition order of
Cm(l11) and HIBA to the silica suspension. Cm(lll) sorption by silica is decreased in
presence of HIBA, if the HIBA is added before Cm(Ill), unlike in the case of silica-
Cm(lI)-HIBA, wherein the sorption follows binary Silica-Cm(lll) profile. The
observed discrepancies are attributed to partial incorporation of Cm(lll) in the silica
matrix in binary system and Silica-Cm-HIBA(I). Significant concentration of Si in the
supernatant solutions of silica suspensions indicate the presence of dissolved silica
that undergoes complexation with Cm(lIl) and dominates the speciation of Cm(Ill)
even in the presence of HIBA. SCM using DLM showed the evolution of different
surface complexes as a function of HIBA concentration as well as order of addition of
HIBA and Cm(lll).

TRFS of Eu(lll) sorbed on silica provided evidence for the existence of two
surface complexes which in turn validated the SCM hypothesis. The short lived
component was attributed to (=SiO),Eu’, while the long lived component was
attributed to (=SiO),Eu(OSi(OH)s).", with the latter dominating the sorption profile of
Eu(l11) in both in absence and presence of HIBA.

The comparison of effect of HIBA on sorption of Eu(lIl) and Cm(lll) revealed
effect of metal ion concentration on the sorption data. While the comparison of
influence of HIBA and HA on Cm(Ill) sorption revealed that the behaviour of small

organic molecules could not be considered as analogous to HA.
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5.1. Introduction:

In the present chapter the effect of pH, ionic strength, U(VI) concentration and
complexing anions, namely, carbonate and citrate on sorption of U(VI) by silica has
been studied through batch sorption experiments, SCM and TRFS, wherever possible.

One of the challenges faced by the nuclear industry is the possible
contamination of the biosphere with radiotoxic elements, due to their release from the
concentrated regions, such as, mill tailing ponds, deep geological repositories of high
level radioactive wastes, spent fuel storage facilities, etc. In order to evaluate the long
term impact of the radioactive contaminants on the living world, it is essential to
investigate the mechanism of the pathways through which they might get into the
biosphere from their containment. Sorption onto sediments and rock surfaces in the
vicinity of the water bodies would retard the migration of the actinides to the far field.
However, the presence of complexing anions (inorganic and organic) in the ground
water may result in their desorption from the solid surfaces and hence enhance their
migration. Thus, role of complexing anions, which are ubiquitous in natural waters, in
deciding the fate of radiotoxic elements has to be understood thoroughly in order to
precisely predict their migration in environment.

In addition to naturally occurring uranium, a large quantity of uranium is
released in the environment owing to its use in nuclear industry. Extensive mining of
uranium results in large quantities of uranium in the mill tailing ponds near the
uranium mining sites which can potentially come into contact with the environment.
Moreover, U(VI) can also be used as an analogue of hexavalent high specific activity
actinides, viz., Np(VI) and Pu(VI). Thus, migration of U(VI) in aquatic environment
is important and its mobility is dependent upon its chemical properties. Under normal

atmospheric conditions, the most stable oxidation state of uranium is +6 and it exists
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as uranyl ion which is a hard acid and can interact with wide variety of complexants
and sorbents existing in nature.

Silica constitutes almost 60 % mass of the Earth’s crust. In silica, Si has
tetrahedral coordination with 4 oxygen atoms surrounding a central Si atom. In each
of the most thermodynamically stable forms of silica, on average, all 4 oxygen atoms
of the SiO, tetrahedra are shared with others, yielding the net chemical formula SiO..
Silica is one of the most common constituents of the minerals viz., feldspar, quartz,
etc., (constituents of granitic rocks) as well as clays, such as, bentonite,
montmorillonite, etc., which are being proposed as backfill materials in the deep
geological repository. As silica constitute a major constituent of the rocks, sediments,
soil and clays, understanding the interaction of actinides with simple mineral oxide
SiO, will help in getting insight into their migration behaviour in geosphere.

There are numerous literature reports on U(V1) sorption by silica ( Pathak et
al., 2007b; Guo et al.,2009b; Gabriel et al.,2001; Fouchard et al., 2004b; Drot et
al.,2007; Batuk et al.,2011; Sylwester et al., 2000; Reich et al., 1996; Wang et
al.,2005; Lehmann et al.,2008). Sorption of U(VI) on hydrous silica at pH 2.5 was
found to be dependent on the nature of electrolyte (Pathak et al., 2007b). Guo.et.al.
(2009b) quantitatively interpreted U(VI) sorption on silica using mononuclear inner-
sphere surface complex =SOUO," and a polynuclear innersphere surface complex
=S0O(UO,)3(0OH)s while TRLIF and XPS measurements revealed the existence of
=SOUO,H3Si0, in addition to the two surface complexes mentioned above (Gabriel
et al.,2001; Fouchard et al., 2004b). However, three surface complexes, viz.,
=S0,U0,, =S0,U0,0H" and =S0,U0,0HCOs> have been identified using TRLIF
which has been used in SCM to reproduce the sorption profile (Drot et al.,2007) while

Batuk.et.al. observed only =SO,UO; and =SO,UO,0OH" using TRLIF and EXAFS
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(Batuk et al.,2011). In other EXAFS studies also, adsorption of the uranyl onto the
silica was explained by an inner-sphere, bidentate complexation with the surface, with
the formation of polynuclear surface complexes occurring at near-neutral pH
(Sylwester et al., 2000; Reich et al., 1996). Moreover, uranium(V1) silicate minerals
boltwoodite, sodium boltwoodite and uranophane were synthesized, characterized and
used for identification purposes of uranyl silicate phases that are formed in the
environment (Wang et al.,2005; Lehmann et al.,2008).

There exist literature reports in which effect of complexing anions on sorption
of U(VI) by mineral oxides has been studied (Payne et al.,1996; Guo et al., 2009c;
Boenisch and Traina, 2006; Hongxia et al., 2002, 2009; Pathak et al.,2007c; Alliot et
al., 2005c; Redden et al., 2001; Garcia-Gonzalez et al., 2009, 2012; Nero et al.,
2011). Although, the presence of complexing anions modifies the sorption profile of
radionuclides on mineral oxides, no general trend on the sorption of U(VI) by the
mineral oxides is observed. Phosphate ions enhanced retention of U(VI) on
ferrihydrite was observed in the pH range 2-4 (Payne et al.,1996). U(VI) sorption on
goethite was not affected by presence of carbonate ions (Guo et al., 2009 c) where as
U(VI) desorption from goethite was enhanced by oxalic acid (Boenisch and Traina,
2006). In the presence of complexing anions, such as, phosphate and fulvate, U(V1)
transport was found to be retarded in silica column (Hongxia et al., 2002) with the
sorption being affected by pH, ionic strength and contact time (Hongxia et al., 2009).
In presence of carboxylic acids, the inhibition of U(VI) sorption on silicate has been
attributed to soluble U(VI) carboxylate complexes (Pathak et al.,2007c). The
enhancement in sorption in presence of complexing anions can be explained in terms
of synergic sorption of cationic complexes of radionuclide and the small organic

ligands (Alliot et al., 2005c), which has been confirmed by EXAFS for U(VI)-citric

180



Chapter V

acid and goethite system (Redden et al., 2001). In the presence of citric and oxalic
acid, the sorption edge for U(V1) on zirconium diphosphate shifted to higher pH and
ternary surface complexes were proposed to explain the sorption data (Garcia-
Gonzalez et al., 2009) which was ascertained by TRLFS (Garcia-Gonzalez et al.,
2012). In contrast, in the case of U(VI)-alumina system, the enhanced sorption was
explained by TRLFS in terms of surface precipitation of uranyl phosphate (Nero et
al., 2011). Further, there are few studies on the modeling of the sorption data for the
ternary actinide-complexing anions-mineral oxides surface wherein ternary surface
complexes were used to explain the sorption profile (Stamberg et al., 2003; Singh et
al., 2010).

Although there exist large number of studies in literature in which effect of
complexing anions have been dealt (Payne et al.,1996; Guo et al., 2009c; Boenisch
and Traina, 2006; Hongxia et al., 2002, 2009; Pathak et al.,2007c; Alliot et al.,
2005c; Redden et al., 2001; Garcia-Gonzalez et al., 2009, 2012; Nero et al., 2011),
SCM in presence of these anions especially for U(VI)-silica system has not been
investigated extensively (Stamberg et al., 2003; Singh et al., 2010). Thus, the aim of
the present work was to investigate the mechanism of the interaction between U(VI)
and silica in presence of the complexing anions, namely, carbonate and citrate, the
two common complexing anions present in ground water, through batch sorption
experiments, and SCM. There are very few reports on modeling the effect of
carbonate on U(VI)-silica system (Stamberg et al., 2003) but the experimental
parameters such as U(VI) concentration, ionic strength were different from those
fixed in present work. The modeling of the effect of citrate on U(V1)-silica system has
been attempted for first time. The effect of concentration and ionic strength on the

sorption of U(VI) by silica has also been studied by batch sorption experiments and
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subsequently modeled using SCM. The sorption data, for binary and ternary systems,
have been modeled with the help of the SCM using FITEQL software (Heberlin and

Westall, 1994) and corroborated with TRFS for binary system.

5.2. Experimental:
5.2.1. Materials:

28 (Half life = 1.5 X 10° years) was used as a radiotracer for U(V1) in the
batch sorption experiments. The details of preparation of radiotracer are given in
Chapter 2. The specific activity of stock solution of **U was found to be 4.0 X 10
dpm/mL. Wherever high U(VI) concentrations were used, natural U(VI) was added
(0.1 M in 0.1 M HCIQ,) along with the radiotracer.

The characterization of silica is discussed in chapter 4. Citric acid (Thomas
Baker 99.7%) and sodium bicarbonate (Thomas Baker 99.8%) were used to study the

effect of complexing anions.

5.2.2. Batch Sorption Studies:

The details of the batch sorption experiments have been discussed in Chapter
2. The concentration of silica suspensions was 5 g/L. U (V1) concentration was varied
from 4.47 X 107 M to 4.47 X 10 M and ionic strength was maintained 0.1 M using
NaClO, The polypropylene tubes containing the suspensions were purged with argon
to remove CO; and then capped, sealed in polyvinyl chloride (PVC) bags and kept for
incubation in a mechanical shaker for a time period of 24 hours which was found
adequate for completion of the sorption process (Pathak et al., 2007c¢).

The experiments on ionic strength variation (I = 0.01 - 0.1 M) and effect of
carbonate and citrate were carried out at [U(V1)] = 4.47 X 10°® M. For studying the

effect of citrate / carbonate, the silica suspensions were first equilibrated with
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carbonate / citrate for 48 hours followed by addition of U(VI) and the suspensions

were again subjected to 24 hours equilibration.

5.2.3. Silica dissolution studies:

For the determination of dissolved silica, silica suspensions (5 g/L) of varying
pH with and without U(VI) (4.47 X 10™* M) were equilibrated for 4 and 24 hours,
respectively, on a mechanical shaker. The suspensions were centrifuged and the
supernatant solutions were assayed for dissolved Si content by ICP-AES. The
calibration of the instrument was carried out by 1000 mg/L standard Si solution

(Merck) after suitable dilution.

5.2.4. TRFS:
For fluorescence measurements, the sample preparation was similar to batch
sorption experiments. After phase separation, concentrated slurry was taken in cuvette

for fluorescent measurements. The U(VI) concentration was maintained at 5 X 10”°M.

5.3. Results and Discussion:
5.3.1. Sorption data:
5.3.1.1. Effect of U(VI) concentration and ionic strength:

Figure 5.1 shows the data on sorption of U(V1) by silica as a function of pH at
different U(V1) concentrations. The sorption increases with the increasing pH of the
suspension and remains constant at 100% after pH 4.5 in the case of [U(VI)] =4.47 X
107 M - 4.47 X 10° M. At [U(VI)] = 4.47 X 10* M, the maximum sorption is
reached at pH = 5.3. This suggests that the pH edge shifts to higher pH with

increasing metal ion concentration. This shifting of the sorption edge to higher pH
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with increasing concentration of the metal ion can be explained on basis of the

heterogeneity of surface sites (having different affinity) on silica.
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Figure 5.1 Sorption of U(VI) on silica at varying U(VI) concentration. [U(VI)] =

4.47 X 10'M - 4.47 X 10 M; Silica=5 g/L; I =0.1 M (NaClO,).

At low initial U(VI) concentration, only high affinity sites (2-3% of total sites)
might be occupied (Dzombak and Morel, 1990), but with increase in U(VI)
concentration both high and low affinity sites may participate in sorption process.
Moreover, the total number of silica surface sites available for U(VI) sorption are 1.2
X 10° M. Up to U(VI) = 4.47 X 10° M, only 3% of the total surface sites are
occupied, even when sorption of U(VI) is 100%, and thereby no shift in sorption edge
is observed in the concentration range 4.47 X 107 to 4.47 X 10” as U(VI) sorption
takes place preferentially at high affinity sites. However, at U(VI) =4.47 X 10™, 36%
of the surface sites are occupied at 100% sorption of U(VI) and thus sorption takes

place via both high and low affinity sites which results in shifting of sorption edge to
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higher pH. Payne et al. made similar observation for U(VI) sorption on ferrihydrite
(Payne, 1999).

Figure 5.2 shows sorption of U(VI) by silica as a function of ionic strength.
The ionic strength has negligible effect on percentage sorption which signifies inner
sphere complexation. It is worth mentioning that the range in which ionic strength
variation has been investigated is limited due to clogging of pH electrode at higher

NaClO, concentration.
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Figure 5.2 Sorption of U(VI) on silica at varying ionic strength. [U(VI)] = 4.47 X 10°®

M; Silica=5g/L; 1=0.01, 0.1 M (NaCIlQy,).

The increase in ionic strength influences three factors, namely, the protonation
and de-protonation at the silica surface, the activity of UO,?* in solution and the
Coulomb energy. The Coulomb energy and activity coefficient of UO,*" in solution
decrease with ionic strength thereby decreasing the sorption. On the other hand, the

dissociation constant of surface sites increases with ionic strength and hence will
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favour the sorption with increasing ionic strength (Dzombak and Morel, 1990). The
net effect is that there is a slight decrease in sorption initially with ionic strength.
Hongxia et al. also reported that U(VI) sorption on silica is independent of ionic

strength in the range 0.002-0.2 M (Hongxia and Zuyi, 2002).

5.3.1.2. Effect of complexing anions:
Figure 5.3 shows pH dependence of the U(V1) sorption by silica in presence of
carbonate and citrate at the ligand concentration equal to 1.0 X 10 M. U(VI) sorption

remains unaffected by presence of carbonate ions in the pH range studied.

5.0x10°
4.0x10°
3.0x10°
2.0x10° -
—D—U022+-silica-citrate
-6
1.0x10 —0— U022+-silica—CO32_
0.0 —A— U022+-silica
7 T T T T T

2 3 4 5 6 7 8 9 10

Figure 5.3 Sorption of U(VI) on silica in presence and absence of citrate/carbonate.
[U(VI)] = 4.47 X 10° M; Silica =5 g/L; [CIT] = 10°M; [CO5*] = 10°M; 1= 0.1 M

(NaClO.,).

In presence of carbonate U(VI) forms strong anionic complexes, which are

responsible for the drastic reduction in the sorption of U(VI) by mineral oxides
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(Payne, 1999). However, such effects are observed at higher pH > 8. In the present
work U(V1) sorption has been studied up to pH 8, therefore the effect of carbonate is
not evident in present work. Further in some studies the U(VI) sorption is found to
decrease only when carbonate concentration is above 10 M (Stamberg et al. 2003;
Baik and Hahn, 2001). Stamberg et al. (2003) found that in presence of 0.005 M
carbonate, U(V1) sorption on mesoporous silica decreased from 100% at pH 6 to 90%
at pH 8. However, the carbonate concentration in their case was five times more than
that used in present work.

In the presence of citric acid, the sorption is negligible up to pH 5 beyond
which it was found to increase sharply reaching close to 100% at pH 6.5. The effect of
citric acid on the sorption of U(VI) by silica can be understood by considering the
sorption of citric acid on silica. The pK, of citric acid (Kantar et al., 2009) suggests
that its anionic form dominates in the pH range (3-8), in which the silica surface is
negatively charged (PZC < 2.4) (Kumar et al., 2006), thereby resulting in negligible
sorption of citric acid on silica. With the increase in pH of the suspension, the
complexation of U(VI) by citric acid results in decreased sorption of U(VI) on silica
surface. The similar decrease in the sorption of U(VI) on silica and zirconium
diphosphate in presence of citric acid has been reported in literature (Pathak et al.,
2007c; , Garcaia-Gonzalez et al., 2009) which is attributed to U(VI) complexation by

citric acid in aqueous phase.

5.3.2. Silica dissolution studies:

Figure 5.4 shows Si concentration in the supernatant solutions of silica and
U(VI)-silica systems obtained by ICP-AES. The amount of dissolved Si is almost
same for equilibration time of 4 and 24 hours in both the systems, indicating that

presence of U(VI) has negligible effect on silica dissolution. The U(VI) concentration
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4.47 X 10* M has been selected as U(VI) assisted silica dissolution, if any, will be
maximum in this case. The equilibria characterizing the dissolution of silica is
described in chapter 4. The dissolution of silica takes place as a result of hydrolysis of
Si-O-Si bonds and increases with pH. The concentration of silicic acid formed owing
to the dissolution of silica is of the order of 2 mM, at which mono silicic acid is the

dominant species (Panak et al., 2005).
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Figure 5.4 Silica dissolution in presence and absence of U(V1) as function of pH.

[U(VD)] = 4.47 X 10 M; Silica=5g/L; | = 0.1 M (NaCIOy).

5.3.3. Speciation calculations:
Speciation of U(VI) was calculated using the geochemical code MINTEQAZ2
(Allison et al., 1999), after incorporating the log K for U(VI) hydroxides, U(VI)

carbonate and U(VI) citrate complexes which are listed in Table 5.1.
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Chapter V

Reaction log B*
U0, ** + HO ———» UO,OH* +H” -5.23P
UO, % +2H,0 ——>  UO,(OH),+2H" -12.0%P
UO, % +3H,0 ——» UO,(OH)s+3H" 20.0 P
UO;* +4H,0 ——»  UO,(OH),~ +4H* -33.02°
2U0,  +H,0 ——» (UO,),OH* +H " -2.82°
200, © +2H,0 —— (UOy), (OH)," +2H -5.63 2P
3U0; “ +4H,0 ——» (UOy)3(OH),* +4H " -11.9%°
3U0, * +5H,0 ——— (UO)3(OH)s +5H" -15.56 &P
3U0, >+ 7TH,0 ——— (UO,); (OH), + 7TH ™ -312P
4U0; " + TH,0 — (UOy)4 (OH);" + 7TH -21.9°%P
U0, ** +COs> ——U0,CO;3 9.72P
U0, # + 2C0s" —— U0, (CO3),* 17 3P
U0, ** +3C03" —— U0, (CO3)s" 21.632°
2U0, © + COs” +3H,0 — (UO,)CO3(0OH)3 +3H " -1.182P
HsCIT ——» CIT® +3H" -14.29°
H,CIT —— CIT  +2H" -11.16°
HCIT® ——» CIT  +H" -6.39°
U0, ** +CIT® ——UO,CIT 8.7¢
U0, ** + 2CITY —— (UO,),(CIT)," 21.3°
H4Si0; ———— HsSiO, + H' -9.84°
HsSi0, — H,Si0s~ + H* -23.04°
UO; #* + HySi0; —— UO,H3Si0s" + H* -1.911°

: Grenthe et al.,(1992); b: Guillaumont et al.,(2003); c: Kantar et al.,(2009); d:

Payne et al.,(1999); e: Stumm and Morgan, 1996.

The speciation of U(VI) has been obtained as a function of different

parameters viz., U(VI) concentration, pH, ionic strength and presence of complexing
anions (carbonate and citrate). As all the solutions were prepared in millipore water

which was boiled before use and argon was passed through the suspensions to remove
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CO,, the carbonate complexation has not been considered in the speciation except
when the effect of carbonate was being studied.

Figures 5.5 (a) and 5.6 (a) show that the U(V1) silicate species dominates the
U(V1) speciation at low U(V1) concentrations (4.47 X 107- 4.47 X 10°® M). It is worth
mentioning that at [U(VI)] = 4.47 X 107 M, only mono nuclear hydroxo species

UO,OH" are present upto pH 7 along with U(VI) silicate species.
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Figure 5.5 (a) U(V1) speciation in presence of silicic acid as function of pH. (a)
[U(VI)] = 4.47 X 107 M; 1= 0.1 M NaClO,_ (b) [U(VI)] =4.47 X 10°M;1=0.1 M
NaClO,, (c) [U(VI)] =4.47 X 10*M; 1 = 0.1 M NaClO,, UO,**(0),UO,H3SiO; (o),
(UO2)4(OH);"(40), (UO2)3(OH)7(A), UO2(OH)3(0), (UO2)2(OH),”*(A ), UO,0H'(V),

(UO2)3(OH)s™ (), UO2(OH), (m).
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Figure 5.6 U(VI) speciation in presence of citrate and carbonate as function of pH. (a)
[U(VD] = 4.47 X 10°M; 1 =0.1 M NaClO,. (b) [U(VI)] =4.47 X 10°M; [CIT*] =
10°M; 1=0.1 M NaClO,(c) [U(VI)] = 4.47 X 10°M; [CO5*]1=10°M;1=0.1 M
NaCl04.UO,%*(0),U0,H3Si04(0) ,(UO2)4(OH);* (), (UO,)3(OH)7 (A), UO,(OH)s"
(0), UO2(OH); (m), UO,0H*(W).(UO2)3(OH)s™ (»), UOCIT (@),U02(CIT),* (®),

(UO,),CO3(0OH)5™ (@), UO,CO3(*), UO2(CO3),% (x),U0,(CO3)s* (+).

However, at [U(VI)] = 4.47 X 10° M, the calculations show the existence of
trimeric hydroxo species also in addition to the two species present at [U(VI)] = 4.47
X 107 M. For higher U(VI) concentrations (4.47 X 10°- 4.47 X 10™* M), the
hydrolysed uranyl species dominate the U(VI) speciation and polynuclear U(VI)

complexes (UO,)4(OH);" and (UO3)3(OH)s" , become more dominant with increasing
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uranyl concentration (figure 5.5 (b) and 5.5 (c)). Moreover at [U(VI)] = 4.47 X 10™
M, concentration of (UO;)4(OH);" becomes greater than (UO3)s(OH)s". Thus, with
increasing [U(VI)] concentration, the polynuclear species dominate the U(VI)
speciation. The possible precipitation of U(VI) was excluded in the present study,
owing to the presence of dissolved silica, which forms strong complexes with U(V1).
In the systems containing complexing anions, the U(VI) speciation is
significantly modified owing to complexation of U(VI) by citrate and carbonate. In
presence of citrate, UO,CIT dominates the U(VI) speciation in the pH range 3-8 as
shown in figure 5.6 (b), while in presence of carbonate ions U(VI) speciation is
dominated by carbonate complexes above pH 5 as depicted by figure 5.6 (c). As
carbonate and citrate ions form stronger complexes with U(VI) as compared to
hydroxide ion, therefore the hydroxo species of U(VI) are not formed in presence of

these complexing anions.

5.3.4. TRFS:

The fluorescence emission spectrum of UO,** originates from the electronic
transitions from two excited states at 21,270 and 20,502 cm™ to five vibrational levels
in the ground state which have an average spacing of 855 cm™ as shown in Figure 5.7
(Bells and Biggers, 1968). The fluorescence spectra are intrinsic property of the U(V1)
species in TRLFS spectrum, whereas the fluorescence lifetime is dependent on
parameters like sample preparation and temperature of the experiment (Tan et al.,
2010). The fluorescence spectrum of uranyl ions has six characteristic peaks located
at around 470, 488, 509, 533, 559, and 585 nm and lifetime is between 1 and 2 s
(Moulin et al., 1998; Kato et al.,1994).

The excitation spectrum of U(V1) sorbed on silica exhibits maxima at 230 nm,

as shown in figure 5.8, which can be attributed to silica assisted excitation of U(VI).
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Hence for all the emission spectra and lifetime measurements, the excitation

wavelength was fixed at 230 nm.
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Figure 5.7 Energy level diagram of uranyl ion (Tan et al., 2010)
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Figure 5.8 Excitation spectra of U(VI) sorbed on silica
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Figure 5.9 shows the fluorescence spectrum of U(VI) sorbed onto silica
surface at room temperature and varying pH values in the range of 4-8. The spectrum
shows several characteristic peaks in 500-600 nm region. The fluorescence intensity
increases with pH which is attributed to increase in sorption with pH. The sorbed
uranyl species have their peak maxima red shifted (with respect to the uranyl aquo
ion) which is attributed to the complexation of the uranyl ion and the surface sites of

silica (=Si-OH).
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Figure 5.9 Emission spectra of uranium sorbed on silica at Aex = 230 nm

The lifetime of U(VI) species is dependent on many factors such as sample
preparation, presence of quenchers, temperature, in addition to the coordination
environment. Therefore, its fluorescence decay profile is only used to gather
information about the number of species present. The temporal profile of U(VI)

sorbed onto silica showed two lifetimes whose magnitude increases with pH as shown
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in table 5.2. Gabriel et al. (2001) observed two decay times values of 170 and 360 ps,
for U(VI) sorption on silica, in the entire pH range. In contrast, three lifetimes 65,
180 and 400 us were identified in the pH range 3-8 for U(VI)-silica system which
were attributed to the three different surface species (Drot et al., 2007). In these
studies, the observed lifetimes were constant which were assigned to particular
species. However, in characterization of uranium(VI1) sorbed on calcium silicate
hydrate phases, number of lifetime components were used as a signature of number of
species present (Tits et al.,2011). Thus, two lifetime values obtained at each pH were
used to extract emission spectra of the respective components.

Since the emission characteristics of the two species remained same in the
entire pH range, it suggests the existence of two sorbed uranyl species on silica
surface. The representative spectra of two components along with the fitted peaks (for
each case) are shown in figure 5.10. A pure electronic transition at 20015 cm™ for
short lived species and at 19912 cm™ for long lived species is followed by a coupling
of the O=U=0 vibrations resulting in the other peaks in the spectrum. Larger red shift
observed for long-lived species suggests a stronger equatorial bonding for the same in

comparison to short lived species.

Table 5.2 Lifetime data of uranium sorbed on silica

pH |11 (%) 7 (%) 1’
4.1 | 120 (64) 237 (36) 5.2
4.6 | 129 (66) 294 (34) 5.1
5.9 | 175 (45) 442 (55) 5.2
6.8 |231(31) |547(69) 3.7
7.9 |287(18) 606 (82) 3.4
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The table 5.3 gives the characteristic peak positions of two components along
with that for aquo ion for comparison. The information obtained from fluorescence
spectra was used to constrain the fitting in SCM for U(VI) = 4.47 X 10™ M. As xenon
lamp was used as a excitation source, surface complexes with lower U(VI)

concentration could not be investigated.
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Figure 5.10 Deconvoluted fluorescence emission spectra of short and long lived

component

Table 5.3 Peak maxima of two components for UO,?* sorbed on silica

Sample v (cm™)
Short lived species (t1) 20015,19238,18484,17477,16684
Long lived species(tz) 19912,19092,18316,17542,16973
UO,** ion (pH) (Bells and Biggers, 1968) |21276,20492,19646,18761,17889,17094
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5.3.4.1. Determination of number of water molecules:

An attempt was made to obtain the information about the structure of the
sorbed species by correlating the difference among the frequencies of different peak
positions in the emission spectrum, which is equivalent to symmetric stretching
vibrational frequency (v1), to the number of OH groups in the coordination sphere of

Uo,%" ion.
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Figure 5.11 Correlation between v, and number of OH groups attached to uranyl ion

Bartlett and Cooney (1989) used Raman spectroscopy to determine symmetric
stretching frequency (vy) for series of uranium containing zeolites having different
number of OH groups. In addition, v; and v3 for uranyl aquo complexes was measured
by Lefevre et al. (2008) and made correlation between the v, and vz and the number
of OH groups and vz. Using the above two correlation we constructed relationship
between v; and number of OH groups. The plot of vy vs the N(OH)/ UO,**, which
essentially gives the information about the number of OH groups around UO,*" ion is

shown in figure 5.11.
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The symmetric stretching vibrational frequency obtained by subtracting the
frequency of peak position in emission spectra was used to deduce the number of OH
groups around sorbed uranyl species which were associated with different lifetimes,

namely 1; and T, as shown in table 5.4.

Table 5.4 Av (cm™) and N(OH/UO,"?) of uranium sorbed on silica at different pH

pH Species 1 Species 2
Av (ecm™) | N(OH/UO,™) Av (cm™) N(OH/UO,")
4.1 800 35 819 2.5
4.6 768.5 4.9 798 35
5.9 786.6 3.9 784.5 4.1
6.8 812 2.8 803.5 3.2
7.93 774 4.6 793 3.7

As is evident from the table, sorbed uranyl species corresponding to 1 has 4-5
OH groups while the species corresponding to 1, has 3-4 OH groups per uranyl ion.
The scatter in the value of number of OH groups for same spieces can be attributed to
the broad line width of xenon lamp which has been used as the excitation source for
present studies. Thus, the information obtained from TRFS has been used to constrain

the SCM as discussed in section 5.3.5.1 (iii).

5.3.5. SCM:

The data of U(VI) sorption by silica as a function of pH were analysed in
the framework of surface complexation model (SCM) to infer about the mechanism of
the sorption process. The fundamentals of SCM are discussed in chapter 2. In making
choices for the surface species to be optimized in SCM, the approach adopted has
been to assume species which will be formed by the interaction of the dominant

aqueous species on silica surface. This approach is based on the Linear Free Energy
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Relation observed for a wide variety of solids where a linear correlation between the
aqueous complexation constant and surface complexation constant exists (Dzombak
and Morel, 1990; Bradbury and Baeyens, 2009b). Basically, SCM assumes the
sorption process occurring between the surface sites and metal ions similar to the
aqueous complexation reaction and applies similar mass balance and mass action
conditions to sorption reactions.

Formation of surface species may involve monodentate or bidentate binding of
U(VI) with silica sites. In the two models considered for the fitting of the sorption
data of the present study, species forming through mononuclear monodentate binding
constitute the model 1 while model 2 comprises of species having bidentate
mononuclear binding of U(VI) with silica sites. The different types of surface binding
(monodentate and bidentate) by U(VI) onto silica surface have been considered in
view of the divergent literature reports on U (V1) sorption profiles (Guo et al.,2009b;

Missana et al.,2003).

5.3.5.1. SCM of binary systems:
(i) [UO*] = 4.47 X 107 M:

At [UO,*"] = 4.47 X 107 M, UO,*" and UO,H3SiO4" are the dominant aqueous
species in the pH range 2.0 - 7.5 (figure 5.5 (a)). Surface complexation reactions for

these species with silica sites can be described as,
=SiOH + UO,” < =SioU0} +H’ (5.1)

=SiOH + UO,H.Si0," < =SiOUO,H,Si0, +H* (5.2)

Fitting of the sorption data with model 1 considering monodentate
mononuclear uranyl surface =SiOUO,** and monodentate mononuclear uranyl silicate

surface complex =SiOUO,H3SiO, did not converge. However, good fit was observed
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with only silicate surface complex. Fitting carried out as per model 2 considering the
bidentate mononuclear uranyl complexes (as in EXAFS studies (Sylwester et al.,
2000)), could successfully fit the sorption data; but the better fit (based on WSOS/DF)
was observed with (=Si0);UO, in comparison to (1) (=Si0),UO, and
(=Si0);UO,H3Si104 and (2) only (=Si0);UO,H3SiO, cases. Thus, the preferred

complexation reaction can be written as

2 (=SiOH) + UO* < (=Si0),U0, +2 H* (5.3)
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Figure 5.12 SCM of U(VI) sorption by silica using Model 1 and 2. (a) [U(VI1)] = 4.47
X 10" M; miv =5 g/L; I = 0.1 M NaClO,. (b) [U(VI)] = 4.47 X 10°M; m/v =5 g/L; |

= 0.1 M NaClO,. (c) [U(VI)] = 4.47 X 10*M; m/v =5 g/L; 1 = 0.1 M NaCIO..
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Figure 5.12 (a) shows the sorption data along with the surface complexation

modeled data using =SiOUO,H3Si04 and (=Si0),UO, surface species in model 1

and 2, respectively for [UO,*"] = 4.47 X 107 M. The log K values along with WSOS

/DF obtained from FITEQL 4.0 are given in Table 5.5.

Table 5.5 Optimized parameter values as obtained from FITEQL fit of UO,*"-

silica and UO,?*- complexing anion — silica system

(4.47 x 10°° M) 10° M Cit*

System (lonic Strength) Species Log K | WSOS/DF
U(VI)-silica (1=0.1 M) =SiOUO,0Si(OH); |-2.86 |15.2
(4.47 x 10°% M) (Model 1)
U(VI)-silica (1=0.1 M) (=Si0),U0, 258 [2.05
(4.47 x 10" M) (Model 2)
U(VI)-silica (1=0.1 M) =SioUO0," -1.90 |[1.17
(4.47 x 10% M) (Model 1) =SiOUO,0Si(OH); | -2.86
=SiO(UO,)3(OH)s | -9.51
U(VI)-silica (1=0.1 M) (=Si0),U0, 224 [3.26
(4.47 x 10°° M) (Model 2)
U(VI)-silica (1=0.1 M) =SioUO0," -1.90 |[257
(4.47 x 10 M) (Model 1) =SiO(UO,)3(OH)s | -12.75
U(VI)-silica (1=0.1 M) (=Si0),U0, 229 |1.64
(4.47 x 10 M) (Model 2)
U(VI)-silica (1=0.1 M) =SioUO0," -1.90 |[4.25
(4.47 x 10 M) (Model 1) =SiO(U0,)3(OH)s | -16.59
U(VI)-silica (1=0.1 M) (=Si0),U0, 249 [1.86
(4.47 x 10 M) (Model 2)
U(VI)-silica (1=0.2 M) =SioUO0," -1.92 [155
(5 x 10° M) (Model 1) (a) =SiO(UO,)3(OH)s | -12.84
U(VI)-silica (1=0.2 M) (=Si0),U0, 227 [1.08
(5 x 10° M) (Model 2) (a)
U(VI)-silica (1=0.1M) (=Si0),U0, 237 |0.67
(4.47 x 10°%° M) 10° M CO;* (=Si0),U0,C03% | -3.82
U(VI)-silica (I =0.1M) (=S0),U0,Cit* 277 222

a: Pathak et al., 2007c
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(ii) [UO,*] = 4.47 X 10° M:
In aqueous speciation for [UO,?*] = 4.47 X 10° M, UO,**, UO,HsSiO," and
(UO,)3(OH)s" are the major species (figure 5.6 (a)) and have been employed to fit the

sorption data.
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Figure 5.13 SCM of U(VI) sorption by silica in presence and absence of complexing
anions. (a) [U(VI1)] = 4.47 X 10°M; m/v =5 g/L; | = 0.1 M NaClO, using Model 1
and Model 2. (b) [U(VI)] = 4.47 X 10°M; miv=5g/L; [COs*]=1X 103 M; 1=0.1
M NaClO,. (c) [U(VI)] =4.47 X 10°M; miv=5g/L; [CIT]=1 X103 M; 1=0.1 M

NaC|O4.

Successful fitting of the sorption data was achieved with =SiOU0,",

=Si0O(UO,)3(0OH)s, and =SiOUO,H3SiO, as sorbent on silica surface. Choice of only
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silicate or hydrolyzed complex along with =SiOUO,", while fitting leads to
convergence but with higher WSOS/DF value.

It is worth mentioning that while considering the multinuclear species for
sorption, the mass action and mass balance coefficients are not the same. The surface

complexation reactions for all the species are given by equation (5.1), (5.2) and (5.4).

=SiOH + (UO,),(OH);" & =SiO(UO,);(OH); +H’ (5.4)

In model 2, only the bidentate uranyl surface complex ((=Si0),UQ,) yielded
satisfactory fit at [UO,%"] = 4.47 X 10° M (figure 5.13 (a)) whereas the inclusion of
silicate surface complex in the fitting did not lead to convergence. Since the U(VI)
speciation in aqueous phase is same at | =0.1 M and | =0.01 M, similar observations

were made for [UO,*] = 4.47 X 10°M at 1 =0.01 M.

(iii) [UO,**] = 4.47 X 10° M:;

At [UO,*] = 4.47 X 10° M, UO,*" and (UO,)3(OH)s" dominate the speciation
in pH range of interest (figure 5.5(b)). Uranyl silicate complex (UO,H3SiO4") forms
over pH 4 - 7, and its composition is maximum (~20%) at pH 5. Since from
fluorescence studies it was evident that two surface complexes are formed,
permutations involving two of above mentioned species were tried at a time and the
best fit was obtained with surface species forming with UO,*" and (UO,)3(OH)s" only.
The surface complexation reactions for both the species are given by equation (5.1)
and (5.4). In model 2, the mononuclear bidentate uranyl surface complex was able to
fit sorption data satisfactorily in this case. However, TRFS data supports model 1 as
it reveals the presence of two species. The sorption data along with both the fits are
shown in figure 5.12 (b). Thus, the mononuclear monodentate uranyl surface complex

=SiOUO," and polynuclear surface complex will mathematically have 4-5 and 9-12
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OH groups. However since =SiO(UO,)3(OH)s is the tri nuclear species, all uranyl ion
will not possess same number of OH groups. Thus, one cannot correlate symmetric
stretching vibrational frequency with number of OH groups directly in case of
polynuclear sorbed species as each of the uranyl will be in different coordination

environment.

(iv) [UO,*] = 4.47 X 10* M:

At [UO,?*] = 4.47 X 10 M, UO,**, (UO,)3(OH)s" and (UO,)4(OH);" are the
major species present in the aqueous phase (figure 5.5(c)). The =SiOUO,"and
polynuclear surface complex =SiO(UO;)3(OH)s were able to explain the sorption
data.

It is evident from Table 5.5 that log K for =SiOUQ," and =SiO(UO,)3(OH)s
decrease as U(VI) concentration is increased from 4.47 X 10° M to 4.47 X 10™ M.
Thus even though sorption data for 4.47 X 10 M is successfully explained by
considering one type of surface sites, the decrease in log K reflects the involvement of
more than one type of surface sites thereby demonstrating the heterogeneous character
of silica surface sites. The mononuclear bidentate uranyl surface complex fitted the
sorption data better than surface complexes =SiOUO," and =SiO(UQ,)s(OH)s (figure
5.12(c)).

The sorption data over the varying pH, ionic strength and metal concentration
can, thus, be modeled using two approaches, mono-dentate uranyl surface complexes
(model 1) and bi-dentate uranyl surface complex (model 2). In the model 1, uranyl
surface complexes varied depending upon the predominance of the aqueous uranyl
species. At lower metal concentration dissolved silicate participate in the formation of

surface complex whereas at higher concentration hydroxide complexes of uranyl bind
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with silica surface sites. In the model 2, (=Si0),UO; fits the sorption data in all the
experimental conditions.

The proposed surface complexation models were evaluated using literature
data on sorption of U(VI) by silica. All other parameters, except the surface area and
surface site density, were kept same as that used in modeling the data in present work.
The data by Pathak et al. (2007c) is referred to as U(VI) (5 X 10™ M) sorption on
silica (3 g/L) at 0.2 M NaClO,4. The SCM fits are closer to the experimental data in
case of model 1 as compared to model 2 (figure 5.14). Further, the log K obtained for
surface complexes are close to that obtained with 4.47 X 10% M (Table 2). Guo et al.
(2009 b) modeled U(VI) sorption on silica (50 g/L) as a function of U(VI)
concentration (5 X 10° M and 1 X 10* M) and found that SiOUO," and
SiO(UO,)3(OH)s explain the sorption data accurately which are similar to species used

in model 1 in present studies.
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Figure 5.14 SCM of U(VI) sorption by silica using Model 1 and Model 2 along with
sorption data. (a) [U(VD)] =5 X 10°M; m/v =3 g/L; | = 0.2 M NaClO,. Data taken

from reference (Pathak et al., 2007¢)
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However, the log K values obtained in present studies for mononuclear
monodentate uranyl surface complex =SiOUO;" and polynuclear surface complex
=SiO(UO,)3(OH)s are found to be different than those obtained by Guo et al (2009 b).
The possible reasons for the observed discrepancies are the differences in surface area
and site densities of silica used in the two studies. Moreover, Guo et al. (2009 b) has
not taken into account the dissolution of silica which might be responsible for the
different values of log K.

In view of present results and those by the evaluation of the literature data, it can be
concluded that Model 1 offers a better fit to the different data sets. Thus model 1 is
better than model 2 as it reflects more clearly the effects of changing experimental
condition on U(VI) sorption. However, more detailed investigations such as EXAFS,

TRLIFS are needed to differentiate the applicability of the two models.

5.3.5.2. SCM of ternary systems:

The sorption data for the ternary system of U(V1) — silica — complexing anions
were modeled using similar analogy as that in case of binary system. The speciation
diagram of [UO,?*] = 4.47 X 10° M in presence of 1 X 10 M carbonate (figure
5.6(c)), shows UO,*" and UO,CO; as the major species in the aqueous phase in the pH
range 2 - 7 and hence these species were considered while fitting the sorption data.
The mono-dentate mono-nuclear surface complexes of these species were unable to fit
the sorption data. Based on the consideration that some bi-dentate oxy-anions prefer
flat hexagonal arrangement in equatorial plane perpendicular to axial bonds in uranyl
ions (Payne, 1999), the mono-nuclear bi-dentate surface complexes of the above
species were considered. The corresponding surface complexation reactions are given

by equations (5.3) and (5.5) and the sorption data along with the modeled data is
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shown figure (5.13(c)). The surface complexation constants for these species are

given in Table 5.5.
2 =SiIOH +UO,CO; & =Si0 , U0,COZ +2 H* (5.5)

Gabriel et al. (2001) successfully modeled U(V1) sorption on silica in presence
of atmospheric CO, using bidentate mononuclear surface complexes. However,
Stamberg et al. (2003) proposed mono-nuclear mono-dentate carbonate complexes to
explain the U(V1) sorption on silica in presence of 0.005 M carbonate in the pH range
6 - 11. Thus, prediction of different kind of species for similar system suggests the
need for detailed spectroscopic studies.

The speciation diagram of [UO,*"] = 4.47 X 10° M in presence of 10° M
(Figure 5.6 (b)) citrate shows UO,CIT as the dominant species with about 5 %
contribution from UO,(CIT),* towards U(VI) speciation. Attempt was made to fit the
sorption data with mono-dentate surface complexes pertaining to the two species but
no convergence was obtained. Since citric acid is a triprotic acid with carboxylic
groups present on each of the carbon, it should also prefer flat hexagonal arrangement
in equatorial plane. The mono-nuclear bi-dentate uranyl citrate surface complex
(=Si0),UO0,CIT*> fitted the sorption data quite well. The surface complexation
reaction is given by following equation:

2 (=SiOH) + UO,CIT" < (=Si0),UO,CIT* +2H* (5.6)

Figure 5.13 (b) shows the experimental and modeled data for ternary system
and the log K of the fitted species is given in Table 5.5. Thus, sorption equilibria
involve uranium(VI) citrate interaction with the surface sites. In U(VI) sorption
studies on zirconium diphosphate , a ternary surface complex (Zr),CitUO,** has been

proposed based on SCM and TRLIFS studies (Garcia-Gonzalez et al.,2012)
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The above discussion suggests that SCM of the binary and ternary systems can
provide insight into the various phenomena which might take place once the actinides
are released into the geological media. Of course, the proposed models have to be
validated over wider range of experimental conditions so as to attain the predictive
capability with respect to migration of any radionuclide in the environment. Further,
the SCM predictions need to be validated by spectroscopic investigations, such as,

TRLIFS and EXAFS.

5.4. Conclusions:

Sorption of U(VI) by silica as a function of pH follows the typical 'S’ shaped
curve with the sorption edge at 4.5, which is shifted to higher value (5.3) with
increasing U(VI) concentration. This could be due to the heterogeneity of surface sites
on silica. U(VI) sorption is independent of ionic strength indicating the inner sphere
surface complexation as the dominant mechanism of sorption. Sorption of U(VI) by
silica is significantly affected by the presence of citrate in the pH range of 3 - 6, while
carbonate anion does not influence the U(VI) sorption by silica at least up to pH 8.
SCM using DLM showed the evolution of different surface complexes as a function
of U(VI) concentration. The bidentate mono nuclear surface complex was able to fit
the sorption data in entire concentration range. The two modeling approaches were
applied to some of the literature data for their evaluation and mononuclear mono-
dentate complexes were able to explain the sorption data better than mononuclear
bidentate complexes. Moreover, TRFS revealed the existence of two surface
complexes at [U] = 5 X 10 M, which was used to constrain the SCM. In case of
ternary systems, U(VI1) is sorbed as (=Si0),UO, and (=Si0),U0,COs* in presence of

carbonate and as (=Si0),UO-Cit* in presence of citrate.
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6.1. Introduction:

In this chapter the results of the sorption of neptunium on hematite colloids
have been described at varying pH values in absence and presence of HA. Sorption
studies were carried out under aerobic and anaerobic conditions. The stability constant
of Np(V)-humate complex (log B) and sorption of HA on hematite was also
determined which was used to interpret the neptunium sorption profile on hematite.
2 Np, B/y emitting radioisotope, was used as a tracer for neptunium.

Migration behaviour of actinides in aquatic environment is related to the form
in which these are introduced into the environment, which in turn depend upon their
concentration, oxidation state, pH, Eh, ionic strength and presence of complexing
anions (inorganic and organic) (Choppin, 2006). Owing to the small difference in the
redox potential of the different oxidation states of actinides, more than one oxidation
state of U, Np and Pu can coexist in solution, which makes their chemistry quite
complex (Choppin, 2005). One of the important components of aquatic environment
which influence the metal ion speciation is natural colloids (Kersting et al., 1999).
Actinides when released into the environment may form colloids by themselves (true
colloids) or may get sorbed onto the inorganic colloids present in the aquatic system
and thus form pseudo colloids (Silva and Nitsche, 1995). Colloid facilitated transport
of actinides is further affected by the presence of HS, which can enhance actinide
migration (Choppin, 1999). Formation of true colloids of actinides during their release
in the environment is unlikely, owing to the extremely low concentration in nature.
Hence the most likely process of colloid formation is the sorption of actinides on
natural oxyhydroxide colloids of silicon, iron, aluminum, etc. The formation of these
radionuclides bearing natural colloids (e.g., hematite, magnetite, goethite, etc) is one

of the common modes of transport in the aquatic environment (Marmier, 2002).
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2"Np is one of the most important radionuclides present in HLW left after the
reprocessing of spent nuclear fuel. The long half life (T1, = 2.14 X 10°y) and alpha
activity of 2’Np make it one of the most hazardous contaminants in the geosphere in
the long term. This is particularly due to the fact, unlike plutonium and americium,
which exist as Pu(lV) and Am(lll), respectively, neptunium as Np(V) is not
hydrolysed under the conditions of aquatic environment and hence is more mobile
(Kim, 1986).

Hematite occurs as a secondary mineral formed by weathering processes in
soil, along with other iron oxides or oxyhydroxides such as goethite, is responsible for
the red color of many tropical, ancient, and highly weathered soils. It can precipitate
out of water and is thus found in form of layers at the bottom of a lake, spring, or
other standing water. Hematite (Fe,O3) has hexagonal (rhombohedral) crystal system
constructed of Fe®" ion surrounded by six oxygen atoms not at the corners of a regular
octahedron.

Several studies on the sorption of neptunium on naturally occurring iron
minerals (hematite, magnetite, goethite) have been published in the past (Nakayama
and Sakamoto, 1991; Tochiyama et al.,1995; Sakamoto et al.,1994; Neroa et
al.,2004;Runde et al., 2002; Tinnacher et al., 2012; Nagasaki et al., 1998; Nakata et
al.,2001, 2002,2004; Snow et al.,2013; Li and Kaplan, 2012). These iron bearing
minerals show varying sorption properties over a wide pH range, including in some
cases the reduction of Np(V) to Np(IV). It was also found that the sorption of
neptunium depends on the crystallinity of mineral and is more in case of goethite as
compared to hematite and magnetite (Nakayama and Sakamoto, 1991; Tochiyama et
al.,1995). Moreover, redistribution studies of neptunium during the alteration of

amorphous ferrihydrite to hematite revealed the drastic decrease in sorption due to
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increasing crystallinity (Sakamoto et al., 1994). In contrast, sorption of neptunium on
iron rich silicates was found to be independent of Fe/Si ratio (Neroa et al.,2004).
Runde et al. (2002) found Np(V) uptake on hematite to be much less than Pu(V)
uptake indicating the involvement of Pu(V) - Pu(lV) reductive sorption process.
Kinetics of sorption and desorption of neptunium on hematite and magnetite showed
that equilibrium was attained in 1 h while the equilibrium between various chemical
forms of sorbed Np was achieved in about 1 week (Nakata et al., 2002). Moreover
modeling of the kinetics data revealed that aging process plays a major role in
attainment of equilibrim (Tinnacher et al., 2012) and surface diffusion coefficient
determination showed that the sorption equilibrium of neptunium on the internal
surface sites was very slow process (Nagasaki et al., 1998). Surface assisted reduction
of neptunium takes place on magnetite under anaerobic conditions (Nakata et al.,
2002) which was found to be 1000 times faster than the Np(V) reduction by Fe(Il)
ions in homogeneous solution (Nakata et al., 2001,2004). Neptunium sorption on
goethite from attomolar to micromolar concentrations was found to be linear below
10™ M, above which non-linear behaviour was observed which was modeled using 2-
site and 3-site Langmuir models (Snow et al., 2013). Recently, Li. and Kalpan (2012)
reviewed the sorption studies of neptunium on iron (hydr)oxides. Further, there are
few studies on the modeling and spectroscopic investigations of neptunium sorption
on iron oxides and hydroxides (Girvin et al., 1991; Kohler et al., 1999; Combes et al.,
1992; Teterin et al., 2006; Arai et al., 2007). SCM (SCM) of neptunium sorption on
amorphous iron oxyhydroxide showed that NpO,OH was able to reproduce the
sorption profile successfully (Girvin et al., 1991). In contrast, Kohler et al.(1999) used
surface complex pertaining to NpO," to explain the neptunium sorption at low site

occupancy. However, EXAFS and XPS studies of neptunium sorbed on goethite
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showed inner-sphere surface complex of NpO," but the authors did not rule out the
possibility of surface complex of neptunium hydroxide or carbonate ligands (Combes
et al., 1992; Teterin et al., 2006). SCM using ternary neptunyl-carbonato surface
complex were able to fit neptunium sorption on goethite and hematite for all partial
pressures of CO, which was validated by EXAFS (Arai et al., 2007).

HS are known to greatly influence the sorption of actinides on colloids. There
exists few literature reports in which effect of HS on neptunium sorption on to
different mineral oxides and clays have been investigated (Niitsu et al., 1997;
Schmeide and Bernhard, 2010; Artinger et al., 2000; EI-Naggar et al., 2000; Pathak
and Choppin, 2007 d; Li and Tao, 2003; Perminova et al., 2007; Chunli et al., 2001;
Sakamato et al., 2000; Khasanova et al., 2007; Kalmykov et al., 2008). Niitsu et al.
(1997) studied the effect of HA on the sorption of Np(V) on kaolinite and found that
at pH < 8 the sorption of Np(V) on kaolinite increased in presence of HA while at pH
> 8 no such effect was observed. On contrary, synthetic HA, with pronounced
reducing properties, effectively reduces Np(V) to Np(IV) and neptunium uptake was
found to be very low in the presence of HA due to Np(IVV) humate complexation in
solution (Schmeide and Bernhard, 2010). The transport of neptunium as humic
colloid bound species was facilitated by presence of HA which was also attributed to
neptunium reduction followed by formation of Np(IVV)-HA complexes (Artinger et al.,
2000). Similar results were obtained by El Naggar et al. (2000) suggesting the role of
HA in influencing the migration of Np in aquatic environment. The presence of HA
enhanced the sorption of neptunium on suspended silicates at low pH and decreased
the same at pH > 8 (Pathak and Choppin, 2007 d). In contrast, sorption of neptunium
on silica and alumina was not affected by HS, which was attributed to low

concentrations of HS and relatively higher concentrations of carbonate owing to
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relatively strong complexation of carbonate (Li and Tao, 2003). Sequestration of
aqueous Np(V) and Pu(V) under anaerobic conditions was achieved by using silica
gel coated with covalently bound HA (Perminova et al., 2007). In an attempt to
simulate the migration of actinides through an aquifer, Chunli et al. (2001) studied the
influence of HA on migration of actinides using the column of soil and showed that
introduction of HA into the aquifer enhanced the mobility of Np and Pu while
migration of Np(V) in sandy soil and granite was retarded in the presence of HA and
enhanced in case of FA. The observed differences may be caused by the difference in
the molecular size distribution of the HS (Sakamato et al., 2000). Khasanova et al.
(2007) demonstrated that addition of HA to the Np(V)-hematite or Np(V)-goethite
systems can markedly increase the Np(V) sorption percentage at pH 2-5.5, but has
little effect on the Np(V) sorption rate at pH 5.5-10 while the reduction of Np(V) at
low pH has been observed by XPS in the ternary system of goethite—HA—neptunium
(Kalmykov et al., 2008).

No literature existed on the effect of HA on the sorption of neptunium on
hematite colloids at the time of commencement of this work. Till date, only one study,
other than the present work, on effect of HA on sorption of neptunium on to hematite
has been reported in which neptunium concentration is six orders of magnitude higher
than that employed in present work (Khasanova et al., 2007). With this view, the
influence of HA on the sorption of neptunium on hematite colloids both in absence
and presence of HA at varying pH values (3-10) was studied. Moreover, ternary
system, neptunium-HA-hematite under anaerobic conditions was investigated for the
first time by us. The measurements were also carried out under reducing conditions by

using sodium dithionite (as a reducing agent). Moreover, stability constants for
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Np(V)-HA was determined using Schubert’s method and sorption of HA on hematite

was ascertained using UV-visible spectrophotometry.

6.2. Experimental:
6.2.1. Synthesis and characterization of hematite colloids:

The procedure of hematite synthesis is described in chapter 2. The surface
charge density of the colloidal suspension of hematite in 0.01 M NaClO, was
measured by zeta analyzer (Malvern, Zetasizer Nano ZS) based on dynamic light
scattering (DLS). The number of surface sites on the hematite powder was determined
by titrating the 300 mg of hematite in 50 ml 0.1 M NaClO,4 with standard 0.01M
HCIO, / 0.01 M NaOH. In another experiment titration of the electrolyte (0.1 M
NaClO4) was carried out. The plots of [H'] / [OH] added versus free [H'] / [OHT]

were used to deduce the total number of surface sites (Marmier and Fromage, 1999).

6.2.2. Characterization of HA:
HA from ACROS (Belgium) was used for present studies. The

characterization of HA has been described elsewhere (Kumar, 2012).

6.2.3. Preparation of 2*Np tracer:

2Np (Half-life =2.35 days) was used as a radiotracer for neptunium in the
batch sorption experiments. The details of preparation of radiotracer are given in
Chapter 2. Figure 6.1 shows the gamma spectrum of pure >*°Np.

Solvent extraction with 0.5 M thenoyl trifluoro acetone (TTA) in xylene
showed negligible extraction of neptunium indicating that the predominate oxidation
state was Np(V). 100 pL of the stock solution (10™ M) was used in the sorption

studies so as to give the neptunium concentration of 10 M.

214



Chapter VI

100000

80000
60000

40000 -

20000 —J\/
0

0 100 200 300 400 500 600
Energy (keV)

Counts

Figure 6.1 Gamma Spectrum of ** Np

6.2.4. Measurement of the stability constant of Np-HA complex:

The stability constant of the Np(V)-humate complex () was determined by
solvent extraction method. ***Np tracer solution in pH 8 (TRIS buffer) was contacted
with the organic phase containing (TTA) and 1, 10 o-phenanthroline in xylene
(Tochiyama et al., 2000) whereby Np(V) was synergistically extracted quantitatively
into the organic phase. 2 mL of the, 2°Np loaded, organic phase was contacted with 2
ml of aqueous solution (pH 8 TRIS) containing varying concentration of HA (0-200
mg/L). Eight sets of samples were prepared. Kinetic experiments showed that the
distribution ratio reached the equilibrium value in 4 hours. Hence the contact time
with the aqueous phase was kept four hours for all the eight sets. After the
equilibration, the aqueous and organic phases were separated and duplicate 100 pL
aliquots from both phases were counted for the gamma activity of >**Np on a well

type 3” X 3” Nal(TI) detector coupled to a 1k channel analyzer. The distribution ratio
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(D) of “**Np was measured in all eight sets with varying concentration of HA in

aqueous phase.

6.3 Sorption Experiments:
6.3.1. Sorption of Np(V) on hematite under aerobic condition:

The detailed procedure of batch sorption experiments has been described in
Chapter 2. 3 g/L of hematite suspensions were equilibrated with ?** Np (102 M) in
the pH range 3-10 for 48 hours, which was fixed considering the literature report on
sorption kinetics of neptunium on iron bearing minerals (Nakayama and Sakamoto,
1991). After equilibration, the suspensions were centrifuged at 7000 rpm for 45
minutes in order to achieve phase separation. The percentage sorption was calculated,
from initial activity (Ao) and the activity (A) left in the liquid phase after
centrifugation, using the equation (2.9) given in chapter 2.

In the case of experiments in presence of the HA, 100 uL of the HA stock
solution (200 mg/L) was added to the hematite suspension prior to adjustment of pH.

The suspensions were equilibrated for 48 hours before the addition of **Np.

6.3.2 Sorption of HA on hematite:

In order to study the sorption of HA on hematite as function of pH, 100 pL of
the HA stock solution (200 mg/L) was added to the hematite suspension (3 g/L),
having varying pH in the range of 3-10. After equilibration for 48 hours, the
suspensions were centrifuged. The absorbance of the supernatant solutions was
measured by a UV - visible spectrophotometer (JASCO-530) in quartz cuvette (1 cm)
with the supernatant of a hematite suspension without HA as blank in order to take

into consideration the absorbance due to any dissolved hematite. For the
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determination of HA concentration in the supernatant solution the absorbance at 288

nm was used as hematite had minimum absorbance at this wavelength.

6.3.3. Sorption of neptunium on hematite under anaerobic condition:

In another set of experiments, the batch sorption experiments on binary system
of Np - hematite and ternary system of Np - HA - hematite were carried out under
reducing conditions using ***Np tracer. 100 uL of 0.5 M sodium dithionite solution
was added to the hematite suspension (3 g/L) so as to maintain the dithionite
concentration as 5 X 103 M. The suspensions were purged with N, after the
adjustment of pH and immediately thereafter the polypropylene tubes were sealed and
kept for equilibration for 48 hours. Rest of the procedure was the same as described
above for experiments under aerobic conditions. Similar experiments were carried out
in presence of 2 mg/L HA. Np(V) is expected to be reduced to Np(IV) under these

reducing conditions which may further be facilitated by the presence of HA.

6.4 Results and Discussion:
6.4.1. Characterization of hematite:

The crystal structure of the hematite powder was confirmed by XRD. The
surface area was determined to be 36 m?/g by BET analysis. Figure 6.2 shows the
variation of zeta potential of hematite colloids as a function of pH. The errors on the
data are + 1o of 5 measurements. The point of zero charge (PZC) of hematite colloids
was found to be 6.57, which is close to average value of PZC i.e. 7.58 + 1.51 for iron
(hydro)oxides (Kosmulski et al.,2003). The dissolution of hematite in the aqueous
suspension was studied through determination of iron concentration in the supernatant
solution, after centrifugation of the suspension, using ICP-AES. The highest iron

concentration was found to be 50 ppb at pH 4.
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Figure 6.2 Plot of zeta potential of hematite colloids as a function of pH

Depending upon the pH of the suspension the colloidal particles may be
positively or negatively charged as explained by following hydrolysis reactions
=S-OH + H' — . =S-OH," (6.1)
=S-OH + OH' ——— =S-0"+ H,0 (6.2)
where, =S-OH represents the hematite surface site. The titration data of hematite with
acid and base are shown in Figure 6.3.

The plot of [H'] added vs free [H'] and that of [OH] added vs free [OH]
reached a saturation value with respect to blank. From the saturation value of [H*] and
[OH] for both acid and base legs respectively, the total number of active sites were
calculated as,

[=S-OH] =([H"]sat. + [OH Jsa)/2 (6.3)
The concentration of surface sites was found to be 2.30 ( 0.26) X 10™ mol/L for 300
mg of hematite in 50 ml of solution or 3.8 (+ 0.4) X 10 mol/g of hematite.
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Figure 6.3 Surface saturation of hematite by H* (top) and OH" (bottom)

6.4.2. Determination of stability constant of Np-HA complex:
The stability constant of Np(V)-HA complex was determined using Schubert’s
method (Lenhart et al., 2000). Schubert’s method is based on the measurement of
distribution ratio of metal ion between organic and aqueous phases, in absence and
presence of metal complexing ligands.

The relationship between distribution ratio (D value) and ligand concentration
[HA] is given by following equation:

log[(Do/D)-1)] = logp + n log[HA]s (6.4)
where Dy is the value of the distribution ratio in the case of aqueous phase

without HA. [HA]; is the free HA concentration. Since the concentration of Np(V) is
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negligible compared to [HA];, it was assumed to be equal to the total HA
concentration [HA]+. The slope of the line gave the stoichiometry (n) of the complex
(ligand to metal ion ratio) while the intercept gave the log 3 value.

The complexation of Np(V) by HA is presented in figure 6.4, which shows the
plot of log [(Do/D)-1] as a function of total HA concentration. The slope of the line
was found to be 1.03 indicating the formation of a 1:1 complex between NpO,* and
HA. Though complexation of metal ions by HA is assumed to occur mainly through
carboxylic acid groups, the role of phenolic groups cannot be ruled out (Sachs and
Bernhard, 2005). The log B was found to be 3.9 £ 0.2, which after correcting for
degree of ionization o = 0.45 at pH 8 (Kumar, 2012), resulted in a log 3 value of 4.2 +
0.2. This value is in agreement with the literature value of Np(V)-HA complex as

determined by Marquardt et al. (1996).
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Figure 6.4 Complexation of Np(V) by HA at pH 8 (TRIS buffer)
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6.4.3. Sorption of HA on hematite:

Figure 6.5 shows the fraction of HA sorbed on hematite colloids as a function of pH.
HA sorption on hematite decreases with increase in pH. The high sorption values for
HA in low pH range can be explained in terms of the electrostatic attraction between
positively charged hematite surfaces (below pHp,) and negatively charged HA. With
increasing pH, the surface charge decreases and become negative above its pHpc.
Moreover, ionization of functional groups, mainly carboxyl and phenolic groups, of
HA increases with pH which result in huge amount of negative charge on HA. Thus,
electrostatic repulsion between HA and hematite is responsible for reduced sorption at

high pH. Similar results were obtained by Fairhurst et al. (1995 a).
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Figure 6.5 Fraction of mineral bound HA as a function of pH

6.4.4. Sorption of Neptunium on hematite colloids in aerobic conditions: Effect of
HA:
Figure 6.6 shows the sorption data of Np(V) on hematite colloids as a

function of pH under aerobic conditions. The errors shown on the sorption data are
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due to counting statistics of A and A,. The percentage sorption is very low till pH 5
(~10%), above which it increases sharply apparently reaching a constant value of 90%
at pH 9. The trend of increasing sorption of Np(V) on inorganic colloids with pH has
been reported in the case of silica, alumina (Clark et al., 1996) and hematite
(Khasanova et al., 2007; Nakayama and Sakamoto, 1991). In all the cases the
sorption was found to increase with pH beyond 6. The apparent saturation of
percentage sorption at 90% may be due to the formation of negatively charged
carbonate complexes, such as NpO(CO3),®™*", where n = 1, 2, 3 (Righetto et
al.,1991) as in carbonate-free solution systems containing Np(V) 4.5 X 10** to 4.5 X
10 M, Np(V) was almost completely sorbed by ferrihydrite between pH 8 and 10

(Girvin et al.,1991).

1004 —°—Np(V)-Hematite
| —0—Np(V)-HA-Hematite o -

sod Model fit
S 60-
c
=)
2 40-
o
%!

20

DQC\-DET".
o+—2r

Figure 6.6 Sorption of Np(V) on hematite: Effect of HA

As seen in Figure 6.6 in presence of HA, the sorption is marginally lower in

the pH range 3-6. On the other hand, at pH > 7.0 the significant decrease in sorption
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in presence of HA has been observed which is in agreement with the literature reports
(Fairhurst et al.,1995a; Righetto et al.,1991; Sakuragi et al.,2004). Sorption
behaviour of actinides on minerals has been explained on the basis of hard - soft, acid
- base behaviour. Np(V) being a softer acid has lesser affinity for mineral oxides as
compared to Th(IV), Pu(IV) and Am(I11). The electrostatic attraction between actinyl
ion and mineral oxide is less compared to trivalent / tetravalent actinides.

HA enhances Np(V) sorption on goethite and hematite at low pH but at total
HA concentration higher than 20 ppm (Khasanova et al., 2007). In present work HA
concentration was 2 ppm, hence the increase in Np (V) sorption was not observed at
low pH. Sakuragi et al. (2004) observed that HA enhances the sorption of Am (I11) on
hematite colloids at lower pH and lowers the sorption at higher pH. This observation
was attributed to the strong sorption of HA on hematite at lower pH, which decreased
with increasing pH. Similar observations were made by Fairhurst et al. (1995a) in
their study on the effect of HA on the sorption of Eu(lll) on hematite colloids. Payne
et al. (1996) studied the effect of HA on uranium sorption on ferrihydrite. Their study
showed that addition of HA increased uranium uptake at pH < 7 with little effect at
higher pH values. The effect of CO, on sorption of Np(V) on hematite was studied by
Kohler et al. (1999). No effect of CO, was observed at lower pH (< 7), while at higher
pH values the sorption was found to decrease in presence of CO,. This was attributed
to the formation of neptunyl carbonato complexes. Thus the observations made in the
present study about the suppression of Np(V) sorption by HA at higher pH values can
be explained by the formation of Np(V)-HA complex. However the formation of
Np(V) carbonato complexes such as NpO»(CO3),*"", where n=1,2,3 can also not be

ruled out.
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6.4.4.1. LAM of sorption data:

In order to simulate the sorption data of the ternary system involving Np(V),
hematite and HA we used the LAM modified by Samadfam et al. (2000). The
fundamentals of LAM are described in Chapter 2. The stability constant of Np-HA
complex and fraction of HA sorbed on hematite was used as input in LAM to predict
the sorption behaviour of ternary Np(V)-HA-hematite system. The prediction of the
LAM are shown in figure 6.6 as dotted line, which shows increased sorption of Np(V)
at intermediate pH with a slight decrease at higher pH values. The decrease in
sorption at higher pH is in agreement with the experimental results, though the
decrease is not as much as the experimentally observed. However, the predicted
increase at pH 5-6 is not observed in the experiment, which suggests the influence of
non-additive factors, such as, change in the surface charge density of HA coated
hematite particles with respect to bare hematite particles, or different value of stability

constant for Np(V)-HA complex involving mineral bound and aqueous HA.

6.4.5. Sorption of Neptunium on hematite colloids in anaerobic conditions: Effect
of HA:

Figure 6.7 shows the sorption data of neptunium on hematite under anaerobic
conditions in presence and absence of HA. The sorption of Np on hematite is
significantly enhanced at all pH values with respect to the aerobic conditions. Under
anaerobic conditions, Np(V) may be reduced to Np(IV) which being a hard acid, is
expected to behave similar to Th(IV) and hence the sorption at lower pH is increased
compared to that in the case of Np(V). In the presence of HA, the sorption at lower
pH values is further enhanced, which may be due to the complexation of Np(1V) by
HA, which in turn is strongly sorbed on hematite. At higher pH values, the percentage

sorption is same (~100%) in the both the cases, indicating that HA does not affect the
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sorption of Np(IV) on hematite. The sorption of Th(IV) on bentonite has been studied
by Xu. et al (2006b) who also observed similar observations, that is, there was no
effect of HA on sorption of Th(IV) at higher pH values. As Np(IVV)-HA complex has
a much higher stability constant than Np(V)-HA, it is expected that the sorption of
Np(1V) on hematite will reduce at higher pH, contrary to the observations of this

work. This indicates that reduction of Np(V) to Np(IV) may not be complete at

alkaline pH.
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Figure 6.7 Sorption of neptunium on hematite in presence of HA under reducing

conditions

Reduction of Np(V) to Np(IV) has been observed only in case of Fe(ll)
bearing iron oxide surfaces under anaerobic conditions where Fe(ll) itself may act as
a reducing agent (Nakata et al., 2002). In the present case, it is possible that
Fe**obtained by dissolution of hematite may be reduced to Fe?* there by limiting the

reduction of Np(V) to Np(IV).
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The pHso, that is, the pH corresponding to 50% of saturation value, obtained
from figures 6.6 and 6.7 for Np(V) and Np(lV), were found to be 6.8 and 5.5
respectively, which changed to 8 and 4.6 respectively in the presence of HA. Thus the
presence of HA results in significant change in the pHsy value. The decrease in the
pHso value was also observed by Payne (1999) for sorption of UO,** on ferrihydrite.
These observations suggest significant effect of HA on sorption of neptunium on
hematite colloids both under aerobic as well as anaerobic conditions. While in the
case of Np(V), the sorption is decreased in the higher pH range of 7-9, it is enhanced

in the lower pH range of 4-7 in the case of Np(IV).

6.5. Conclusions:

The present study showed that Np(V) sorption on hematite colloids at ionic
strength of 0.1 M (NaClQ,) is negligible up to pH 5, above which it increases sharply
with pH. In the presence of HA a decrease in the percentage sorption was observed at
higher pH, which has been attributed to the complexation of Np(V) by HA. The log
for Np(V) - HA was found to be 4.2 + 0.2. Under reducing conditions (5 X 10° M
sodium dithionite) and N, atmosphere, neptunium sorption on hematite was found to
be enhanced at all pH values due to reduction of Np(V) to Np(1V). HA was found to
further enhance the sorption at low pH values, though no effect was observed at
higher pH, which could be due to competition from ferric ions for dithionite. Thus,
under anaerobic conditions HA will enhance the sorption of neptunium colloids, as

compared to aerobic conditions.
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In the present thesis complexation and sorption behaviour of
actinides/lanthanides on oxide surfaces have been investigated using batch sorption,
molecular level spectroscopic techniques, LAM and SCM. The work presented in this
thesis is divided into three parts: (i) the complexation of lanthanides with LMCA of
environmental relevance and naturally occurring HA (ii) sorption of
actinides/lanthanides onto mineral oxides (iii) the effect of complexing anions on
sorption of actinides/lanthanides onto mineral oxides. The results of these studies are
summarized in this chapter.

1. Complexation of Eu(lll) by different complexing anions, viz., HIBA, SA, PA
and MA has been studied using TRFS as a tool. The results have been
compared with the observations obtained with Eu(ll1)-HA complexation. The
small organic molecules, such as, HIBA, SA, PA and MA form 1: n
complexes with Eu(Ill), with the values of ‘n’ varying depending upon the
denticity of the ligand. The formation of different stoichiometric complexes
between Eu(lll) and these small organic molecules was evident from the
increase in the asymmetric ratio (leis/lsg2) in the emission spectra with
increasing ligand to metal ion concentration ratio. These observations were
further corroborated with the life time data which showed increase in the life
time with increasing ligand to metal ion concentration ratio. The stoichiometry
of the complexes was obtained from the life time data using an empirical
relation, between the life time and the number of water molecules coordinated
to Eu®* ion, available in the literature. The stability constant of the different
Eu(lll) complexes was obtained from the measured asymmetry ratio as a
function of ligand to metal ion concentration ratio. Similar experiments were

also carried out with the Eu(l11)-HA system. In this case the life time values
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were found to remain constant at least upto the HA/Eu(lll) ratio of 8, above
which quenching of the fluorescence was observed as evident from the
reduced emission intensity. Thus the stability constant for Eu(lll)-HA
complexes could not be obtained. Nevertheless, these studies provided the
information that the large macromolecular anions, such as, behave differently
from the small organic anions.

. Sorption of Cm(lll) by silica was found to be greatly influenced by the
presence of HA in the suspension. The sorption of Cm(lIl) by silica increases
with the pH of the suspension, which can be explained in terms of the
electrostatic attraction between the positively charged Cm®*" ions and the
negatively charged surface sites of the type =Si-O" on silica, as well as the
surface complexation of the metal ion by the surface sites. In presence of HA,
the sorption of Cm(lll) by silica is enhanced at lower pH values (3-5) and
decreased at higher pH values (6-8), and thereafter the sorption was found to
increase with pH. These observations could be explained in terms of the
sorption of HA by silica. HA is strongly sorbed by the silica at lower pH and
the sorption decreases with increasing pH of the suspension becoming
negligible at pH > 6. Thus the surface bound HA at lower pH results in
increased sorption of Cm(lll) by silica. On the other hand, in the intermediate
pH range the HA is predominantly present in the solution and hence strong
complexation of Cm(l1l) by HA in the solution results in decreased sorption.
At higher pH values ( > 8), the increases in the sorption with pH could
plausibly be due to the formation of hydrolysed Cm(Ill) species which might
have higher sorption tendency towards the silica surface. The above

observation of the effect of HA on the sorption of Cm(lll) by silica could be
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quantitatively explained in terms of the linear additive model, by incorporating
the modifications to take into account the different binding affinity of surface
bound HA from the HA in solution. With a view to obtain more insight into
the mechanism of the sorption of Cm(Ill) by silica in presence of HA, TRFS
studies were carried out using Eu(l1l) as the chemical analogue of Cm(lll) and
alpha hydroxy iso-butyric acid (HIBA) as a small organic molecule to study if
it could be used as an analogue of HA. The TRFS measurements helped in
identifying the surface complexes. Further the sorption data could be modeled
successfully with the help of SCM. It was observed that the effect of small
organic molecules like HIBA was quite different from that of HA, indicating
the different binding characteristics of the two complexing anions.

. Sorption of U(VI) by silica has been studied in presence of two important
complexing anions, namely, carbonate and citrate, which are ubiquitous in
geosphere. U(VI) sorption by silica increases with the pH of the suspension,
with the sorption edge, that is, the pH at 50% sorption, shifting to higher pH
with increasing concentration of the metal ion. In presence of carbonate, there
was negligible change in the sorption profile, while citrate was found to have
significant effect on the sorption of U(VI) by silica, with the sorption
decreasing in presence of citrate at higher pH values compared to the binary
U(VI)-silica system. The sorption profile for the binary U(VI)-silica and
ternary U(VI)-silica-citrate system were fitted using the surface complexation
model. SCM using DLM showed the evolution of different surface complexes
as a function of U(VI) concentration. The bidentate mono nuclear surface
complex was able to fit the sorption data in entire concentration range. The

two modeling approaches were applied to some of the literature data for their
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evaluation and mononuclear mono-dentate complexes were able to explain the
sorption data better than mononuclear bidentate complexes. Moreover, TRFS
revealed the existence of two surface complexes at [U] = 5 X 10° M, which
was used to constrain the SCM. In case of ternary systems, U(VI) is sorbed as
(=Si0),U0, and (=Si0),U0,COs* in presence of carbonate and as
(=Si0),U0,Cit* in presence of citrate.

4. Sorption of neptunium by hematite colloids was studied both in absence and
presence of HA. Hematite colloids were prepared by precipitation of
hydroxide from aqueous solution of ferric chloride followed by heating of the
precipitate at high temperatures and grinding in a ball mill. Sorption
experiments were carried out using 2°Np, the short lived gamma emitting
isotope of neptunium. Under aerobic conditions, Np(V) is the dominant
species and its sorption by hematite increases slowly with the pH of the
suspension, which could be explained in terms of the low ionic potential of the
NpO," ions. The stability constant of Np(V)-humate complex was determined
using the Schubert’s method. Under reducing conditions, Np(IV) is the
dominant species and its sorption increases significantly with the pH of the
suspension. In presence of HA the sorption was found to increase at lower pH
with respect to the binary Np(1V)-hematite system. These studies showed that
the migration of neptunium on hematite is greatly influenced in presence of
HA under anaerobic conditions.

The work carried out as a part of this thesis has shown that colloids based on
mineral oxides of Si, Fe, etc., greatly influence the speciation of actinides under the
conditions prevailing in natural waters. Presence of complexing anions, such as, HA

has drastic effect on the sorption of trivalent actinides, which in turn is influenced by

230



Chapter VII

the presence of natural organic matter containing HS. TRFS provided valuable
information on the complexation of trivalent rare earths by small organic molecules,
which can be used to infer about the complexation of trivalent actinides by the small
organic molecules present in natural waters. This technique could also provide
information about the sorbed metal ions on the surface of mineral oxides, and thereby
help in validating the predictions of the SCM. Attempt has also been made to
understand the sorbed uranyl species on the surfaces of silica, though the information
obtained was limited owing to the lower sensitivity of the TRFS system based on
xenon flash lamp as the excitation source. With the induction of dye laser based
TRLFS system, it would be possible to study the uranium speciation on the surface of
mineral oxides at much lower metal ion concentrations. In the case of neptunium, the
studies provided information about the speciation of the metal ion under aerobic and
anaerobic conditions in absence and presence of HA. The modeling of the sorption
data by SCM needs to be carried out for which the spectroscopic information has to
be obtained using techniques, such as LIPAS.

The present work is a small step towards understanding the migration
behaviour of actinides and long lived fission products in the geosphere, which is a
frontier area of research by the radiochemists worldwide. With the availability of
intense synchrotron sources and laser based spectroscopic instruments, the molecular
structure of the actinides can be obtained, which in turn would help in validating the
models proposed to predict the migration pathways of these long lived radionuclides

in the geosphere upon their release from the deep geological repository.
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