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SYNOPSIS

Extraction is a method used for the separation, pre-concentration and removal
of metal ions from different industrial process streams like mining industry, leather
industry, nuclear industry, chemical production industry etc. The metal ions generated
in the process streams are required to be separated for their valuable re-usage as well
as safe disposal of the process streams into the environment as they are hazardous to
human health. Different methods have so far been adopted for the extraction and
sepration of metal ions from aqueous streams like precipitation, solvent extraction,
membrane separation and solid phase extraction (SPE) etc. Solvent extraction method
is used when the metal ion concentration in the aqueous phase is >1gL™. This method
is a liquid-liquid separation technique where the aqueous phase (liquid phase)
containing the metal ions is equilibrated with an organic solvent phase (liquid phase).
The metal ions present in the aqueous phase distribute itself into the organic solvent
(chosen as selective towards the metal ion of interest) phase and the aqueous phase
after equilibration. The metal ions are then extracted back into another agueous phase
containing suitable reagent (strip solution). Thus, the metal ions are extracted and
separated as per the requirement. Solvent extraction method has major limitations like
i) it uses large volume of organic solvent and therefore, not wise to use at low
concentrations of metal ions, ii) solvent loss due to aqueous solubility of the valuable
organic solvent, iii) degradation of solvent due to chemical and radiation effect etc.
In case of SPE method, metal ions distribute itself into the solid sorbent and the
aqueous medium. SPE method is used when the concentration of metal ions in the
solution is <1gL™. SPE method has some advantages like i) it is easy to operate, ii)
economically viable, ii) no aqueous solubility of the sorbent support material. In the

SPE method, the sorbents are of different types e.g., i) inorganic sorbents namely,



zeolite, bentonite, clay, silica, titanium dioxide etc., ii) chemically modified solid
materials like polymers, silica gel, carbon-nanotubes, etc. Chemically modified
sorbents provide a better selectivity towards the metal ion of interest.

Membrane technique also consists of one aqueous feed solution containing the
metal ions, an organic phase where the metal ions are extracted from the feed solution
and the strip solution where the metal ions are back extracted into the aqueous phase
from the loaded organic phase. Membrane technique is also applicable till now to low
concentration of metal ions (<0.5gL™).

Choice of the ligands suitable for the extraction of metal ions is vital for all
these techniques discussed above. The ligands can be a cation exchanger, anion
exchanger or, a chelating ligand depending upon the speciation of the metal ions
present in the aqueous phase. There are many types of ligands reported for the
extraction of metal ions from the aqueous phase. Cation exchanger like di(2-ethyl
hexyl phosphoric acid) (DEHPA); neutral O-donor ligands like tributyl phosphate
(TBP), octyl phenyl acid phosphate (OPAP), trioctyl phosphine oxide (TOPO),
methyl-isobutyl ketone (MIBK); ligands with neutral soft donor atoms like ‘S’ and
‘N’ e.g. tris-iso-octyl amine (Adogen-364), di-n-octyl sulfide, a-benzoinoxime (ABO)
[1] and benzoylmethylene triphenylphosphorane (BMTTP) [2]; Anion exchanger
ligands like aliquat-336 are reported for the exraction and separation of various metal
ions.

In spite of the fact that different types of ligands and their applications for
extraction of various metal ions have been reported in the literature. These ligands
have also some issues in their large scale applications. These limitations are primarily
due to the different concerns like high aqueous solubility, low organic solubility,

choice of proper diluent, degradation of ligand, selectivity towards metal ion, acidity



of aqueous feed solution along with several economical factors, etc. Therefore,
demands for the search of new ligands is still in progress. Accordingly, the present
work focusses on the extraction and separation of metal ions like uranium, zirconium-
hafnium, rare earth elements and actinides, palladium, heavy metals from aqueous
medium. In addition, we have also synthesised some novel ligands for the extraction
of metal ions of our interest. The metal ions have been chosen as per our priority
because of the reasons described below.

Uranium is the essential element in nuclear reactors [3-4]. Demands of the
nuclear power are increasing steadily due to the fast decline of the fossil fuel
resources and the associated environment pollution. Nuclear energy in this respect is a
renewable long term source of energy. At different stages of nuclear fuel cycle,
several wastages are generated in solid or, aqueous forms. Aqueous wastes generated
from the spent nuclear fuels like high level waste (HLW), low level waste (LLW) etc.
contains almost all the elements present in the periodic table in different
percentages.Therefore, separation of valuable and required metal ions from these
radioactive wastes are extremely important for their safe disposal. Zirconium has a
wide application in nuclear industry especially it acts as a cladding material of nuclear
fuel [4]. However, the naturally availale zirconium always contains hafnium due to
their similar physical and chemical properties [5]. Hafnium has a very high neutron
absorption cross section which causes problem in nuclear reactor [6]. Thereby,
separation of zirconium from hafnium is essential for the significant usage of
zirconium in nuclear industry [7-8]. Rare earth elements have enormous applications
in metallurgy, petroleum, textiles, agriculture, glass and glass polishing (e.g. erbium-
doped fibre amplifiers), ceramics, catalysts, phosphors, magnets (e.g samarium-cobalt

and neodymium-iron-boron high-flux rare-earth magnets), superconductors, opto-



electronics applications (e.g Nd-YAG laser). But naturally available rare earth ores
contain actinides along with it [9]. High level waste (HLW) generated from nuclear
industry also contains rare earth elements along with actinides and these rare earth
elements create problem during vitrification of nuclear wastes. Therefore, rare earth
elements need to be separated from actinides. Similarly, palladium is also found to
have numerous applications in different fields [10]. Recovery of palladium from
various secondary resources like high level waste (HLW) solutions [11] and, spent
catalysts from automotive and petroleum industries [12] is essential. Heavy elements
like lead, copper, zinc and chromium are also found to be one of the most common
metal ions in aqueous streams from industrial wastes. These elements are hazardous
to human health if inhaled or, ingested because they cause organ failure and
permanent damages to human body. Removal of these elements from aqueous streams
is essential and beneficial to our society.

In the present work, novel solid phase extractants namely, mono-phosphate
functionalised silica gels (PFSGs), bi-phosphate functionalised silica gel (BPFSG),
tri-phosphate functionalised silica gel (TPFSG), amine and amido pyridyl phosphate
functionalised silica gel (AAPPFSG), 1,8-di-hydroxy anthraquinone functionalised
silica gel (DHAFSG), amidopyridylamine functionalised silica gel (APAFSG) have
been synthesised, characterised and evaluated for the metal value extraction from
aqueous phase by SPE method. In addition to the SPE, we have also focused on the
basis of liquid-liquid extraction techniques using the novel ligand N,N,N’,N’-tetra(2-
ethylhexyl)dithiodiglycolamide (DTDGA) for the separation and recovery of
palladium from simulated spent automobile catalyst leach liquor and simulated high
level waste. In addition to the experimental works, our work is also focused on the

understanding of structure-activity relationship for the metal ion-ligand interactions



by employing quantum chemistry based theoretical investigations. Accordingly, we
have carried out extensive theoretical calculations for the metal-ligand complexes
using density functional theory (DFT) calculations. In particular, our modeling
involves in obtaining the electronic structure of the metal-ligand complexes, ii)
calculation of bond vibration frequencies and iii) thermodynical and kinetical stability
of the metal-ligand complexes. All the works reported in this thesis are presented into
eight chapters as described below.

In the first chapter, concise introduction for the different extraction methods

and novel ligands is presented. We have also focused on the different sources of solid
and liquids wastages, primarily for uranium, palladium, zirconium and rare earth
metals. The various methods available for separation and recovery of these metals
have also been discussed in great detail. The extensive literature available on uranium,
zirconium, rare earth metals and palladium recovery from different sources has been
reviewed. Further, the possible applications of recovered metal values in nuclear and
non-nuclear fields have also been stated. Details of the computational methods used
for the elucidation of the complexation behavior of metal ions with suitable ligands
have been illustrated. Lastly the motivation for this work has been explained.
In the second chapter, synthesis and characterization of functionalised silica gels
using different instrumental techniques have been extensively discussed.
Experimental details for the SPE method, solvent extraction and also for supported
liquid membrane (SLM) separation methods have been discussed.

In the third chapter, details of uranium extraction from the nuclear wastages
using single-phosphate  functionalised silica gels (SPFSG), bi-phosphate
functionalised silica gel (BPFSG), tri-phosphate functionalised silica gel (TPFSG),

amine and amido pyridyl phosphate functionalised silica gel (AAPPFSG) have been



presented. Kinetics of sorption of uranium has been found to be fast using all these
ligands and the kinetic data has been modeled well by pseudo second order kinetic
model. Isotherm studies for the sorption of uranium have also been carried out. Tests
have been carried out for the selectivity of the sorbents (using SPFSG sorbent)
towards uranium over other metal ions and it has been found that the ligands have
very high extractability and selectivity towards uranium over other metal ions e.g.,
iron, aluminium, magnesium, calcium etc. Back extraction of uranium from the
loaded sorbent has been studied with solutions of varying pH in nitric acid medium. It
has been observed that it is possible to extract >99% of uranium in multiple stages.
This confirms the re-usability of the sorbents. Thermodynamic studies on the
extraction behaviour of uranium from nitric acid medium have also been carried out
using BPFSG, TPFSG and AAPPFSG. Theoretical calculations for binding of
uranium with these functionalised ligands have also been carried out and these results
have been found to be in good agreement with the experimental results.

In chapter four, separation of zirconium from hafnium using functionalised
silica gels namely, mono-phosphate functionalised silica gel (MPFSG), bi-phosphate
functionalised silica gel (BPFSG), amine and amido pridyl phosphate functionalised
silica gel (AAPPFSG), has been discussed in details. Sorption behaviour of zirconium
and hafnium with the variation of pH of feed solutions has been investigated. Kinetic
studies for zirconium and hafnium are found to follow pseudo second order Kkinetic
model for both zirconium and hafnium. Separation of hafnium from zirconium has
been obtained at pH below pH 1.2. It has been observed that as the number of binding
sites of the ligands increases, the selectivity towards zirconium increases. Therefore,

separation of zirconium from hafnium is best obtained using AAPPFSG which has the



more number of binding sites compared to other ligands namely, MPFSG and
BPFSG.

In the fifth chapter, separation of uranium from rare earth elements using 1,8-
dihydroxyanthraquinone functionalised silica gel (DHAFSG) by sorption method and
also the separation of actinides from lanthanides using ethyl-bis-triazinylpyridine (Et-
BTP) by both solvent extraction and supported liquid membrane (SLM) method have
been discussed. Sorption studies of uranium and rare earths namely, europium,
samarium, ytterbium and yttrium have been carried out using DHAFSG
sorbent.Variation of sorption of uranium and rare earths with the variation of pH of
the feed solutions has been explored. Kinetics studies for uranium and rare earths
have shown that sorption equilibrium takes place within 30 minutes. Desorption
studies show that separation of uranium from rare earths is possible using DHAFSG
sorbent. Et-BTP ligand has shown the selectivity towards americium over lanthanides
with a combination with chlorinated cobalt dicarbollide (CCD) in nitrobenzene
diluent in both solvent extraction and SLM techniques.

The sixth chapter deals with the extraction of palladium by solvent extraction
as well as membrane techniques using the novel ligand namely N,N,N’,N’-tetra-(2-
ethylhexyl) dithiodiglycolamide (DTDGA). Separation of palladium using DTDGA
ligand from simulated spent catalyst dissolver (SSCD) solution prepared in
hydrochloric acid medium and high level waste (HLW) in nitric acid medium
obtained from nuclear industry have been described. Very high extractability and
selectivity are obtained for palladium over other metal ions present in SSCD solution.
It has been observed that more than 99% back extraction of palladium is possible in a
single stage with 0.1M thiourea in 0.1M hydrochloric acid medium. In membrane

separation technique, DTDGA has been impregnated on supported microporous



membrane and tested for the extraction of palladium from high level liquid waste
(HLW) in nitric acid medium. Various parameters like feed acidity, DTDGA
concentration in membrane phase, membrane porosity etc. have been optimized to
achieve maximum transport rate of palladium. Reusability of the membrane has also
been tested.

In the seventh chapter, we present our results obtained for the sorption and
removal of lead, zinc, copper and chromium from aqueous medium using butanol
functionalised silica gel (BFSG) and amidopyridylamine functionalised silica gel
(APAFSG). It has been observed that at neutral pH (i.e. pH 7), all the metals get
sorbed as neutral species e.g., lead nitrate, zinc chloride, copper sulphate and
potassium dichromate and therefore, the anions also play a major role in the
complexation reactions. Details of the sorption thermodynamics of these hazardous
metals have been studied and discussed in this chapter.

In the last chapter, a summary of the results and important conclusions drawn from all
the above studies have been discussed broadly.
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Chapter 1

Introduction

Separation and purification of metals have been carried out using different
physical and pyrochemical processes for thousands of years. However, the approaches
based on selective partitioning of metal ions using chemical means have been rather
recent. The method of solvent extraction, for example, was first used at an analytical
scale, to partition mercuric chloride from an aqueous solution into ether [1] only about
a century ago. Solvent extraction has been extensively used for the separation of
plutonium from uranium since 1942, after the importance of the study of their
chemical and nuclear properties due to their role in nuclear weapons and nuclear
energy was recognised. Research on finding a suitable extractant started in full swing
and in 1949, tri-n-butyl phosphate (TBP) was found to be an efficient extractant for
uranium and plutonium, and it led to the first PUREX (plutonium-uranium recovery
and extraction) processing plant at the United States Savannah River site in 1951 [2].
Thereafter, solvent extraction has been quite successful in the production of high
purity metals for nuclear defence and energy programs. A variety of selective metal
extractants, has been discovered for extensive use of solvent extraction in nuclear
reprocessing, waste treatment as well as other hydrometallurgical separations.

Among the other routes to separation, mention may be made of the use of
CaCOs in a chromatographic mode [3] by Tswett, for separating biological pigments.
This paved the way to the development of ion-exchange resins in 1935 and in fact ion
exchange chromatography became quite well developed by the 1950s, which became
instrumental in chemical confirmation in the initial report of the discovery of

mendelevium [4]. By the 1970s, the field of separation science witnessed considerable
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attention paid to the design and synthesis of ligands aiming at extraction of the metal
ions. Membrane and supercritical fluid based processes for metal ion extraction also
flourished receiving considerable attention even in later years.

Separation science has been of immense importance in different branches in
science and technology that involve purification of metal ions, and in particular, their
chemical separations have always received attention as an important area of research.
However, with the growing demand from technology and societal needs, new
priorities are continually being set. Thus, with the current research thrust areas such as
environmental remediation, pollution prevention etc, production of ultrahigh pure
metals for technological applications and consequently, demand for new and highly
selective separation and purification processes are always on the rise. Although
chemical separations, as used in almost every major industrial process, have been
more or less standardised, there may be regulatory and economic incentives to
improve efficiencies, need to implement pollution prevention strategies and minimize
adverse environmental impacts etc, which will suggest ongoing attempt for renovation
and research. Due to the availability of various techniques to a separation scientist, an
evaluation of the factors influencing improved metal ion separations as well as the
pros and cons of various available methods need to be discussed before attempting to
discover newer strategies.

1.1.Solvent Extraction Method
Solvent extraction is a method used to separate metal ions based on their different
solubility in to two immiscible liquid phases, usually water and an organic solvent.
This method is also called a liquid-liquid extraction method. The aqueous phase
containing the metal ions before extraction is called the feed solution. During solvent

extraction process, the metal ions are transferred from the aqueous phase in to the
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immiscible organic solvent. The two phases are then separated when the metal
extraction is over. The remaining aqueous phase after extraction, depleted in the
content of metal ions, is called the raffinate. The loaded organic solvent after
extraction is then contacted with an aqueous phase containing suitable reagents to
back-extract the metal ions in to the aqueous phase from the organic phase. Back-
extraction of metal ions from the loaded solvent is termed as stripping. Successful
solvent extraction process depends upon the choice of appropriate organic solvent
which again depends upon the metal species present in the feed solution. There are
four broad categories of solvents or, ligands used in the solvent extraction technique
named as

) Solvating ligands

i) Cation exchangers

iii) Anion exchangers

iv) Chelating ligands

Solvating ligands which solvate the metal ions in their neutral form during
extraction. Tributyl phosphate (TBP) [5], trioctyl phosphine oxide (TOPO) [6],
methyl isobutyl ketone (MIBK) [7] are the solvating ligands commonly used for the
extraction of uranium, plutonium, zirconium, hafnium, lead, zinc, iron, cadmium, etc.
metal species from aqueous medium. Cation exchangers extract the metal ions present
in the aqueous medium in their cationic form. Di-2-ethyl hexyl phosphoric acid
(D,EHPA) [8], naphthenic acid, versatic acid [9] etc. are the commonly used cation
exchangers used for the extraction of copper, zinc, nickel, cobalt and silver present in
the aqueous solution in their cationic forms. Anion exchangers can extract the metal
ions present in their anionic form in the aqueous phase. Commonly used anion
exchangers are alamine-336 and aliquat-336 [8] which are quarternary ammonium

3
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salts used for the extraction of uranium, thorium, vanadium, cobalt complexes etc.
present in anionic forms in the aqueous solutions. Chelating extractants form chelate
with the metal ions present in the aqueous phase and extract them in to the organic
phase. Commonly used chelating ligands are lix-63, lix-65 and kelex 100 [10] which
are used to extract copper, nickel and cobalt from their aqueous solutions.

Sovent extraction method is used when the metal ion concentration in the aqueous
solution is >1g/L. For the application of solvent extraction technique, the following
criteria should be fulfilled.

(1) The solvent should be highly selective for the metal ion of interest.

(i) Loading capacity of the solvent should be high for the metal ion so that metal ion
can be recovered quantitatively using minimum number of extraction steps.

(iii) For the re-use of the solvent, strip solution for the back extraction of metal ion
from the loaded organic solvent should be easily available.

(iv) Good solubility of the solvent in paraffinic diluents is important as it provides its
user-friendly applicability under non-hazardous environments.

(v) Solvent should have good chemical stability for its long usage.

(vi) Solvent should have high flash point and also high boiling point to avoid fire-
hazards.

(vii) It should be easily synthesised easily at a large scale and at low cost.

1.1.1. Limitations of Solvent Extraction

)] Since the solvent inventory used is high, operational cost is high. Degradation
of solvent after repeated use also increases the cost.

i) Aqueous solubility of some solvents causes loss of solvent.

iii) Flammability of organic solvent causes operational work-hazard.
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1.2. Solid Phase Extraction (SPE) Method

Solid phase extraction (SPE) method is a tool for treating solutions containing less
concentrated solution of metal ions, generally <1g/L. In this method, the metal ion
present in the solution distributes itself among the solid phase and the aqueous
solution. For large scale applications, SPE are used in columns. Process efficiency is
then governed by the solid phase metal loading capacity, flow rate of the aqueous

metal ion bearing solution, bed volume in the column etc. SPE can be broadly

classified as
) lon Exchange
i) Sorption

In ion exchange method, metal ions get attached to the solid phase by coulombic
interaction with the solid material which acts as an ion exchanger. lon exchangers are
also of two types i) cation exchanger, ii) anion exchanger. Type of ion exchanger is
selected based on the metal species (cationic form /anionic form) present in the
aqueous solution.

Sorption of metals can be classified as i) physisorption (caused by van der
Waals forces), ii) chemisorption (caused by chemical bonding between metal species
and the sorbent). Different structural materials are used for sorption e.g. activated
carbons, inorganic extractants, silica gels, polymers etc. These materials are used
directly or, modified chemically to enhance sorption and also selectivity of the metal
ions of interest. Different chemically modified structural materials are reported in this
regard. SPE technique is also used in chromatographic separation, high pressure
liquid chromatography (HPLC) for versatile applications.
1.2.1. Limitations of SPE

) Long time of operation is required.
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i) Modelling of metal-ligand complex is difficult.
1.3. Membrane Extraction Method

Membrane extraction technique is also used for the extraction of metal ions from
the aqueous solution where the organic phase is entrained in the membrane. In this
method also the metal ion distributes itself between two immiscible phases according
to its different solubility in these two phases. Metal ion thus gets extracted from the
aqueous phase in to the organic phase. The extraction is governed by the diffusion of
the metal ions from the aqueous phase into the organic phase and also inside the
organic phase. Membrane extraction and separation process has its importance
because of its low cost, low energy and solvent consumption, high concentration
factors. There are two types of liquid membrane extraction techniques, viz.,
1) Supported liquid membrane
i) Emulsion liquid membrane

In supported liquid membrane (SLM), the thin layer of organic phase is
immobilized onto a suitable inert microporous support, and then interposed in
between two aqueous solutions i.e. the feed solution and the strip solution (Fig.1.1)
[11]. In this three-phase extraction technique metal ions are extracted from the
aqueous feed solution through the organic liquid phase into the strip solution as
shown in the figure. In supported liquid membrane, microporous films are used as the
solid support where the membrane thickness generally used is 20-150 pm.

In emulsion liquid membrane, liquid droplets (droplet size 0.5-10 pm)
consisting of the organic phase are dispersed into aqueous phase where the metal ions
are present. The emulsion liquid membrane is a non-supported liquid membrane
whereas, flat sheet liqguid membrane and hollow fibre liquid membranes are supported

liquid membranes.
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PTFE membrane

Product compartment]

I

Strirring bars
Fig. 1.1 Supported liquid membrane set up

1.3.1. Limitations of Membrane Technique
)] Stability of the membrane is less.
i) Leakage of organic solvent from the membrane pores in case of SLM.
1.4. Types of Extractants

Depending upon the binding mode of the extractants with the metal ions,
extractants can be classified as i) lon exchangers, ii) Complexing ligands. lon
exchangers bind to the metal species by Coulombic interaction. The extractant is
either a cation exchanger or, an anion exchanger in this case. Cation exchangers bind
with the cations and generally contains -SO3H or, -COOH group where the proton
gets exchanged with the cation. Anion exchangers bind with the anions and generally
contain a tertiary amine group. Complexing ligands bind to the metal ion species by
co-ordination bonding. Complexing ligands can be classified as i) hard donor ligands
which contain a more concentrated, less polarizable electron pair on the binding atom
like oxygen and nitrogen atoms, oxide ion etc. at the donor site and ii) soft donor
ligands which contain less concentrated and more polarizable electron pair at the co-
ordinating atom which are mainly based on sulphur donor atom at the binding site.
Different ion exchangers and complexing ligands which are categorised according to

the important element present in the binding group such as phosphorus based,
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nitrogen based, sulphur based ligands and also other ligands have been described
elaborately below.

1.4.1. Phosphorus based Ligands: Different phosphorus based extractants
containing oxygen atom at the donor site or, oxide ion at the binding site have been
reported so far. Commonly used phosphorus based ligands are tributyl phosphate
(TBP) [12], di-(2-ethylhexyl) phosphoric acid (D,EHPA) [8], 2-ethylhexyl
phosphonic acid (PC88A) [13], bis(2,4,4-trimethylpentyl)phosphinic acid (cyanex
272), tri-octyl phosphine oxide (TOPO) [6], tetra-butyl-pyrophosphate (TBPP) [14],
di-n-butyl phosphate (DBP) [15], bis(2-ethylhexyl)-1-(2-ethylhexylamino)propyl
phosphonate (BEAP) [16], tris(2-ethylhexyl)phosphate (TEHP) [17], di(1-methyl-
heptyl)methyl phosphonate (DMHMP) [18], mixture of tri-alkyl phosphine oxides
(cyanex 923), 2-ethylhexyl phosphoric acid mono-2-ethylhexyl ester (EHEHPA) [19],
carbamoyl methyl phosphine oxide (CMPO), phosphorylated calixarenes,
benzoylmethylene triphenyl phosphorane (BMTPP) [20]. Sorbents like bis-(2,4,4-
trimethylpentyl)-monothio phosphinic acid (cyanex-302) encapsulated in to calcium
alignate gel, chitosan-tripolyphosphate (CTPP) [21] are also reported.

1.4.2. Nitrogen based Ligands: Tri(iso-octyl)amine, di-n-decylamine sulphate, tri-
n-octylamine [22], tertiary amines [23], tri-isodecylamine (alamine 310) [24],
N,N,N’,N’-tetraalkyl-2 alkyl propane-1,3 diamides [25], N,N’-dimethyl-N,N’-
dibutylmalonamide, N,N-dihexyl substituted amides, N,N,N’,N’-
tetrabutylsuccinamide (TBSA) [26], N,N,N’,N’ tetrabutyladipicamide, N,N-
dibutyldecanamide (DBDEA) [27], N-octanoylpyrrolidine (OPOD) [28], aliquat 336,
alamine 336, alamine 308 (tri isooctyl amine), alamine 304 (tri-dodecylamine) [29],
alamine 300 [30], N-cyclohexyl-2- pyrrolidone [31], N-octyl aniline [32], tertiary

pyridine [33], tris (2-ethylhexyl) amine (TEHA) [34], 5,8-diethyl-7-hydroxy-6-
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dodecanone oxime (LIX 63) [35], 2-hydroxy-5-nonylacetophenoneoxime (LIX 84),
adogen 464 [36], N-alkyl carboxylic acid amides, N,N’-dimethyl-N,N’-dibutyl-2-
tetradecylmalonamide (DMDBTDMA) [37], N,N,N’,N’-tetraoctyl diglycolamide
(TODGA) [38], N,N,N’,N’-tetraoctyl-3,6-dioxo-1,8-diamide (DOODA) [39],
dicarboxypyridine diamide (DCPDA) have been reported as the nitrogen based
solvents for the extraction of metal ions. Solid phase extractants like modified silica
gel with 3-(2-aminoethylamino)propyl group, dipyridyl amide functionalized
polymers [40], 2,6-diacetylpyridine functionalized amberlite XAD-4 [41], tertiary
pyridine resin, polypyrrole-polythiophene, quaternary ammonium anion exchange
resin [42], diethylenetriamine (DETA) grafted onto poly (glycidyl methacrylate)
(PGMA) [43], dowex A-1, tetrabutyl ammonium iodide (TBAI) immobilised on the
surface of activated carbon [44], 1-(2-pyridylazo) 2-naphthol (PAN) immobilised on
resin are also reported for the extraction of various metal ions.

1.4.3. Sulfur based Ligands: Di-n-butyl sulfoxide (DBSO) [45], bi-functional
carbamoyl methyl sulfoxides [46], dihexyl sulfoxide (DHSO), bis-2-
ethylhexylsulfoxide (BEHSO), bis(2,4,4-trimethylpentyl) monothiophosphinic acid
(cyanex 302), cyanex 471x [47], dioctyl sulphide [48], dihexyldithioether, dioctyl
sulphoxides (DOSO), bis-(2-ethylhexyl) sulphoxide (BESO), triisobutyl phosphine
sulphide (TIPS), 2-octyl-1,4,7-trithiacyclononane (2-octyl-9S3), 1,4,7-
trithiacyclodecane (10S3), dinonyl naphthalene sulfonic acid (HDNNS) solvents are
reported as the sulphur based extractants. Tri-isobutyl phosphine sulphide (cyanex-
471X) permeated in chromosorb-102, dithiooxamide functionalized resin, melamine-
formaldehyde-thiourea (MFT) resin, dimercaptosuccinic acid (DMSA) functionalised
iron nanoparticles [49], 2-acrylamido-2-methylpropanesulfonic acid (AMPS) grafted

on silica surface [50], 5,5-diphenylimidazolidine-2-thione-4-one (thiophenytoin)
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(DFID) and 2-(4’-methoxy-benzylidenimine) thiophenole (MBIP) [51] are the sulphur
based solid phase extractants for the extraction of metal ions.
1.4.4. Other Ligands: 1-(4-Tolyl)-2-methyl-3-hydroxy-4-pyridone [52],
dicyclohexano-18-crown-6 (DC18C6) [53], methyl isobutyl ketone (MIBK),
naphthenic acids, versatic acids (versatic10, versatic 911), lix 54, hosterex DK-16 are
the reported solvents for the extraction of metal ions. Sorbents like goethite,
amorphous ferric oxyhydroxide, hematite, akaganeite-type nanocrystals, polypyrrole,
activated carbon [54], amberlite IRA-900, amberlite IRN-78, dowex 1x8-400, dowex
2x8-400, amino carboxylic resins like ANKB-2, ANKB-35, MS-5; carbon nanotubes,
acrylic acid (AA) incorporated into poly(N-isopropylacrylamide) (PNIPAM) [55], 1-
nitroso-2-naphtholimmobilised on alumina, 5,5-diphenylimidazolidine-2,4-dione
(phenytoin) (DFTD) are reported for the solid phase extraction of metal ions.
A number of biosorbents like chitosan, saw-dust, rice husk have also been applied for
the sorption of metal ions [56]; Different bacteria like bacillus cereus, B. subtilis,
escherichia coli, pseudomonas aeruginosa and rhodococcus opacus also have been
used for the bio-sorption of heavy elements from aqueous medium [57-58].
1.5.  Extraction of Important Metal lons from Agueous Medium

Uranium, zirconium-hafnium, rare earth elements, palladium and other heavy
elements like lead, chromium, zinc, copper etc. come into aqueous body from the
process streams of different industries like nuclear industry, mining industry,
materials manufacturing industries, automobile industry, metal plating industry,
chloralkali processing industry, tanneries, smelting and alloy industries, radiator
manufacturing, inorganic pigment manufacturing industries, storage battery
industries, petroleum refining industries etc. These elements need to be extracted from

the aqueous streams for their re-use as well as the pollution free discharge of these
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aqueous streams into the environment. Applications of these metal ions in different
fields have been discussed below and health impacts of heavy elements on human
body have also been highlighted.

1.5.1. Applications of Important Metal ions
1.5.1.1. Applications and Health Impact of Uranium

Uranium has its wide applications in electricity generation, military and
civilian usage. Fission of each uranium-235 produces 200MeV energy by the
following reaction.

#U+n — [%5U] — '3Mo + 'Esn

Fission of one gram of uranium-235 can produce energy equivalent to the
energy produced by consuming 3 tonnes of coal or 2300 litres of fuel oil. Due to the
increasing demand of electricity in human civilisation, production of power from
nuclear fuels is gaining importance. The power share in total electricity generation is
increasing because of depletion in the resources of conventional fuels like coal, oil
and gas. Natural radioactivity of uranium causes health impacts like it damages
kidney and also accumulates in bone. Therefore, extraction and recovery of uranium
IS mandatory.
1.5.1.2. Applications of Zirconium

Zirconium and its compounds have wide applications in various fields. The
unique properties of zirconium i.e. corrosion resistance and low thermal neutron
absorption cross section (0.02barn) [59] has made it highly useful in nuclear industry.
Zirconium alloys are used in nuclear fuel cladding, coolant pressure tubes etc. Earlier
zircaloys like zircaloy-1 (Zr-1.5% Sn), zircaloy-2 (Zr-1.5% Sn, 0.14%Fe, 0.10% Cr,
0.06% Ni) had been used in pressure tubes. But the low hydrogen uptake of Zr-2.5Nb

alloy increases its mechanical stability against corrosion and therefore frequently used
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in pressure tubes replacing zircaloy-2 (in boiling water reactors, BWRS) which has
less mechanical strength. Zircaloy-4 (which contains a higher Fe content instead of
Ni) is used as cladding material in fuel pins in pressurised water reactors (PWRS).
Other applications of zirconium, zirconium alloys and its compounds have been
mentioned here. Zircon (ZrSiOy) is refractory, hard, and resistant to chemical attack
and hence, is used directly in high-temperature applications. Metallic zirconium has a
property of excellent resistance to corrosion and hence, is often used as an alloying
agent in making materials which are used in surgical appliances, light filaments, and
watch cases. Zirconium dioxide (ZrO,) is also used in laboratory crucibles,
metallurgical furnaces, and as a refractory material [13].
1.5.1.3. Applications of Rare Earth Elements

Rare earth has its enormous applications in a number of fields. Its major
applications have been mentioned here. Rare earths are used as electric traction drives
replacing or supplementing internal combustion engines in hybrids, plug-in, and
electric vehicles. Rare earths are used in wind and hydro power generation, in
computer disc drives, cordless power tools, handheld wire-less devices etc. Rare
earths can produce magnetic field and therefore, is highly useful in medical diagnosis
like medical imaging in MRI. High energy efficiency of rare earth elements is also
used in X-ray imaging. The unique luminescent property of rare earths is used widely
in flat screen display. Rare earths can oxidise CO and ozone to CO, and O,. This
property is used in catalytic converters and other emission reduction technologies.
1.5.1.4.Applications of Palladium

Palladium demonstrates good catalytic and corrosion resistance behaviour.
Therefore, palladium is used in making automobile catalysts which can convert

harmful gases from the exhaust (e.g. hydrocarbons, carbon monoxide and nitrogen
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dioxide) into less harmful materials (nitrogen, carbon dioxide and water vapour).
Palladium is also used in electronics, dentistry, medicine, hydrogen purification,
chemical applications. Palladium can adsorb high amount of hydrogen gas (800 times
its own volume) and hence, is successfully used for making storage material for
hydrogen.
1.5.1.5.Applications and Health Impact of Other Heavy Elements

Other heavy elements coming into aqueous body from different industrial streams
are lead, chromium, zinc and copper. They have huge health impact on human body
when ingested through aqueous streams and cause many disorders. Some of their
health impacts have been discussed here [21-22]. Intake of lead causes damage to
brain and nervous system. Lead also causes long-term harm in adults, including
increased risk of high blood pressure and kidney damage. High intake of zinc causes
fever, birth defect (if over exposed). High intake of copper causes liver and kidney
damage and even death, Wilson’s disease etc. Intake of chromium causes lung, nasal,
and sinus cancer, severe dermatitis and usually painless skin ulcers, liver and kidney
problems etc. These heavy elements also have their individual applications like lead is
used in batteries, cable sheaths, machinery manufacturing, shipbuilding, light
industry, lead oxide, radiation protection and other industries. Chromium is used in
tanning as mordants, in dye production, as wood preservers, in the production of
pigments used against metal corrosion (electroplating), etc. Zinc is used (as zinc
oxide) in paints, rubber, cosmetics, pharmaceuticals, plastics, inks, soaps, batteries,
textiles and electrical equipment. Copper is used in electrical generators and motors,
in electrical wiring, in electronic goods, such as radio and TV sets, in motor vehicle

radiators, air-conditioners, home heating systems etc.
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1.5.2. Sources of Metal lons of Importance

Sources of uranium, zirconium, rare earth elements, palladium and other
important heavy elements e.g. lead, chromium, zinc and copper is important to locate
these metal ions in nature. Different sources of these metal ions of interest have been
described below.
1.5.2.1.Sources of Uranium

Uranium (atomic number 92, electronic configuration [Rn]5f * 6d* 7s%) is
radioactive in nature and has several isotopes like U%®, U?*® U%* U%*, U?*® and U
[3]. It is obtained from different sources as described here. ***U (99.27%)
and U (0.72%) are the most common uranium isotopes found in nature. Uranium is
found almost everywhere in nature like rock, soil, rivers, and oceans. Pitchblende is
the primary ore of uranium. Other ores are coffinite, davidite etc. Phosphate rocks are
also a source of uranium. From phosphate rocks uranium is recovered as a by-product
from phosphate fertiliser industry. From different ores, uranium is recovered by the

following methods.

Uranium ore

Ore preparation

l
Leai|:hing
\ !

Acid Alkaline

Exltraction

Amex process Dapex process
3 to 5 stages 3 to 6 stages
4.5g U304 4.5g to 7.0 U30g
Stripping

1 to 4 stages
with 0.75 to 1.0
mol.dm™> Na,CO5

Final product
(> 75% U30g)

Fig. 1.2 General processing of uranium from ores
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The crude product containing uranium is then processed to make uranium
fuels for nuclear reactors. In the reactors the fuels are burnt and the remaining
uranium present in the spent fuel is reprocessed back for further use. The whole

process of uranium cycling is called ‘nuclear fuel cycle’ and is depicted below

(Fig.1.3).
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Fig.1.3 Nuclear fuel cycle

Nuclear fuel cycle consists of two main subparts: i) front end and ii) back end. Front
end of nuclear fuel cycle consists of uranium mining, milling, enrichment of uranium-
235 isotope and fuel fabrication. Wastes and scraps containing uranium are generated
during different steps of uranium processing. At the back end, the irradiated fuel is
chemically reprocessed for separation and recovery of uranium, plutonium and other
precious elements as produced by the fission reaction. Uranium and plutonium are
recycled back in the front end of nuclear cycle. Our present work focusses on the
extraction and recovery of uranium from fuel scraps and lean aqueous streams
produced at the front end of nuclear cycle which are described in chapter 3. Present

work also highlights on the extraction of palladium from high level waste (HLW)
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(generated at the back end of nuclear fuel cycle) which has been discussed in chapter
6. Rare earth elements have also been tried to remove from HLW as has been
described in section 1.5.2.3 below.
1.5.2.2.Sources of Zirconium

Zirconium is a lustrous, grey-white, strong transition metal that resembles
hafnium. Zirconium has the atomic number atomic number 40 and the electronic
configuration [Kr]4d®5s®. Zirconium is the ninth most abundant element in the earth's
crust. Zircon (ZrSiQy) is the major source of zirconium. Zirconium is always found in
combination with 1-3 wt% hafnium in nature. Separation is very difficult due to their
similar chemical properties such as close atomic radii (1.45 A and 1.44 A,
respectively) and similar valence electron configurations. This makes a concern for
the application of zirconium in nuclear industry due to the opposite nature of
zirconium and hafnium regarding the absorption of thermal neutrons in the nuclear
reactors. Therefore, separation of zirconium from hafnium is mandatory looking into
their nuclear applications which has been discussed in chapter 4.
1.5.2.3.Sources of Rare Earth Elements

Rare earths elements are mainly the 14 elements following lanthanum, i.e.
from cerium (atomic number 58) to Lutetium (atomic number 71). Yttrium is also
considered as a rare earth element (though it does not belong to the lanthanide group)
due to its similar properties like lanthanides. The term “rare” is used because these
elements occur only rarely in concentrated and economically exploitable mineral
deposits in the earth’s crust. Monazite is the major source of rare earths in India.
Monazite contains 55-60% of rare earths along with uranium. Recovery of rare earth

elements from monazite and separation from radioactive uranium is a concern for
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their use in public domain. The work focussing on the separation of rare earth
elements from uranium has been highlighted in chapter 5.
Rare earth elements are produced after the fission reaction of nuclear fuel and
therefore, come into high level waste (HLW) during the reprocessing of spent nuclear
fuel. HLW contains both rare earth elements and minor actinides (Np, Am, Cm etc.).
HLW is proposed to be vitrified in deep repositories. But the long half lives of minor
actinides (10%-10° years) increases the risk of glass deformation and radionuclide
migration to aquatic environment under natural calamities. Therefore, minor actinides
need to be transmuted at accelerator driven subcritical reactor (ADSR) to short-lived
or stable nuclides. But the rare earth elements present in HLW creates problem during
transmutation due to their high neutron absorption cross sections. Moreover, the rare
earth elements also segregate and form a separate phase during vitrification of
radioactive wastes. Therefore, separation of minor actinides from rare earth elements
is necessary for processing of HLW and this work has been discussed in chapter 5.
1.5.2.4.Sources of Palladium

Palladium (atomic number 46, electronic configuration [Ar] 3d*® 4s? 4p°® 4d™)
is a rare and lustrous silvery-white metal discovered in 1803 by William Hyde
Wollaston. Palladium is a rarely available element in nature. It occurs along with the
platinum group metals (PGM) in nature. The abundances of PGMs in the primary and
secondary ores are 0.7 to 7 ppm respectively [60] where palladium consists of ~0.85%
of the total naturally available PGMs. Therefore, separation and recovery of
palladium from secondary resources is highly important for its various applications as
well as growing demands. Spent automobile catalyst is a good secondary resource of
palladium. Therefore, separation and recovery of palladium from spent automobile

catalyst has been carried out and discussed in chapter 6.
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1.5.2.5.Sources of Heavy Metals

Heavy metals are normally contemplated as those whose density exceeds 5
glcm®. Most of the components belonging to this grouping are extremely water
soluble, popularly-known toxins and carcinogenic agents. Heavy metals e.g. lead,
zinc, copper and chromium create environmental pollution largely when they are
disposed from industrial wastes like copper comes in the aqueous streams from gold
mining industry [61], chromium (VI) comes into aqueous solution from inorganic
pigment manufacturing industries and petroleum refining conversion catalysts, lead
comes into aqueous solution from plastics, cathode ray tubes, ceramics, alloys like
solders, steel and cable reclamation etc. [62]. Removal of heavy elements from
aqueous streams is a serious subject for researchers. Extraction and removal of heavy
elements from aqueous streams have been discussed in chapter 7.

The selectivity in the extraction of metal ions from the aqueous medium
depends upon the selective and strong complexation of the metal species with the
ligand. To understand the metal-ligand complexes at molecular level, theoretical
investigation and quantum mechanical calculations are required. Theoretical
understanding highlights on the electronic states of both of them involved in co-
ordination and binding. This gives the idea for design of a more selective ligand based
on the co-ordination mode of the ligand and available orbitals and co-ordination
number of the metal species. Different quantum chemistry based computational
methods as reported for obtaining the equilibrium geometry, binding energy, reaction
mechanism etc. have been briefly discussed in section 1.6.

1.6. Theoretical Investigation on Metal-Ligand Binding
Preliminary geometry optimizations can be carried out at the density

functional theory (DFT) level employing the PBE functional [63-64] in conjunction
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with the def2-TZVP basis set [65-66]. For uranium, zirconium, rare earths etc. the
inner-shell core electrons can be replaced by an effective core potential (ECP)
generated for a neutral atom by using quasi-relativistic methods [67] and the explicitly
treated electrons can be described by standard def-TZVP basis sets. Resolution-
ofidentity approximation [68-69] is also reported in conjunction with the appropriate
auxiliary basis sets to speed up the calculations where empirical dispersion
corrections from Grimme (D3) [70] are also incorporated. This provides the basis-set
combination which is referred to as def2-TZVP-ECP. Under experimental conditions,
the metal ions are extracted from the aqueous phase to the ligand phase after forming
complexes with the ligand. The influence of the solvent environment around the metal
ion is reportedly considered with the conductor-like screening model (COSMO) [71]
during the optimization step. For characterization of the located stationary points as
minima on the potential energy hyper surface, gas phase harmonic vibrational
frequency calculations can be performed on the gas-phase and solvent-phase
optimized geometries, at the same level. The sensitivity of the method implied for the
calculations, the RI-PBE-D3/def2-TZVP-ECP geometries can be subjected to
additional geometry optimizations at the DFT level employing the BP86 functional
[72-73] for which the triple-{def2-TZVP(-f) basis sets derived from def2-TZVP can
be used by removing the f-polarization functions for the main group elements, for
better computational efficiency [65-66]. The calculations can also be corrected for
relativistic effects for elements with high atomic numbers using the zero-order regular
approximation (ZORA) approach [74-75]. For actinides, the segmented all-electron
relativistically contracted (SARC) basis sets [76] are reported, which is specifically
developed for scalar relativistic calculations and is individually adapted to ZORA

Hamiltonians. The resolution-of-identity (RI) approximation [68-69], as reported, has
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also been applied in conjunction with the appropriate auxiliary basis sets for fast
computations. Empirical dispersion corrections are also reoported to be incorporated
using the atom-pairwise dispersion correction with Becke-Johnson damping (D3BJ)
[70,77]. ‘Atoms in molecules’ (AIM) [78-79] analysis is reported to be performed to
characterize the nature of metal-ligand chemical bonds by evaluating parameters like
electron density, the laplacian of the electron density, delocalization indices, and the
energy density at bond critical points using the AIMAII program package [80].
1.7.  Objective of Present Work

Present thesis work is primarily focused on the separation of different metal
ions such as uranium, rare earth elements, zirconium, palladium and heavy elements
namely lead, chromium, zinc, copper etc. from various aqueous streams. We have
followed three different extraction methods, namely solid phase extraction, solvent
extraction and membrane based extraction methods. Since the previously proposed
complexing ligands for the separation of metal ions have many limitations, there is a
demand for selective and efficient separation of metal ions from various chemical
mixture and industrial as well as nuclear reactor wastages. Accordingly, another
important aspect of the present thesis work is aimed towards the design of novel
ligands for the extraction and separation of metal ions efficiently. For instance,
phosphate functionalised silica gels, amine and amido pyridyl phosphate
functionalised silica gel have been synthesised, characterised and used for the
separation and recovery of uranium from nitric acid medium. These ligands have also
been assessed for the separation of zirconium from hafnium. In an another attempt,
we have use of another ligand namely 1,8-dihydroxy anthraquinone functionalised
silica gel and attempted for the separation and recovery of rare earth elements from

uranium.
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Separation of rare earth elements from actinides has also been attempted by

ethyl bistriazinylpyridine ligand. More importantly, recovery of palladium from spent

automobile catalyst and also from high level nuclear waste stream have been carried

out a newly proposed complexing ligand namely dithiodiglycolamide (DTDGA)

ligand. Similarly, we have also designed other ligands, viz., butanol functionalised

silica gel and amido pyridyl amine functionalised silica gels and successfully applied

for the removal of heavy metals from aqueous medium. In order to understand the

chemical binding pattern of the complexing ligands with different metal ions at the

molecular level, quantum chemistry based computational methods have been carried

out.
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Chapter 2
Synthesis, Characterisation and

Experimental Techniques

In this chapter, the synthesis and characterization of functionalised silica
gels and the experimental methods adopted for metal ion extraction have been
discussed in details. Eight different functionalised silica gels namely, i) single
phosphate functional group attached on the silica gel surface through a flexible carbon
chain (reported as ‘SPFSG’), ii) mono-phosphate functional group attached on the
silica gel surface directly (reported as ‘MPFSG’), iii) bi-phosphate functionalised
silica gel (reported as ‘BPFSG”), iv) tri-phosphate functionalised silica gel (reported
as ‘TPFSG’), v) amine and amido pyridyl phosphate functionalised silica gel
(reported as ‘AAPPFSG”), vi) 1,8-dihydroxyanthraquinone functionalised silica gel
(reported as ‘DHAFSG’), vii) amidopyridyl amine functionalised silica gel
(APAFSG), viii) butanol functionalised silica gel (BFSG) have been synthesised and
characterised for the sorption and separation of uranium, zirconium-hafnium, rare
earths, lead, copper, chromium and zinc from aqueous medium. Various tools namely,
Fourier Transform Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy
(SEM), Energy-Dispersive X-Ray Spectroscopy (EDS), Thermo-Gravimetric
Analysis (TGA) and X-Ray Photoelectron Spectroscopy (XPS) etc. that have been
used to characterise the ligands, have been discussed in this chapter. Different
experimental methods exploited in the metal extraction and separation studies like a)
solid phase extraction (SPE), b) liquid-liquid extraction which containing two main
sub-categories like i) solvent extraction and ii) membrane separation methods, have
been discussed below.
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2.1. Synthesis and Characterisation of Functionalised Silica Gels

Alkali treated silica (ASG) has been obtained by the following way. Silica gel
has been refluxed with 0.1 mol L™ hydrochloric acid for 3 h to remove iron, if
present, and has been made acid free by washing several times with de-ionised water.
The conditioned silica gel (25 g) has been treated with 0.1 mol L™ sodium hydroxide
for 12 h. It has been then washed with de-ionised water till it has become alkali free.
The Alkali treated silica (ASG), thus obtained, has been used in preparing the
following functionalised silica gels as described below.

2.1.1. Synthesis & Characterisation of Single Phosphate Functionalised Silica Gel
(SPFSG)
2.1.1.1. Synthesis of Single Phosphate Functionalised Silica Gel (SPFSG)

SPFSG has been synthesized as per the reaction scheme shown in Fig.2.1. The

ASG (20 g) has been stirred with 1,4-dibromobutane (5 ml) in water (200 ml) for 16
h. It has then been filtered. The brominated silica, thus obtained, has been then stirred
with 5 ml of di-(2- ethylhexyl)phosphoric acid shortly named as DEHPA (5 ml) in
presence of a base for 18 h. The functionalised silica, thus obtained, has been filtered,

washed with ethanol and then dried at 60 °C for 6 h.

L NaOH
4 2l4dbrondame 7 e 4 7 \Q/\O\
dooy ————= Si—0— Bt —— H—-0—ADNp=0
2 7 4 /\Q/\o/
silica gel hrominated silica gel PFSG

Fig.2.1 Synthesis route of SPFSG
2.1.1.2. Characterisation Studies for SPFSG
2.1.1.2.1. FT-IR Study for SPFSG
IR spectra (4000-400 cm™ using spectrometer-JASCO FTIR-6100) has been

recorded for characterisation of the functional groups present in SPFSG (Fig.2.2).
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Bands at 958 cm™ and 1208 cm™ in the spectra correspond to P-OR ester (R is alkyl
group) stretching frequency, P=0 stretching vibration frequencies, respectively. These
are the characteristic bands of phosphate group [1]. Bands at 1101 cm™ is attributable
to Si-O-Si and Si-O-C stretching vibration frequencies. C-H stretching vibration
frequencies are observed at 2930 cm™. Bands at 635 cm™, 1465 cm™ and 1620 cm™
are due to Si-O-Si bending vibration, CH, bending vibration and H-O-H bending
vibrations [2] of adsorbed water molecules on to SPFSG respectively. Therefore,

silica gel has been functionalised successfully providing SPFSG as the final product.
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Fig.2.2 FTIR spectra of SPFSG
2.1.1.2.2. SEM and EDS Study for SPFSG
The morphology of the powder has been investigated using Scanning
Electron Microscopy (SEM) and chemical composition has been determined through
Energy-Dispersive X-Ray Spectroscopy (EDS). SEM image of SPFSG has been
shown in Fig.2.3. It shows that the particles of SPFSG are less than 45um. EDS
spectra of SPFSG, as shown in Fig.2.4, indicates the presence of carbon, phosphorus,

oxygen and silicon on the surface of SPFSG. This is attributed to the incorporation of
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phosphate group on to the silica gel surface. Additional peak of gold (Au) is due to

the application of gold coating over the sample for SEM examination.

Fig.2.4 EDS spectra of SPFSG
(intensity.vs. Kinetic energy (keV)

plot)

Fig.2.3 SEM spectra of SPFSG

2.1.1.2.3. TGA Study for SPFSG

TGA scan of SPFSG from 275°C to 600°C temperature range is shown in
Fig.2.5. The weight losses at 362°C and 525°C are due to the dissociation of
phosphate moiety and the decomposition of rest of the organic moiety bonded to the

inorganic silica backbone, respectively. Similar results have been reported by Cochez

et.al [3].
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Fig.2.5 TGA spectra of SPFSG
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2.1.1.2.4. XPS Study for SPFSG

XPS spectra of SPFSG has been given in Fig.2.6. The peaks in the wide-scan
spectra (Fig.2.6a) of SPFSG attribute to Si 2p, P 2p, Si 2s, P 2s, C 1s and O 1s with
binding energies at about 104.07, 129.9, 154.8, 192, 284.6 and 531.5 eV respectively.
The C 1s spectra (Fig.2.6b) can be curve-fitted into two peak components with
binding energies at about 284.71 eV (71%) and 286.04 eV (28.1%) attributable to the

C-C/C-H and C-O species respectively [4-6].

5800 O 18
5600 — . Si 28
10004 SiZp
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w
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=
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400
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L L T ¥ T o T % T
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binding energy (eV)
(a)

(b)

Fig.2.6 (a) XPS spectra of SPFSG. Peaks at 126.5 ev, 178eV, 306 eV, 347 eV are due
to residual impurities of Cu (3s), Ba (4p), Mg (KLL Auger), CaSO, (Ca 2p)
respectively which are present in the reagents used in the studies, (b) Cls peak at
284.6 eV in the XPS spectra of SPFSG.
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2.1.2. Synthesis & Characterisation of Mono-Phosphate Functionalised Silica
Gel (MPFSG)
2.1.2.1. Synthesis of MPFSG

MPFSG has been synthesised as per the reaction scheme shown in Fig.2.7.

ASG (25¢) has been reacted with diethyl chlorophosphite (15 ml) in ethanol (250 ml)
under reflux for 36 hours. The mono-phosphate functionalised silica gel (MPFSG),
thus obtained, has been then filtered, washed with ethanol properly to remove all

remaining reagent. It has been then dried at 50°C for 11 hours.

-~ fj) e
O 1. NaOH 2
@i —OH - @i 0% | -
2 diethyl b P=0
@) chl ecrophosphate O |
A o)
L

Fig.2.7 Synthesis scheme of MPFSG

2.1.2.2. Characterization studies for MPFSG
2.1.2.2.1 FT-IR Spectra of MPFSG
The FT-IR spectra of MPFSG has been taken (using IR instrument from

Bruker, Model TENSOR-27) to characterise it and has been given in Fig.2.8. It
shows the presence of similar vibration bands for P=0O and P-O-R (R is alkyl group)

as shown in case of SPFSG confirming the presence of phosphate group on it.
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Fig.2.8 FT-IR spectra of MPFSG
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2.1.2.2.2 EDS Spectra of MPFSG

EDS spectra of MPFSG (Fig.2.9), shows the presence of carbon,
phosphorus, oxygen and silicon on MPFSG sample. This confirms the presence of
phosphate group on to the MPFSG surface. Additional peak of gold (Au) in the
spectra is due to the application of gold coating over the sample for SEM

examination.

Spectrum 1

Fig.2.9 EDS spectra of MPFSG (intensity vs. kinetic energy (keV) plot)

2.1.3. Synthesis and Characterisation of Bi-Phosphate Functionalised Silica Gel
(BPFSG)
2.1.3.1. Synthesis of BPFSG

ASG (25g) has been reacted with 1,2,3-tribromopropane (5ml) in water (250

ml) under reflux for 18 hours. It has been filtered, washed with de-ionised water and
diethylether. The brominated silica gel (BSG-1) thus obtained has been then reacted
with 5ml of di-(2-ethylhexyl)phosphoric acid (DEHPA) in presence of a base for 16
hours giving the final product bi-phosphate functionalised silica gel (BPFSG). BPFSG
has been filtered, washed with ethanol and dried at 60°C for 10 hours. Synthesis

scheme of BPFSG has been given below (Fig.2.10).
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Fig.2.10 Synthesis scheme of BPFSG
2.1.3.2. Characterisation of BPFSG
BPFSG has been characterised by the following techniques.
2.1.3.2.1. FT-IR Study for BPFSG
In the IR spectra, bands at the position of 1208 cm™ corresponds to P=0 stretching
vibration frequencies. Bands at the position of 635 cm™, 1465 cm™ and 1620 cm™
correspond to Si-O-Si bending vibration, CH; bending vibration and H-O-H bending
vibrations of sorbed water molecules on to functionalised silica gel surfaces [1-2]
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Fig.2.11 FT-IR spectra of BPFSG

36



Chapter 2

2.1.3.2.2. XPS Study for BPFSG
XPS study of BPFSG shows the peaks at the energies of 104.07, 129.9, 154.8,
192, 284.6 and 531.5 eV for Si 2p, P 2p, Si 2s, P 2s, C 1s and O 1s (Fig.2.12) for

respectively. This confirms the successful functionalisation of BPFSG.
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Fig.2.12 XPS study of BPFSG

2.1.4. Synthesis and Characterisation of Tri-Phosphate Functionalised Silica Gel
(TPFSG)
2.1.4.1. Synthesis of TPFSG

ASG (25g) has been reacted with 1,1,2,2-tetrabromoethane (5 ml) in water

(250 ml) under reflux for 14 hours. It has been filtered, washed with de-ionised water
and diethylether. Brominated silica gel has then been reacted with 5ml of di-(2-
ethylhexyl) phosphoric acid (DEHPA) in presence of a base for 15 hours. TPSG, thus
obtained, has been filtered, washed with ethanol and dried at 60°C for 10 hours.

Synthetic scheme for TPFSG has been depicted in Fig.2.13.
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Fig.2.13 Synthesis scheme of TPFSG
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2.1.4.2. Characterisation of TPFSG

TPFSG has been characterised by FT-IR, SEM-EDS and XPS spectra as

described below.

2.1.4.2.1. FT-IR Spectra of TPFSG

Similar IR peaks like BPFSG have been observed in case of TPFSG (Fig.2.14)

which confirms the presence of phosphate group on its surface.
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Fig.2.14 FT-IR spectra of TPFSG

2.1.4.2.2. SEM-EDS Study of TPFSG

SEM spectra of TPFSG has been given in Fig.2.15a and the EDS spectra has
been given in Fig.2.15b. EDS spectra of TPFSG shows the presence of silicon,
phosphorus, carbon and oxygen on its surface which again confirms the successful

functionalisation of TPFSG. Additional peak of gold comes due to gold coating

during SEM study.

(b) Spectum2

Fig.2.15 (a) SEM spectra of TPFSG, (b) EDS spectra of TPFSG (intensity vs. Kinetic
energy (keV) plot)
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2.1.4.2.3. XPS Study of TPFSG
Peaks of carbon, oxygen, silicon and phosphorus have been observed in the

XPS spectra of TPFSG (Fig.2.16) as has been observed in case of BPFSG.
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Fig.2.16 XPS spectra of TPFSG

2.1.5. Synthesis and Characterisation of Amine and AmidoPyridyl Phosphate
Functionalised Silica Gel (AAPPFSG)
2.1.5.1. Synthesis of AAPPFSG

ASG (25g) has been reacted with 1,4-dibromobutane (5 ml) in water (250 ml)

under reflux for 18 hours. It has been filtered and washed with de-ionised water and
diethylether. The brominated silica gel (BSG-2), thus obtained, has been reacted with
5ml of ethylenediamine in water (250ml) under reflux for 16 hours. The amine
functionalised silica gel (ASG-1) thus obtained has been filtered and washed several
times with de-ionised water. ASG-1 has been then reacted again with 1,4-
dibromobutane under reflux for 14 hours. The amine functionalised and brominated
silica gel (AFBSG), thus obtained, has been filtered and washed properly with de-
ionised water. It has been then reacted with tris(aminoethyl)amine in water under
reflux for 16 hours. The amine functionalised silica gel (ASG-2) has been filtered,
washed with de-ionised water several times to remove residual reagents. ASG-2 has

been then reacted with dimethyl-2,6-pyridinedicarboxylate in ethanol under reflux for
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18 hours. The amidopyridyl carboxylate functionalised silica gel (APCFSG) has been
then filtered, washed with ethanol several times to remove residual reagents.
APCFSG has been finally reacted with di-(2-ethylhexyl)phosphoric acid (DEHPA) in
water in presence of a base for 18 hours. Amine and amidopyridyl phosphate
functionalised silica gel (AAPPFSG) thus obtained is the final product. AAPPFSG
has been filtered, washed with de-ionised water and ethanol and then dried at 60°C for

10 hours. The synthetic scheme for AAPPFSG has been given in Fig.2.17.
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Fig.2.17 Synthesis scheme of AAPPFSG

2.1.5.2. Characterisation of AAPPFSG
2.1.5.2.1. FT-IR Spectra of AAPPFSG

For of the characterisation of functionalised silica gels, infra red spectra
(4000-400 cm™) has been recorded for BPFSG, TPFSG and AAPPFSG using diffuse
reflectance accessory in a Fourier Transform Infrared Spectroscopy (FT-IR)
instrument (Fig.2.18). In the IR spectra for these three functionalised silica gels,
vibration frequency at 958 cm™ correspond to P-OR ester (R is alkyl group) bond
stretching, at 1101 cm™ correspond to Si-O-Si and Si-O-C bond stretching, at 1208
cm™ correspond to P=0 bond stretching and at 2930 cm™ corresponds to C-H bond

stretching vibration. Frequencies at 635 cm™ corresponds to Si-O-Si bending

vibration, at 1465 cm™ corresponds to CH, bending vibration, at 1620 cm™ for H-O-H
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bending vibrations for adsorbed water molecules on to the functionalised silica gel
surfaces [1-2].

Additional IR bands were observed for AAPPFSG ligand at the following
vibrational frequencies. Bands at 1653cm™, 1687cm™ observed for C=0 streching of
amide group [7] and at 1530 cm™ for the interaction between amide oxygen atom and
the amide nitrogen atom present in the parallel chains [8]; Bands at 1619 cm™
assigned to pyridine ring vibration [9]; 1699 cm™, 1734 cm™ and 1742 cm™ originate
due to carbonyl bond vibration of the ester group [10], The broad band at 1780-1784,
and a weak band at 1855 cm™ can be assigned to the symmetric (strong) and
asymmetric (weak) C=0 stretching vibrations of O=C-O-P=0 moiety present in the
functional group of AAPPFSG. Nakason et al. observed similar results for the
carbonyl groups present in anhydride moiety. [11] Bands at 1797 and 1833 cm™
correspond to the cis and trans stereoisomers of O-C=0 moiety [12], NH; scissoring
at 1595cm™, C-N stretching at 1320 cm™, NH wagging at 932cm™ [13]. These bands
characterise the presence of phosphate group on BPFSG, MPFSG and AAPPFSG

surfaces.
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Fig.2.18 IR spectra of AAPPFSG
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2.1.5.2.2. SEM-EDS Spectra of AAPPFSG

SEM spectra of AAPPFSG have been given in Fig.2.19a. EDS spectra has
been given in Fig.2.19b which shows the presence of silicon, phosphorus, oxygen,
nitrogen and carbon on the surface of AAPPFSG which confirms the successful

incorporation of functional groups on the surface of AAPPFSG.

Fig.2.19 (a) SEM spectra of AAPPFSG, (b) EDS spectra of AAPPFSG (intensity vs.
kinetic energy (keV) plot)

2.1.5.2.3. XPS Spectra of AAPPFSG

XPS spectra of AAPPFSG (Fig.2.20) shows the peaks of silicon, carbon,
nitrogen, oxygen, and phosphorus at binding energies of 104.07eV (for Si 2p),
154.8eV (Si 2s), 284.6eV (for C 1s), 398.3 eV (for N 1s), 531.5 eV (for O 1s), 129.9

eV (for P 2p), 192eV (P 2s). This indicates successful functionalisation of AAPPFSG.
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Fig.2.20 XPS of AAPPFSG
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2.1.6. Synthesis and Characterisation of 1,8-Dihydroxy Anthraquinone
Functionalised Silica Gel (DHAFSG)
2.1.6.1. Synthesis of DHAFSG

259 of alkali treated silica (ASG) has been reacted with 5 ml of 1,1,2,2-
tetrabromoethane in water under reflux for 14 hours. It has been filtered, washed with
de-ionised water and diethylether to remove the remaining reagents completely. The
brominated silica has been then reacted with 7 ml of tris(aminoethyl)amine in water
under reflux for 8 hours. It has been filtered, washed with water to remove all the
amines present in it. The amine functionalised silica has then been reacted with 1,8-
dihydroxy anthraquinone (10g) in anhydrous diethyl ether for 18 hours under reflux.
The final product, DHAFSG, thus obtained, has been filtered, washed with di-ethyl
ether and ethanol to remove any trace of reagent present in it. It has been dried at

60°C for ~8 hours. Synthetic scheme of DHAFSG has been given in Fig.2.21.
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Fig.2.21 Synthesis scheme of DHAFSG

2.1.6.2. Characterisation of DHAFSG
2.1.6.2.1. FT-IR Spectra of DHAFSG
IR spectra of DHAFSG have been given in Fig.2.22. In the IR spectra, peak at

691 cm™ for Si-O bond of silica [14], 1275 cm™ corresponds to phenolic group [15];
at 1462cm™ for CH, bending and also C-H stretching [14],1568 cm™ for C-C bond
vibration in benzene ring [15], at 1638 cm™ for C=N vibration [16], at 1690 cm™

corresponds to vibrations of phenyl ketone [17].
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Fig.2.22 FT-IR spectra of DHAFSG
2.1.6.2.2. SEM-EDS Study of DHAFSG
SEM spectra of DHAFSG has been given in Fig.2.23a and the EDS spectra
has been given in Fig.2.23b. From the EDS spectra it is observed that silicon, oxygen,
carbon and nitrogen are present on the surface of DHAFSG. This confirms the
successful incorporation of functional group on the surface of DHAFSG. Additional

peak of gold has come from the gold coating on the sample during SEM study.

(b) Spectrum?2

100pm 1 Electron Image 1

Fig.2.23 (a) SEM spectra of DHAFSG, (b) EDS spectra of DHAFSG ((intensity vs.
kinetic energy (keV) plot))

2.1.7. Synthesis and Characterisation of AmidoPyridylAmine Functionalised
Silica Gel (APAFSG)
2.1.7.1. Synthesis of APAFSG

ASG (20g) has been then reacted with 1,4-dibromobutane (5ml) in water

(250ml) under reflux for 20 hours. It has been filtered and washed with de-ionised
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water and diethylether. The brominated silica gel (BSG), thus obtained, has been
reacted with 5ml of tris(aminoethyl)amine in water (250ml) under reflux for 18 hours.
The amine functionalised silica gel (ASG-1) thus obtained has been filtered and
washed several times with de-ionised water. ASG-1 has been then reacted again with
dimethyl-2,6-pyridinedicarboxylate in ethanol under reflux for 16 hours. The
amidopyridyl carboxylate functionalised silica gel (APCFSG) thus obtained, has been
filtered, washed with ethanol several times to remove residual reagents. APCFSG has
been again reacted with tris(aminoethyl)amine (5ml) for another 18 hours. The
amidopyridyl amine functionalised silica gel (APAFSG) thus obtained is the final
product. APAFSG has been filtered, washed with de-ionised water and ethanol and

then dried at 60°C for 10 hours. Synthesis scheme of APAFSG has been given in

Fig.2.24.
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Fig.2.24 Synthesis scheme of APAFSG

2.1.7.2. Characterisation of APAFSG

APAFSG has been characterised by FT-IR (using spectrometer-JASCO FTIR-
6100) (Fig.2.25). The peaks at 1530 cm™, 1653 cm™ and 1687 cm™ come due to
amide group [7-8], 1101 cm™ is due to Si-O-Si vibration [2], at 1619 cm™ for pyridine
group [9] and at 1595 cm™, 1314 cm™, 932 cm™ for amine group [13]. Bands at 1367
cm™ due to gauche conformation of alkanes [18] and at 1492 cm™ due to hydrogen
bonding between the carbonyl oxygen of amide group and hydrogen of amine [19].

Band at 1427 cm™ is due to CH, scissoring of the alkanes [20].
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Fig.2.25 FT-IR spectra of APAFSG
2.1.8. Synthesis and Characterisation of Butanol Functionalised Silica Gel

(BFSG)
2.1.8.1. Synthesis of BFSG

BFSG has been obtained by the following way. ASG (25g) has been with 1,4-
dibromobutane (10ml) in water for 20 hours. It has been washed with water and di-
ethyl ether properly to remove the reagents completely. It has been dried at 45°C to
remove ether completely and then reacted with 0.1M sodium hydroxide for 10 hours.
The final product BFSG thus obtained, has been washed with water and ethanol to
remove all the reagents completely from BFSG. It has been dried at 60°C for 8 hours
and has been used for further studies. Synthetic scheme for BFSG has been given in

Fig.2.26.
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Fig.2.26 Synthesis of BFSG
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2.1.8.2. Characterisation of BFSG
BFSG has been characterised by EDS spectra which has been given below

(Fig.2.27). It shows the presence of silicon, carbon and oxygen on its surface
confirming successful incorporation of butanol group on its surface. Additional peaks
of Mg, Ca may be due to their uptake by BFSG from water used in the synthesis

pI’OCESS Spectrum 1

0 2 - 6 8 10 12 14 16 18 20

Fig.2.27 EDS spectra of BFSG
2.2. Experiments and Analysis

2.2.1. Reagents and Solution Preparations
2.2.1.1. Reagents

U30g powder used in the studies has been obtained from our institution.
Standard solutions (used for Inductively Coupled Plasma i.e. ICP analysis) for
uranium, iron, calcium, aluminium, magnesium, rare earths, zirconium, hafnium,
copper, lead, zinc, chromium, mercury and silicon procured from Merck are all
analytical reagent grade standards. Silica gel powder (procured from Thomas Baker),
nitric acid (procured from Thomas Baker), sodium hydroxide (procured from
Polyfarm), magnesium oxide (procured from Merck), ferric chloride (procured from
Merck), calcium nitrate (procured from Chemco fine chemicals, Mumbai),
hydrochloric acid (procured from S-D-Fine chemicals), sodium carbonate (procured
from Polypharm), lead chloride (procured from Sigma Aldrich), zinc sulphate
(procured from Merck), copper sulphate (procured from polypharm), potassium
dichromate (procured from S-D-Fine chemicals) have been used in the studies. All the

reagents used in the studies are of analytical reagent grade.
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2.2.1.2. Preparation of Solutions and Analysis

Measured quantity of UsOg has been dissolved in nitric acid and used as the
stock solution. Uranium feed solutions have been prepared from this stock solution
by proper dilutions and pH adjustment. Adjustment of pH has been done using
sodium hydroxide or, sodium carbonate as mentioned in the respective experiments.
Stock solution containing calcium, magnesium, iron, aluminium and uranium has
been prepared by dissolving measured quantities of calcium nitrate, magnesium oxide
and ferric chloride, U3Og in nitric acid. Lead chloride, zinc sulphate, copper sulphate,
potassium dichromate have been dissolved in nitric acid and pH adjusted to pH 5
using sodium hydroxide.

Simulated silicide fuel scraps dissolver solution, abbreviated as ‘SSFSDS’,
(results using it has been described in chapter 3) has been prepared as per the reported
composition by Rodrigues et. al. [21]. It has been prepared by mixing measured
volumes of U3;Og stock solution and standard solutions (ICP standards) of aluminium
and silicon altogether.

For extraction of Pd from aqueous hydrochloric acid solution (as described in
chapter 6), stock solution of 10-2 M Pd(ll) has been prepared in 3.0 M HCI by
dissolving appropriate amount of PdCI, in hydrochloric acid. Aliquots have been
taken from this stock solution and properly adjusted for Pd(I1) and hydrochloric acid
concentration, and have been used for different experiments. Simulated spent catalyst
dissolver solution (SSCD) has been prepared using metal salts in concentrated HCI.
Further, the stock solution has been diluted to appropriate concentration of metal ions
and acid for liquid-liquid extraction. The concentrations of the metal ions present

SSCD solution are given in Table 2.1.
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Table 2.1 Simulated spent catalyst dissolver (SSCD) solution

Serial No Element Concentration (mg/l)
1 Pd (1) 88.1
2 Cr (VI) 81.8
3 Fe (111) 1002.4
4 Mn (1) 528.6
5 Ni (11) 1138.2
6 Pt (I1) 85.8

Solutions of Pd(I1) in nitric acid medium have been prepared in the similar way as in
the hydrochloric acid medium as described above.

Quantitative determination of all the elements i.e. aluminium, magnesium,
calcium, iron, uranium, rare earths, zirconium, hafnium, mercury, copper, lead, zinc,
chromium have been performed using Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES) technique.

2'Am used for the experiments described in chapter 5, has been purified
before use [23]. *®?Eu has been obtained from Board of Radiation and Isotope
Technology (BRIT), Mumbai, India; **°La, **’Nd and *"’Lu have been prepared by the
neutron activation of Nd,O3; powder in research reactor with thermal neutron flux of
1x10* n/em?s. Concentrations of radiotracers like **Am, ***Eu and *’Nd have been
estimated by gamma ray spectrometry method using HPGe detector.

A high purity germanium detector coupled to a 4096 channel analyzer has
been used to detect the activity of the radionuclides during HLW experiment as
described in chapter 6. Energies used for the various radionuclides are as follows:
%Ru-621keV, *'Cs-662keV, *Ce-133keV, **Am-59keV, *?Eu-121.8keV and *
895r.514keV. Spectro-photometry using the chromogenic reagent 2-(5-bromo-2-
pyridylazo)-5-diethylaminophenol (Br-PADAP), has been used to analyze uranium.

TTA extraction followed by radiometry has been used to analyze plutonium.
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Solutions of Pb(ll), Cu(ll), Zn(ll) and Cr(VI) metal ions as used for
experiments described in chapter 7, have been obtained by dissolving lead nitrate,
copper sulphate, zinc chloride and potassium dichromate in water respectively. The
concentrations of metal ions in these solutions have been measured by ICP-AES.
2.2.2. Solid Phase Extraction (SPE) Method: Sorption Experiments

SPE method has been broadly described in chapter 1, section 1.2. All the
sorption experiments under this section have been carried out in batch mode. A
measured quantity of functionalised silica gel has been contacted with a measured
feed volume of known concentration of metal ion at room temperature i.e. 303K (if
not mentioned otherwise) during the sorption studies.
2.2.2.1. Sorption Equilibration

Sorption studies where the aqueous solution having known metal
concentration has been equilibrated with a definite amount of functionalised silica gel,
can be monitored by two parameters namely, the distribution coefficient (D) and
equilibrium sorption capacity (Q., mg g*). The distribution coefficient (D) and the

equilibrium sorption capacity (Q., mg g*) have been calculated with the following

formulae:
_C—=Ce V
D= < *m (2.1)
\%
Qe = (CO - Ce) X E (2'2)

Where, Co and C are the metal ion concentration (mg ml™) at t= 0 and at equilibrium

in the solution, V is the total volume of solution (ml); and m is the mass of adsorbent

(9).

2.2.2.2. Sorption Extraction

Percentage of metal extraction by sorption method can be given as
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o6 Extraction = (metal ion sorbed in mg) % 100 2.3
o Extraction = (metal ion in feed in mg) ()

2.2.2.3. pH Variation of Feed Solution

A fixed quantity of functionalised silica gel has been equilibrated with a fixed
volume of aqueous solution of known metal ion concentration with different pH. The
raffinate solution has been analysed for the metal ion concentration and the
percentage extraction has been calculated using equation (2.3).
2.2.2.4. Sorption Kinetics Studies

All the metal ion sorption kinetics has been investigated by two Kinetic
models, namely, pseudo-first and pseudo-second-order models [23].
2.2.2.4.1. Pseudo 1*-Order Kinetic Model

The pseudo-first-order kinetic equation can be written as

da;
dt

= kr(qe — q0) (2.4)
where g; (mg g™) is the amount of metal ion sorbed at time t (min), g (mg g™*) is the
sorption capacity at equilibrium, and k; (min™) is the rate constant for pseudo-first-
order model.

Integrating and applying the initial conditions g;=0att=0and g:=q;att =t,

the equation becomes

ket
log(q, — q¢) = logq, — 5303 (2.5)

2.2.2.4.2. Pseudo 2"-Order Kinetic Model
The pseudo-second order kinetic model can be given by following equation

dq. _

dt ks(Qe - CIt)z (26)
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where ks is the rate constant of pseudo-second-order model (in mg g™* min™). By
definite integration of equation (2.6) with boundary conditions g; = 0 when t = 0 and

g:= q: at t = t, the following equation is obtained:

i - ksclzez + (qi) ‘ (27)
2.2.2.5. Sorption Isotherm Studies
The equilibrium sorption of metal ion onto functionalised silica gels has been
analyzed using Langmuir and Freundlich isotherms [24-25].
2.2.2.5.1. Langmuir Isotherm Model
Langmuir model is the theoretical model for monolayer sorption onto a
surface with finite number of identical sites [24]. The linearization form of Langmuir

equation can be given as below

C, aC 1
€ — 4+ — 2.8
de K, K (2.8)

K. and o are the equilibrium constants of Langmuir equation. Plotting C./ge against
C. yields a straight line with slope, o /K, and intercept 1/K,. The ratio o /K_
indicates the theoretical monolayer saturation capacity, Qo.
2.2.2.5.2. Freundlich Isotherm Model

Freundlich isotherm is applicable to sorption on heterogeneous surface as well

as multilayer sorption [25]. The model can be presented by equation
1
logq. = logKy + HlogCe (2.9)

By plotting log e versus log Ce, constant K and exponent 1/n can be calculated.
2.2.2.6. Determination of Loading Capacity
Loading capacity (mgg™) has been determined by a equilibrating a measured

quantity of functionalised silica gel with the feed solution containing known
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concentration of metal ions repeatedly. The raffinate solution has been analysed for
the metal ion. This process has been repeated until a significant amount of metal ion
remains unsorbed in the raffinate solution. The loading capacity has been calculated

using the following equation

total loaded metal (mg)

Loading Capacity(mgg™!) = (2.10)

sorbent quantity (g)
2.2.2.7. Thermodynamic Studies

Thermodynamic studies were carried out by equilibrating a measured quantity
of functionalised silica gel with a measured volume of feed solution with a known
concentration of metal ions at a particular temperature. The metal ion concentration in
the raffinate solution has been measured and the extraction coefficient ‘D’ of the
metal ion as well as the extraction coefficient ‘Q.” have been calculated using
equations (2.1) and (2.2) respectively. The sorption equation can be given as

xM™(aq) + yA™(aq.) + zL(s) <> [L.MLA,] ™™ (s) (2.11)

where, ‘M’ is the metal ion with ‘n’ positive charges, ‘X’ is the anion with ‘m’
negative charges and ‘L’ is the ligand for complexation; x,y and z are the
stoichiometries of metal, anion and ligand required for the complexation reaction
respectively. Charge of the complex species is (nx-my) which is zero for the neutral
complex. ‘aq’ stands for the aqueous phase and ‘s’ stands for the solid phase in case
of SPE method.
The equilibrium constant after sorption can be given as

K _ [LzMxAy]inX ) (2 12)
€4 MR (AT (LI '

where, [LyMX(n_m+1)]S is the concentration of metal ion on the solid phase ( in the

form of complex) after equilibration, [M"*],, and [X™~],,. are the concentration of

q

metal ion and concentration of anion in the aqueous phase after equilibration.
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Incorporating the expression for distribution coefficient ‘D’ from equation 2.1, taking
logarithm on both sides and rearranging we get,
InD = InK + yIn[A™ ] + zIn[L] (2.13)
m
where, K = Keq-V

From thermodynamics we get,

AHg

ll’lKeq_ = — H

ASg
+ =0 (2.14)

Incorporating the expression for K., in equation 2.14 we get,

AHy . ASg
__+_
RT R

InD = +In3 + yln[A™7] + zIn[L] (2.15)
Keeping all the parameters constant from the plot of InD vs. 1/T we will get the
enthalpy of reaction 'AH,’ and from the intercept, the entropy of reaction’AS,’.
2.2.2.8. Effect of other Metal lons on Sorption

Effect of other metal ions has been studied by equilibrating the aqueous
solution containing all the metal ions of known concentration with measured quantity
of functionalised silica gel. The raffinate solution obtained after equilibration has been
analysed for all the metal ions. The percentage extraction for all the metal ions has
been calculated by using equation (2.3).
2.2.2.9. Desorption and Re-usability

Desorption studies have been carried out in batch mode. All the desorption
studies have been carried out in two steps: i) functionalised silica gel has been
equilibrated with a fixed volume of aqueous solution with known metal ion
concentration, ii) the metal-loaded functionalised silica gel (as obtained after step one)
has been then equilibrated with the eluent solution. The desorption percentage of

metal ion has then been calculated by measuring the metal ion concentration in the

eluent solution by using the following equation (2.16).
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. o — (metaliondesorbed) 2.16
o Desorption = (metal ion sorbed) (210

Re-usability studies for the functionalised silica gels have been carried out by
performing the loading and de-loading experiments repeatedly. The aqueous samples
have been analysed each time for the metal values loaded and de-loaded. Percentage
of extraction by sorption and percentage of de-sorption have been calculated using
equation (2.3) and (2.16) respectively.
2.2.2.10. Column Studies

Column studies for the metal ions have been carried out by loading the column
of known bed volume with the metal ion solution at a fixed flow rate of the loading
solution. Elution of the loaded metals has been carried out with the suitable eluent
solution at a fixed flow rate. Samples have been collected at a volume multiples of
bed volume and have been analysed for the metal ions. Elution experiments have been
carried out until the complete elution of all the metal ions. Percentage of elution has
been calculated using equation 2.16.

2.2.3. Liquid-Liquid Extraction Studies
2.2.3.1. Solvent Extraction Studies
Solvent extraction method has already been elaborated in chapter 1, section

1.1. For solvent extraction system, the uptake of metal ion in the organic extractant
solution is expressed in terms of distribution ratio (Dy) and percentage of extraction
(% E) of metal ion. Selectivity for a metal ion is presented in terms of separation
factor (B). These terms are defined as

Distribution Ratio (Dm) = [M]org. / [M]rat. (2.17)
% Extraction (% E) =Dy / (Duw + 1) (2.18)
Equation 2.18 is valid for equal vol. of org. and ag. phases

Separation factor () = Dwm/Dimpurity (2.19)
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2.2.3.2. Supported Liquid Membrane (SLM) Studies
Supported liquid membrane method has been elaborated in chapter 1, section
1.2. The transport equations through the membrane can be given by
J=P:.C; (2.20)
where, Ps is the feed side permeability coefficient, Cy is the concentration of the metal
ion at the feed side. Flux is also expressed as
J=-(1/Q) (dV+Cy)/dt (2.21)
where Vi is the feed volume, Q is the exposed area of the membrane.
Q=Ac (2.22)
where, A is the geometrical area of the membrane and ¢ is the porosity of the
membrane. Combining two transport equations (2.20) and (2.21) and integrating we
get,
In{( V¢oCro)/( V£:Crr)} = QPt/Vs (2.23)
where Vio, Cro, Vit and Ct; represent the volume and concentration of the feed
solution at the beginning of the transport study and after time ‘t” respectively. If the
volume of the feed solution does not change significantly, the above equation can be
written as
In(Ct/Ctp) = - (Q/Vs)Pt (2.24)
Percentage transport of the ions through the membrane is given by
%T =100 X (Cto - Ct1) / Ctpo (2.25)
Permeability and percentage transport are calculated from equations (2.24) and (2.25)
respectively.
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Chapter 3
Selective Separation of Uranium with

Phosphate Functionalised Silica Gels

3.1 Introduction

Global demand for electricity is increasing to manifest the modern technology
to assist human civilisation. About 11% of global electricity production is contributed
by nuclear energy [1]. On the other hand, the global warming and increasing
environmental pollution generated from other resources of power generation is a big
worry now-a-days. Nuclear industry produces electricity with very low environmental
pollution which are managed in a controlled way, compared to fossil fuels or, gaseous
fuels [2].

Uranium is the most important element in nuclear industry as it is used in fuel
as fissile element for nuclear power production [3-5]. Uranium is used in the form of
metal alloy, oxide, carbide, nitride in the nuclear fuel rod or, pellet [6-7]. Uranium
also has its natural radioactivity which damages kidney and it also accumulates in
bone [8-9]. As per the instruction of World Health Organisation (WHO) instruction,
concentration of uranium in the drinking water should be below 15ug L™ [10]. But
uranium is found more in aqueous streams near the mining area [11], nuclear industry
waste-water [12], and areas where phosphate fertilizer is used [13]. On the other
hand, the average concentration of uranium is as low as 3mg kg™ on the earth’s crust
[14-15]. Therefore, recovery of uranium from all resources is advantageous for our
society to meet its growing demand as well as its harmless discharge to the

environment.
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Different methods have been tried for the recovery of uranium from aqueous
solution e.g., precipitation [16], solvent extraction [17], electrolysis [18],
electrodeposition [18-20], ion exchange [21-22], and liquid membranes [23]. Solid
phase extracton (SPE) method, where the metal ions in the aqueous medium get
sorbed on to solid sorbent, is used when the metal ion concentration in the aqueous
solution is low (in few mg/L). SPE has some advantages namely, i) simple operation,
i1) low cost and iii) safe handling while processing hazardous samples [24-29].

Different types of solid sorbents have been developed worldwide for exploring
SPE method e.g., functionalised inorganic substances [30-43], polymeric resins [44-
46], carbon based sorbents [46-53], bio-sorbent [54-55] etc. for metal ion sorption.
Some sorbents also have limitations due to their low mechanical stability and swelling
when used in aqueous medium [56]. Silica gel has some advantages over these
problem e.g., i) it does not swell or shrink like the polymeric resins and ii) has good
thermal stability, iii) high surface area and iv) large pore size giving appropriate
accessibility of metal ions to the complexing groups present in the sorbent [57-58].
Choice of sorbent for SPE method depends upon its selectivity, re-usability and cost-
effectiveness. Many of the solid sorbents have limitations due to i) slow kinetics [59]
and ii) irreversible sorption [60] of metal ions. Chelating sorbents are being developed
for their high sorption capacity and high selectivity. Chelating sorbents are prepared
by two methods: i) impregnating the solid substance with the chelating group and ii)
chemically bonding or, grafting of the chelating group on the solid substance [61-64].
Impregnation method is not very adoptable due to leaching of chelating group from
the sorbent. Chemical reaction for grafting the functional group on the solid sorbent is
the most adoptable technique to prepare chelating sorbents. A number of silica gel

sorbents modified with chelating ligands containing ligands with oxygen, nitrogen,
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phosphonate, phosphate and phosphoryl donors have been reported for extraction and
preconcentration of uranium from aqueous solutions [65-70]. However, the need for
better sorbent with respect to sorption capacity, selectivity and reusability still
persists.

In this aspect, this work is dedicated to mono and multiple phosphate
functionalised ligand grafted on the surface of silica gel for the selective sorption of
uranium ions from aqueous medium. This work consists of evaluation of sorption of
uranium from aqueous nitric acid medium using single-phosphate functionalised silica
gel (SPFSG), bi-phosphate functionalised silica gel (BPFSG), tri-phosphate
functionalised silica gel (TPFSG), amine and amido pyridyl phosphate functionalised
silica gel (AAPPFSG). Experimental and theoretical studies have been carried out for
exploring the sorption behaviour of uranium from aqueous nitric acid medium.

3. 2 Results and Discussion

All the sorption experiments with PFSG sorbent have been carried out in
uranyl nitrate medium at pH1 adjusted by sodium hydroxide solution as uranium
hydrolyses above pH3.5 in uranyl nitrate-sodium hydroxide medium [71]. Studies of
uranium sorption on BPFSG, TPFSG and AAPPFSG have been carried out at pH 4.5
in uranyl nitrate-sodium carbonate medium where uranyl carbonate complexes remain
in aqueous solution at this pH [71].

3.2.1 Kinetics Studies

Fig.3.1 shows the sorption of uranium on SPFSG, BPFSG, TPFSG and
AAPPFSG as a function of time. It is observed that kinetic is very fast and sorption
equilibrium is attained in less than fifteen minutes in all the cases. The kinetic data

have been fitted in the pseudo-first order and pseudo-second order kinetic models
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Fig.3.1 Sorption kinetics for uranium: % sorption of uranium vs. time using (a)
SPFSG, (b) BPFSG, TPFSG and AAPPFSG.
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have been given in Fig.3.2. It has been observed that (Fig.3.2), for the pseudo-second
order kinetic plot i.e., qi/t against t plot, the data points are determined to be very
close to linearity with correlation coefficient closed to one. This infers that the
sorption of uranium onto SPFSG, BPFSG, TPFSG and AAPPFSG can be explained
well with the pseudo second order kinetic model. This further implies that the rate
controlling step for the sorption reactions is the complexation of uranium with the
functional groups present on the functionalised silica gels.
3.2.2 Effect of pH of Feed Solution on Uranium Sorption

To obtain the effect of pH on uranium sorption on to functionalised silica gels,
sorption studies have been carried out with variation of pH of the feed solution as
given in Fig.3.3. In case of SPFSG (Fig.3.3a), under the experimental condition of
high sorbent dose i.e. 2 gL™ SPFSG and low initial uranium concentration i.e. 50
mgL ™, a very high sorption of uranium is observed all over the pH range (pH 1-6)
due to the availability of large number of binding sites. It is observed that sorption
decreases very slowly at higher pH. At low pH, there is a competetion between Hz;0"
ion and uranyl ion for getting sorbed on to PFSG surface. But the uranium atom in the
uranyl ion has a very high affinity for binding with oxygen atom due to its high ionic
potential which leads to a strong chelation of uranyl ion with the P=0O oxygen atom.
As the pH increases, formation of [UO,(OH)]" species increases due to the hydrolysis
of uranyl ion as obvious from the speciation diagram [71]. At pH 5-6, more than 55%
[UO,(OH)]" species is present in the solution. The affinity of uranium for oxygen
atom is somewhat met by the oxygen atom present in hydroxyl ion in the [UO,(OH)]"
species. Therefore, the uranium atom present in [UO,(OH)]" species has a less
binding tendency with the P=0 oxygen atom compared to that uranium atom present

in bare uranyl ion. This decreases the binding of uranium at higher pH. However, the
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competition with H3O" ion decreases at higher pH due to its less availability.
Therefore, a very small decreasing trend of sorption of uranium onto PFSG is
observed at higher pH.

In case of sorption of uranium on to BPFSG and TPFSG (Fig.3.3b), it is
observed that sorption of uranium is maximum in the pH range 4.5-5.5 where uranium
is present as neutral UO,CO3 species[71]. But in case of AAPPFSG (Fig.3.3b),
considerable decrease in sorption is observed at pH greater than 4.5. These
observations are deduced from three factors i) surface charge of the sorbents, ii)
species present in the solution, iii) bulkiness of the sorbent. At lower pH, surface of
the sorbent is positively charged due to protonation of the functional groups present
on the sorbent causing less of uranium chelation on the sorbent. Sorption of uranium
increases in the pH range 3-5 because the functional groups present in the sorbent gets
de-protonated and chelates strongly with the neutral uranyl carbonate. Also, at higher
pH i.e. pH > 4.5, bulky uranium species e.g. UO,(COs),*” and UO,(CO3)s* are formed

due to strong complexation of carbonates with the uranyl ion. The
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Fig.3.3 Effect of feed pH on sorption of uranium on (a) SPFSG, (b) BPFSG, TPFSG
and AAPPFSG.

65



Chapter 3

decrease in sorption of these bulky uranium species is promimently observed in case
of AAPPFSG. Because of the bulkiness around the binding sites in case of
AAPPFESG, steric hindrance is created to the approaching big uranyl carbonate species
to the binding sites which affects greatly the sorption of uranium on to AAPPFSG
above pH 4.5.
3.2.3 Sorption Isotherm Studies

Sorption isotherm studies give the information about concentration of uranium
present in the aqueous solution and on the sorbent at equilibrium. The isotherm plot
(Fig.3.4) showed that uptake of uranium on the sorbent increases as the uranium
concentration in the feed solution increases. Isotherm data have been fitted in both
Langmuir and the Freundlich models to analyse the nature of sorption of uranium by
the sorbents. Fig.3.5 shows the plot of C./ge against C, and Fig.3.6 shows the plot of
log C. against log g. for Langmuir and Freundlich model respectively. It is found
(Fig.3.5) that under the experimental conditions Langmuir model fits well with the
experimental data. Loading capacities of SPFSG, BPFSG, TPFSG and AAPPFSG for

uranium has been given in Table 3.1. ( found to be 25mg/g, 34mg/g, 36mg/g and

38mg/q).
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Fig.3.4 Isotherms for uranium sorption on to (a) SPFSG, (b) BPFSG, TPFSG and
AAPPFSG
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3.2.4 Effect of other Metal lons on Uranium Sorption

For practical usage of functionalised silica gels, SPFSG has been tested for its

selectivity towards uranium over other metal ions. For this study, 0.5g of SPFSG has

been equilibrated with previously prepared feed solution at pH1 as mentioned before

containing multi-elements like aluminium, magnesium, calcium, iron and uranium;

concentration of each metal ion in the solution is 200 mgL™. Percentage extraction of

each metal ion has been plotted in Fig.3.7. It is obvious that sorption of uranium is

very high on to SPFSG with almost negligible sorption of other elements (Fig.3.7)
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from a feed solution at pH 1 made in nitric acid medium. This provides the selectivity
of SPFSG towards uranium over other metal ions and shows its usefulness for

practical applications.

100
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Al Mg Ca Fe

elements in pH1 solution

Fig.3.7 Effect of metal ions on sorption of uranium

3.2.5 Desorption Studies and Reusability of Sorbents

Functionalised silica gels e.g., SPFSG, has shown a good sorption ability and
a desirable selectivity for uranium over a range of competing metal ions. From the
application point of view, studies on the desorption behaviour and reusability of
functionalised silica gels is mandatory. All the desorption experiments reported below
have been carried out from loaded SPFSG. It is clear that as the pH of the eluent
increases, release percents of uranium decreases (Fig.3.8). There is no remarkable
release of uranium from loaded SPFSG when the pH value is above 0.5. Percentage
release of uranium decreases from 70% to 20% when the pH of the eluent is increased
from pH 0 to pH 0.5. This is due to the fact that the protonation of the phosphate
moiety present in SPFSG and subsequent dissociation of uranyl-phosphate complex
takes place easily at lower pH. This leads to the facile recovery of loaded SPFSG at
low pH of the eluent (pH 0 in case of SPFSG). The re-usability of SPFSG has been
found to be almost unchanged after 4 cycles of usage (Fig.3.9) indicating its feasible

repeated use.
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3.2.6 Separation and Recovery of Uranium from SSFSDS

SPFSG has been tested for the recovery of uranium from SSFSDS. SSFSDS
has been prepared as described before. It contains uranium, silicon and aluminium and
the concentration of these elements has been analysed by ICP-AES. For the sorption
study, 3g of SPFSG has been equilibrated with 3 ml of SSFSDS. It shows that
uranium is sorbed preferentially over other metals present in SSFSDS; thus separating
uranium from other elements present in SSFSDS (Table 3.1). For back extraction of
uranium, loaded SPFSG has been equilibrated with nitric acid solutions (pH=0).

Studies show that four stages of back extraction recovers >99% uranium from the
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loaded SPFSG. Therefore, SPFSG can be used for separation and recovery of uranium
from SSFSDS.

Table 3.1 Sorption behaviour of elements present in SSFSDS on to SPFSG

Elements Elements Elements in | %Sorption
in feed (g/L) raff (g/L)

Uranium 19.7 0.02 99.88

Silicon 0.1 0.08 20.1

Aluminium 324 30.2 6.8

3.2.7 Quantum Chemical Studies on the Binding Ability of Uranyl lon with the
Ligand

The optimized structure of uranyl nitrate bound to SPFSG has been shown in
Fig.3.10. The two weakly bound water molecules of solvated uranyl nitrate have been
displaced with SPFSG ligand forming a 2:1 (ligand:metal) complex. Upon
complexation of uranyl ion with SPFSG ligand which contains the phosphate binding
site, the U=0 and P=0 bond lengths become slightly lengthened which are reflected
elongated in their vibrational frequencies. The computed asymmetric vibrational
frequencies (vasym) Of U=0 in the product is in line with the experimental estimates
from FT-IR spectroscopy. Particularly, the computed red shifting in the asymmetric
stretching is well reproduced by our calculations. From the FT-IR spectra it is
obtained that the P=0O bond vibration has shifted from 1208 cm™ to 1128 cm ™ due to
co-ordination with UO,?* ion. This shift of P=O vibration frequency with respect to
pure PFSG is about 80 cm’. The computed asymmetric vibrational frequencies
(vasym) Of bare and coordinated P=0 is again reproduced within a difference of 35 cm’

! These variations in the structures lead to favourable binding affinities whose
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magnitude is 3.8 kcal mol™. Thus, our computation predictions correlate nicely with

the experimental data.

Fig.3.10 Optimized structure of uranyl bound to SPFSG

3.3. Conclusions

SPFSG has been used for the sorption studies of uranium from nitric acid-
sodium hydroxide medium; BPFSG, TPFSG and AAPPFSG have been used for the
sorption studies of uranium from nitric acid-sodium carbonate medium. Sorption
behaviours of uranium have been investigated by batch techniques in all the
experiments. Sorption experiments have proved that SPFSG, BPFSG, TPFSG and
AAPPFSG can be used to separate uranium from nitric acid medium with high
sorpion capacity. Sorption of uranium has been found to be very fast, with the
equilibrium being attained within ten minutes. Computational prediction matches well
with the experimental results. SPFSG has shown a desirable selectivity for uranium
over the competing metal ions. Desorption of uranium from loaded SPFSG is easy
and thus has shown an excellent reusability of SPFSG. SPFSG has also shown its

potential application in recovery of uranium from SSFSDS.
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Chapter 4
Effect of Amido Pyridyl Functional Group in
Phosphate Functionalised Silica Gels on the
Enhanced Separation of Zirconium from Hafnium

4.1. Introduction

Zirconium and hafnium have completely different nuclear properties in respect
of their thermal neutron absorption cross sections and therefore, are used frequently in
two different applications in nuclear industry namely, as cladding material and as
control rod material respectively [1-2]. Due to very high thermal neutron absorption
cross section of hafnium, it decreases the neutron flux inside nuclear reactor.
Therefore, zirconium should not contain more than 100 ppm of hafnium along with it
for its application as cladding material. Moreover, zirconium and hafnium have
similar chemical properties due to their similar atomic radii (1.45 A and 1.44 A,
respectively) and similar valence electron configurations (4d°5s®> and 5d%6s?,
respectively) [3-4] and hence, they coexist in nature [5]. Therefore, separation of
zirconium from hafnium is necessary mainly for their nuclear applications and also
for their individual applications as compounds and alloys.

Separation of zirconium from hafnium are carried out by conventional and
established methods such as fractional crystallization, precipitation, solvent
extraction, molten salt distillation, selective reduction, extractive distillation etc. [6-7].
Over these techniques, solid phase extraction (SPE), where the metal ions present in
the aqueous medium are sorbed onto surface of solid extractants by ion exchange or,
complex formation, has some advantages like it is a simple process, high process
efficiency and low cost of operation [8]. Titanium dioxide [9-14], manganese dioxide

[15], graphene oxide [16-18], activated carbon [19-26], carbon nanotube [27-
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31,32,33], polemeric resin [8], [34-35], ion exchange resin [36-37] are the commonly
used structural materials for SPE.

Silica gel as a solid support has some advantages over other solid-phase
support materials due to its unique properties like i) its high mechanical stability in
aqueous medium, ii) good thermal stability and iii) suitable accessibility of metal ions
to bind with the ligand incorporated on the silica gel surface due to appropriate pore
size of silica gel [38-40]. Therefore, development of new chemically modified
mesoporous and nanoporous silica based materials have now drawn attraction of
researchers worldwide [41-49].

Different ligands like methyl isobutyl ketone (MIBK), tributyl phosphate
(TBP), cyanex923, cyanex925, di(2-ethylhexyl)phosphoric acid (D2EHPA) are the
commonly used for the separation of zirconium from hafnium using solvent extraction
method [50-54]. Moreover, MIBK and TBP solvents have also been tried for
industrial separation of zirconium and hafnium. But, there are some disadvantages for
their large scale applications e.g., in case of MIBK solvent system, i) high solvent
loss, ii) atmospheric pollution, iii) poor working environment produced due to the
waste stream which contains high concentrations of organic by-products with low
flash point, iv) high vapour pressure and v) high solubility in the aqueous phase [8],
[55-56]. Similarly, for TBP solvent the disadvantages due to i) high aqueous
solubility, ii) high rate of corrosion the equipments being handled, iii) emulsion
formation in continuous production facility [57] create problem in large scale
operation. SPE method can solve many of these problems.

The solid phase extractants reported so far for the separation of zirconium
from hafnium consist of amine group, thiol group, sulphonic acid group, dihydroxy

phosphine oxide group, crown ether group etc as the functional groups [58-60]. To the
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best of authors’ knowledge, there is no report found on phosphate group immobilised
on silica gel surface for the separation of zirconium from hafnium from aqueous
medium. In this work, phosphate ligands has been fixed on solid silica gel material
which will perform like TBP attached to a solid support and will work as a solid
sorbent in SPE method. In this context, three functionalised silica gels have been
synthesised namely, mono-phosphate functionalised silica gel (MPFSG), bi-phosphate
functionalised silica gel (BPFSG), amine and amido pyridyl phosphate functionalised
silica gel (AAPPFSG) and they have been tested for the separation of zirconium from
hafnium in nitric acid medium.
4.2. Results and Discussion

Synthesis and characterisation of mono-phosphate functionalised silica gel
(MPESG), bi-phosphate functionalised silica gel (BPFSG), amine and amido pyridyl
phosphate functionalised silica gel (AAPPFSG) have been discussed in details in
chapter 2. In this chapter, the evaluation of these sorbents for the separation of
zirconium from hafnium from nitric acid medium have been discussed.
4.2.1. Effect of pH of Feed Solution on Zr and Hf Sorption

Sorption of zirconium and hafnium changes with pH of the feed solution.
Sorption variation for zirconium and hafnium has been given in Fig.4.1. This
variation in sorption is due to two reasons: the surface charge of the functionalised
silica gel and the different speciation of the metal ions at different pH of the feed
solutions. A moderate sorption is observed up to about pH 1.2 (Fig.4.1) due to the
competition between the protons present in the solution and the metal ions and most
of the binding sites present on the surface of the functionalised silica gel are
protonated. Below pH 1.6, the medium is acidic enough for the surface of the sorbent

to be protonated and the hydrolysed species of zirconium and hafnium (i.e. Zr(OH)**
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and Hf(OH)**) are also less preferably sorbed on the binding sites compared to the
protons present in the solution due to the less ionic potentials of these species. For
these reasons, a net decrease in sorption for zirconium and hafnium is observed in the
pH range 1.2-1.6. As the pH of the solution increases more (above pH 1.6), the
number of protons present in the solution decreases and the sorption increases slowly
(Fig.4.1) for both the metal ions due to large number of available binding sites.

As it is observed from Fig.4.1, separation of zirconium from hafnium vary throughout

the observed pH range. Separation is more below pH 1.2 for all these functionalised
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Fig.4.1 Effect of pH of feed solution on sorption of zirconium and hafnium

4.2.2. Kinetics Studies

Sorption of zirconium and hafnium on MPFSG, BPFSG and AAPPFSG have
been studied as a function of time (Fig.4.2). It has been observed that kinetic is fast in
all these cases as the sorption equilibrium are attained within 10 minutes with the
sorbent dose of 1.2 gL™. Among these three functionalised silica gels, sorption
equilibration time increases in the order of MPFSG < BPFSG < AAPPFSG. This is
due to the accessibility of the functional groups to the approaching metal ions which
plays the major role here. In case of MPFSG, the phosphate functional groups which

are directly attached to the silica gel surface, are easily accessible to the metal ions. In
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case of BPFSG, there are two phosphate groups attached to the silica gel surface
through a flexible carbon chain which poses small steric hindrance compared to
MPFESG. In case of AAPPFSG bulkiness is present around the functional groups
which pose high steric hindrance to the approaching metal ions making the kinetics
slower than BPFSG. The data of the kinetics studies have been fitted in the pseudo
first order and pseudo second order kinetic models. The data points in log (Qe-) VS.
time plot corresponding to the pseudo-first order kinetic model (Fig.4.3a), deviate

much from linearity compared to the pseudo-second order Kkinetic plot i.e. gi/t vs. t

plot (Fig.4.3b). 100
| MU P ..
90 =+ —p———1—0
1 h* y
80 n
70-';‘. T A
N &
g 60-';.:
2 so-t
é 40_" ®-—Zr on BPFSG
$ T o Hf on BPFSG
30 A-—Zr on MPFSG
| L Hf on MPFSG
20 *Zr on AAPPFSG
- Hf on AAPPFSG
0

T T ¥ T L T T - T ;
0 500 1000 1500 2000 2500 3000 3500
time (sec)

Fig.4.2 Sorption kinetics for zirconium and hafnium: % sorption vs. time (sec)

14 ® Zr on BPFSG
1.2 ; (a) © Hf on BPFSG 350+  m Zron BPFSG (b)
1.0 .r A Zr on MPFSG © Hf on BPFSG
0.8- gf 4 Hf on MPFSG 3001 & Zron MPFSG
061, * Zr on AAPPFSG A Hf on MPFSG ;
Ary s =g Hf on AAPPFSG 2504 % Zron AAPPFSG
0.4+ N~ G
A Ny —f "1 o , Hf on AAPPFSG
021 o 200 s s
0.0 Mgl ¢ : & ;  »
\ * v * S &
0.2 N 150 4 v
ol $ 100 &
0.6 " T A ¢
-0.84 4 50 #*/‘ #
4.0 . o
-1.2 T T T T T T o‘gﬁ T v T v T T T
0 500 1000 1500 2000 2500 300 0 500 1000 1500 2000 2500 3000
time (sec) time (sec)

Fig.4.3 (a) Pseudo first order and (b) pseudo second order kinetic plots for zirconium
and hafnium sorption

83



Chapter 4

This indicates sorption of zirconium and hafnium on the functionalised silica gels i.e.,
MPFSG, BPFSG and AAPPFSG follow pseudo-second order kinetic model which
signifies that the rate determining step for the sorption of zirconium and hafnium is

the complexation reaction of the metal ions with the functional groups.

4.2.3. Sorption Isotherm Studies

Sorption isotherm studies for zirconium and hafnium using MPFSG, BPFSG
and AAPPFSG have been carried out separately with variation of feed concentrations
of zirconium and hafnium (concentration range: 25-200 mg L™ at pH 1.8). It is
observed that the sorption of zirconium and hafnium increase with the increase in
their feed concentration (Fig.4.4) in all these cases. Zirconium shows a slightly higher
equilibrium sorption capacity (ge) over hafnium. Equilibrium sorption capacity (ge)
for zirconium and hafnium on the functionalised silica gels decreases in the order
BPFSG =~ AAPPFSG > MPFSG as obvious from Fig.4.4. There are two phosphate
groups as the binding sites which are chemically bound to a flexible carbon chain in
case of BPFSG which gives a moderate sorption of zirconium and hafnium. Whereas,

sorption does not increase very high in case of AAPPFSG though there are multiple
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Fig.4.4 Isotherm plot for zirconium and hafnium sorption
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number of functional groups present in it. This is due to the bulkiness around the
binding site which poses steric hindrance to the metal ion species approaching to the
binding sites. Least sorption compared to BPFSG and AAPPFSG is observed in case
of MPFSG due to the presence of single phosphate group as the binding site.

Further, the sorption equilibrium data has been fitted to Langmuir as well as
Freundlich isotherm model.

Both the Langmuir and the Freundlich isotherm models have been used to fit
the sorption isotherm data (Fig.4.5). Fig.4.5 shows the plot of 1/ge vs. 1/C. (Fig.4.5a)
plot and logge vs. logC. (Fig.4.5b) plot for Langmuir and Freundlich model
respectively. It is found that under the experimental conditions Freundlich model fits
well with the experimental data. This suggests that the surface of the functionalised

silica gels are heterogeneous in nature where sorption of zirconium and hafnium takes

place.
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Fig.4.5 (a) Langmuir isotherm model, (b) Freundlich isotherm model for sorption of

zirconium and hafnium

4.2.4. Loading Capacities (mg/g) of Zirconium and Hafnium on to Loaded

Functionalised Silica Gels

Loading capacities of zirconium and hafnium have been tabulated below

(Table 4.1).
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Table 4.1 Loading capacities of zirconium and hafnium

Ligand Loading capacity of Zr (mgg™) Loading capacity of Hf (mgg™)
MPFSG 12.3 11.8

BPFSG 16.7 15

AAPPFSG 16 14.2

4.2.5. Desorption Studies for Zirconium and Hafnium from Loaded
Functionalised Silica Gels
All the functionalised silica gels have shown desirable selectivity for

zirconium over hafnium for their sorption from nitric acid medium. Studies on their
desorption behaviour is essential for their usage in different applications. It is
observed from pH variation study (Fig.4.1) that separation of zirconium and hafnium
is possible below pH1 at nitric acid medium. Desorption studies for zirconium and
hafnium have been carried out in batch mode using eluents of variable pH. The metal
loaded functionalised silica has been equilibrated with the eluents as described in
chapter 2. Fig.4.6 gives the desorption behaviour of zirconium and hafnium. It is
observed that pH 0.65 is the pH of the eluent which gives maximum desorption of

zirconium and hafnium.
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Fig.4.6 Desorption studies for zirconium and hafnium
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4.2.6. Column Studies

Column studies for the separation of zirconium and hafnium have been carried
out as described in chapter 2. Eluent pH has been maintained at 0.65 for all the elution
studies. Fig.4.7 gives the column separation behaviour of zirconium and hafnium
using MPFSG, BPFSG and AAPPFSG sorbents. It has been observed that separation
of zirconium and hafnium increases as the number of phosphate groups as the binding
sites increases and therefore, separation decreases in the order AAPPFSG > BPFSG >

MPFSG.

15

Hf using BPFSG
Zr using BPFSG
13 - Zr using MPFSG
Hf using MPFSG
Hf using AAPPFSG
Zr using AAPPFSG

% desorption

0 5 10 15 20 25 30 35 40 45

no. of beds

Fig. 4.7 Column studies for zirconium and hafnium separation

4.2.7. Quantum Chemical Studies on the Sorption Behaviour of Zr and Hf with

Phosphate Functionalised Silica Gel
Computational studies have been carried out to understand the sorption

behaviour of Zr and Hf with MPFSG, BPFSG and AAPPFSG ligands and the
corresponding optimised structure are presented in Fig.4.8. For the geometry
optimisation, one hydroxyl ion and four water molecules have been considered into
calculation as shown in the figure below. The optimised bond lengths of the oxygen
atoms present in P=0O of phosphate group, hydroxyl ion and the surrounding water
molecules with zirconium and hafnium; the effective charges on zirconium and

hafnium and the binding energies of the complexes have been tabulated in Table 4.2.
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Table 4.2 Geometrical parameter, binding energies and charge of the metal ions
complexed with MPFSG, BPFSG and AAPPFSG with zirconium and hafnium

MPFSG BPFSG AAPPFSG

Zr Hf Zr Hf Zr Hf

P-O-M (phosphate) length (A) | 2.00 [2.01 [2.00 |200 [2.10 2.10

M-O (hydroxyl) length (&) 187 |188 |1.88 |1.88 |1.89 |1.90

M-O (water) length (A) 223 | 224- | 223 |224- |221- |2.21-
227 |228 |227 |227 |235 |2.35

M (charge) 1.101 |1.205 |1.073 |1.189 |0.861 0.963

Binding energy (kcal/mol) -79.48 | -79.35 | -94.18 | -93.9 |-160.89 | -161.59

(M stands for zirconium and hafnium)

(d) (e) (f)

Fig.4.8 Optimised geometries of zirconium with (a) MPFSG, (b) BPFSG and (c)
AAPPESG; and of hafnium with (d) MPFSG, (e) BPFSG and (f) AAPPFSG
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From Table 4.2, it is very clear that interaction of metal ions with the AAPPFSG is
almost two times more than that of MPFSG and BPFSG. The results are very close in
agreement with the experimental observation. In all cases, binding energy of Zr and
Hf is found to be very close to each other.
4.3 Conclusions

Sorption and the desorption studies of zirconium and hafnium have been
performed by batch mode. Optimised conditions from the batch mode of experiments
then have been applied to manifest the column studies for the separation of zirconium
from hafnium. Sorption kinetics is fast for both zirconium and hafnium where
sorption equilibrium is reached within ten minutes using MPFSG, BPFSG and
AAPPFSG sorbents. It has been observed that as the number of binding sites on the
sorbent increase, the sorption of zirconium and hafnium on the sorbent increase.
Therefore, sorption of both zirconium and hafnium increases in the order MPFSG <
BPFSG< AAPPFSG. This trend of sorption is also supported by the computed
binding energies which have been obtained from the theoretical computations
performed to look into the binding of these ligands with zirconium and hafnium.

These functionalised silica gels have been tested for the separation of
zirconium from hafnium. It is observed that as the number of binding sites increases,
selectivity of ligands towards zirconium increases. Therefore, AAPPFSG sorbent
which has the maximum number of binding sites gives a better separation of
zirconium from hafnium under the experimental conditions compared to BPFSG and
MPFSG sorbents.
References

1. Zirconium and hafnium metallurgy, B. K. Xiong, W. G. Wen, X. M. Yang, H. Y.
Li, F. C. Luo, W. Zhang, J. M. Guo, Metallurgical Industry Press, Beijing, 2006.

89



Chapter 4

10.

11.

12.

Zirconium and hafnium separation without waste generation, A. B. V. Da Silva, and
P. A. Distin, CIM Bull, 1998, 91, 221-224.

Nuclear-grade zirconium prepared by combining combustion synthesis with
molten-salt electrorefining technique, H. Li, H. Nersisyan, K. Park, S. Park, J. Kim,
J. Lee, J. Nucl. Mater., 2011, 413, 107-113.

Pyrochemical separation of zirconium and hafnium tetrachlorides using fused salt
extractive distillation process, D. Sathiyamoorthy, S. M. Shetty, D. K. Bose, C. K.
Gupta, High Temp. Mater. Process., 1999, 18, 213-226.

Zirconium and hafnium separation, Part 1. liquid/liquid extraction in hydrochloric
acid aqueous solution with aliquat 336, L. Poriel, A. F. Re"guillon, S. P. Rostaing,
M. Lemaire, Separation Science and Technology, 2006, 41, 1927-1940.

Chemical modification of silica surface by immobilization of functional groups for
extractive concentration of metal ions, P. K. Jal, S. Patel, B. K. Mishra, Talanta,
2004, 62, 1005-1028.

Production of nuclear grade zirconium: A review, L. Xu, Y. Xia, A. van Sandwijk,
Q. Xu, Y. Yang, Journal of Nuclear Materials, 2015, 466, 21-28.

Equilibrium and kinetic data of adsorption and separation for zirconium and
hafnium onto MIBK extraction resin, X. Zhi-gao, W. Yan-ke, Z. Jian-dong, Z. Li,
W. Li-jun, Trans. Nonferrous Met. Soc. China, 2010, 20, 1527-1533.

Adsorption mechanism of arsenic on nanocrystalline titanium dioxide, M. Pena, X.
Meng, G. P. Korfiatis, C. Jing, Environ. Sci. Technol., 2006, 40, 1257-1262.
Enhanced bioaccumulation of cadmium in carp in the presence of titanium dioxide
nanoparticles, X. Zhang, H. Sun, Z. Zhang, Q. Niu, Y. Chen, J. C. Crittenden,
Chemosphere, 2007, 67, 160-166.

Uranium sorption on various forms of titanium dioxide - influence of surface area,
surface charge, and impurities, M. J. Comarmond, T. E. Payne, J. J. Harrison, S.
Thiruvoth, H. K. Wong, R. D. Aughterson, G. R. Lumpkin, K. Muller, H.
Foerstendorf, Environ. Sci. Technol., 2011, 45, 5536-5542.

Adsorption of As(V) and As(l11) by nanocrystalline titaniumdioxide, M. E. Pena, G.
P. Korfiatis, M. Patel, L. Lippincott, X. Meng, Water Research, 2005, 39, 2327-
2337.

90



Chapter 4

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Adsorption of arsenate and arsenite on titanium dioxide suspensions, P. K. Dutta,
A. K. Ray, V. K. Sharma, F. J. Millero, Journal of Colloid and Interface Science,
2004, 278, 270-275.

Nanometer titanium dioxide immobilized on silica gel as sorbent for
preconcentration of metal ions prior to their determination by inductively coupled
plasma atomic emission spectrometry, Y. Liu, P. Liang, L. Guo, Talanta, 2005, 68,
25-30.

Studies on the adsorption of traces of zirconium on manganese dioxide from acid
solutions, S. M. Hasany , E. U. Hag, S. B. Butt, Separation Science and
Technology, 1986, 21, 1125-1139.

Adsorption of divalent metal ions from aqueous solutions using graphene oxide, R.
Sitko, E. Turek, B. Zawisza, E. Malicka, E. Talik, J. Heimann, A. Gagor, B. Feist,
R. Wrzalik, Dalton Trans., 2013, 42, 5682.

Reduced graphene oxide-metal/metal oxide composites: facile synthesis and
application in water purification, T. S. Sreeprasad, S. M. Maliyekkal, K. P. Lisha,
T. Pradeep, Journal of Hazardous Materials, 2011, 186, 921-931.

Fabrication of highly porous biodegradable monoliths strengthened by graphene
oxide and their adsorption of metal ions, N. Zhang, H. Qiu, Y. Si, W. Wang, J. Gao,
Carbon, 2011, 49, 827-837.

Adsorption of copper, nickel and lead ions from synthetic semiconductor industrial
wastewater by palm shell activated carbon, Y. B. Onundi, A. A. Mamun, M. F. A.
Khatib, Y. M. Ahmed, Int. J. Environ. Sci. Tech., 2010, 7, 751-758.

Removal of copper (11) and lead (I1) ions from aqueous solutions by adsorption on
activated carbon from a new precursor hazelnut husks, M. Imamoglu, O. Tekir,
Desalination, 2008, 228, 108-113.

Adsorption of nickel (1I) from aqueous solution onto activated carbon prepared
from coirpith, K. Kadirvelu, K. Thamaraiselvi, C. Namasivayam, Separation and
Purification Technology, 2001, 24, 497-505.

Adsorption of Cu(ll), Cd(ll), Zn(Il), Mn(ll) and Fe(lll) ions by tannic acid
immobilised activated carbon, A. Ucer, A. Uyanik, S.F. Aygun, Separation and
Purification Technology, 2006, 47, 113-118.

91



Chapter 4

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Determination of trace metal ions by AAS in natural water samples after
preconcentration of pyrocatechol violet complexes on an activated carbon column,
I. Narin, M. Soylak, L. Elci, M. Dogan, Talanta, 2000, 52, 1041-1046.

Heavy metals removal by adsorption onto peanut husks carbon: characterization,
kinetic study and modeling, S. Ricordel, S. Taha, I. Cisse, G. Dorange, Separation
and Purification Technology, 2001, 24, 389-401.

Multi-element preconcentration of heavy metal ions from aqueous solution by
APDC impregnated activated carbon, P. Daorattanachai, F. Unob, A. Imyim,
Talanta, 2005, 67, 59-64.

Review of modifications of activated carbon for enhancing contaminant uptakes
from aqueous solutions, C. Y. Yin, M. K. Aroua, W. M. Ashri, W. Daud,
Separation and Purification Technology, 2007, 52, 403-415.

Sorption of 2*Am(111) to multiwall carbon nanotubes, X. Wang, C. Chen, W. Hu,
A. Ding, D. Xu, X. Zhou, Environ. Sci. Technol., 2005, 39, 2856-2860.
Comparative study of heavy metal ions sorption onto activated carbon, carbon
nanotubes, and carbon-encapsulated magnetic nanoparticles, K. Pyrzynska, M.
Bystrzejewski, Colloids and Surfaces A: Physicochem. Eng. Aspects, 2010, 362,
102-109.

Adsorption of Ni(ll) from aqueous solution using oxidized multiwall carbon
nanotubes, C. Chen, X. Wang, Ind. Eng. Chem. Res., 2006, 45, 9144-9149.
Adsorption of heavy metal ions with carbon nanotubes, A. Stafiej, K. Pyrzynska,
Separation and Purification Technology, 2007, 58, 49-52.

Removal of lead(Il) from aqueous solution by adsorption onto manganese oxide-
coated carbon nanotubes, S. G. Wang, W. X. Gong, X. W. Liu, Y. W. Yao, B. Y.
Gao, Q. Y. Yue, Separation and Purification Technology, 2007, 58, 17-23.
Functionalized carbon nanotube (CNT) membrane: progress and challenges, M.
Sianipar, K. Khoiruddin, F. Iskandar, I. G. Wenten, RSC Adv., 2017, 7, 51175-51198.
Surface functionalization of carbon nanotubes: fabrication and applications, S.
Mallakpour, S. Soltanian, RSC Adv., 2016, 6, 109916-109935.

Solid/liquid extraction of zirconium and hafnium in hydrochloric acid aqueous
solution with anion exchange resins kinetic study and equilibrium analyses, A. F.
Re’guillon, K. Fiaty, P. Laurent, L. Poriel, S. P. Rostaing, M. Lemaire, Ind. Eng.
Chem. Res., 2007, 46, 1286-1291.

92


http://pubs.rsc.org/en/results?searchtext=Author%3AMerry%20Sianipar
http://pubs.rsc.org/en/results?searchtext=Author%3AMerry%20Sianipar
http://pubs.rsc.org/en/results?searchtext=Author%3AMerry%20Sianipar
http://pubs.rsc.org/en/results?searchtext=Author%3A%20Khoiruddin
http://pubs.rsc.org/en/results?searchtext=Author%3AFerry%20Iskandar
http://pubs.rsc.org/en/results?searchtext=Author%3AI%20Gede%20Wenten
http://pubs.rsc.org/en/results?searchtext=Author%3AShadpour%20Mallakpour
http://pubs.rsc.org/en/results?searchtext=Author%3AShadpour%20Mallakpour
http://pubs.rsc.org/en/results?searchtext=Author%3AShadpour%20Mallakpour
http://pubs.rsc.org/en/results?searchtext=Author%3ASamaneh%20Soltanian

Chapter 4

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Separation and preconcentration of zirconium and/or hafnium using alizarine red S
immobilized on natural or polymeric support, M. M. Hassanien, Separation
Science and Technology, 2005, 40, 1621-1634.

Distribution of zirconium and hafnium between cation-exchange resin and acid
solutions. The column separation with nitric acid-citric acid mixture, J. T. Benedict,
W. C. Schumb, C. D. Coryell, J. Am. Ceram. Soc., 1954, 76, 2036-2040.

Anion exchange of complex ions of hafnium and zirconium in HCI-HF mixtures, E.
H. Huffman, R. C. Lilly, J. Am. Ceram. Soc., 1951, 73, 2902-2905.

Solid phase extraction using silica gel modified with murexide for preconcentration
of uranium (V1) ions from water samples, S. Sadeghi, E. Sheikhzadeh, Journal of
Hazardous Materials, 2009, 163, 861-868.

Mesoporous silica SBA-15 functionalized with phosphonate derivatives for
uranium uptake, Y. L. Wang, L. zZhu, B. L. Guo, S. W. Chen, W. S. Wu,
NewJ.Chem., 2014, 38, 3853.

Assesment of phosphate functionalised silica gel (PFSG) for separation and
recovery of uranium from simulated silicide fuel scraps dissolver solution
(SSFSDS), A. Das, M. Sundararajan, B. Paul, S. M. Chopade, A. K. Singh, V.
Kain, Colloids and Surfaces A, 2017, 530, 124-133.

Mesoporous organosilica adsorbents: nanoengineered materials for removal of organic
and inorganic pollutants, A. Walcarius, L. Mercier, J. Mater. Chem., 2010, 20, 4478-
4511.

Synthesis of mesoporous silica nanoparticles, S. H. Wu, C. Y. Mou, H. P. Lin, Chem.
Soc. Rev., 2013, 42, 3862-3875.

A silica/PVA adhesive hybrid material with high transparency, thermostability and
mechanical strength, H. Pingan, J. Mengjun, Z. Yanyan, H. Ling, RSC Adv., 2017, 7,
2450-2459.

Improvement of mechanical performance of solution styrene butadiene rubber by
controlling the concentration and the size of in situ derived sol-gel silica particles, V. S.
Raman, A. Das, K. W. Stockelhuber, S. B. Eshwaran, J. Chanda, M. Malanin, U.
Reuter, A. Leuteritz, R. Boldt, S. WieRner, G. Heinrich, RSC Adv., 2016, 6, 33643-
33655.

93


http://pubs.rsc.org/en/results?searchtext=Author%3AAlain%20Walcarius
http://pubs.rsc.org/en/results?searchtext=Author%3ALouis%20Mercier
http://pubs.rsc.org/en/results?searchtext=Author%3ASi-Han%20Wu
http://pubs.rsc.org/en/results?searchtext=Author%3AChung-Yuan%20Mou
http://pubs.rsc.org/en/results?searchtext=Author%3AHong-Ping%20Lin
http://pubs.rsc.org/en/results?searchtext=Author%3AHu%20Pingan
http://pubs.rsc.org/en/results?searchtext=Author%3AJia%20Mengjun
http://pubs.rsc.org/en/results?searchtext=Author%3AZuo%20Yanyan
http://pubs.rsc.org/en/results?searchtext=Author%3AHe%20Ling
http://pubs.rsc.org/en/results?searchtext=Author%3AV.%20Sankar%20Raman
http://pubs.rsc.org/en/results?searchtext=Author%3AV.%20Sankar%20Raman
http://pubs.rsc.org/en/results?searchtext=Author%3AV.%20Sankar%20Raman
http://pubs.rsc.org/en/results?searchtext=Author%3AA.%20Das
http://pubs.rsc.org/en/results?searchtext=Author%3AK.%20W.%20St%C3%B6ckelhuber
http://pubs.rsc.org/en/results?searchtext=Author%3AS.%20B.%20Eshwaran
http://pubs.rsc.org/en/results?searchtext=Author%3AJ.%20Chanda
http://pubs.rsc.org/en/results?searchtext=Author%3AM.%20Malanin
http://pubs.rsc.org/en/results?searchtext=Author%3AU.%20Reuter
http://pubs.rsc.org/en/results?searchtext=Author%3AU.%20Reuter
http://pubs.rsc.org/en/results?searchtext=Author%3AU.%20Reuter
http://pubs.rsc.org/en/results?searchtext=Author%3AA.%20Leuteritz
http://pubs.rsc.org/en/results?searchtext=Author%3AR.%20Boldt
http://pubs.rsc.org/en/results?searchtext=Author%3AS.%20Wie%C3%9Fner
http://pubs.rsc.org/en/results?searchtext=Author%3AG.%20Heinrich

Chapter 4

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

Silica supported ceria nanoparticles: a hybrid nanostructure to increase stability and
surface reactivity of nano-crystalline ceria, P. Munusamy, S. Sanghavi, T. Varga, T.
Suntharampillai, RSC Adv., 2014, 4, 8421-8430.

N-Phenylaminomethyl hybrid silica, a better alternative to achieve reinforced PU
nanocomposites, Q. Zhang, X. Huang, Z. Meng, X. Jia, K. Xi, RSC Adv., 2014, 4,
18146-18156.

Natural rubber materials: volume 2: composites and nanocomposites, S. Thomas, C. H.
Chan, L. Pothen, J. Joy, H. Maria, 2013, Chapter 7, 205-219,
http://dx.doi.org/10.1039/9781849737654-00205.

Super-tough double-network hydrogels reinforced by covalently compositing with
silica-nanoparticles, Q. Wang, R. Hou, Y. Cheng, J. Fu, Soft Matter, 2012, 8, 6048-
6056.

Preparation of a mixed-mode silica-based sorbent by click reaction and its application in
the determination of primary aromatic amines in environmental water samples, Y. Zhu,
W. Zhang, L. Li, C. Wu, J. Xing, Anal. Methods, 2014, 6, 2102-2111.

Method for separating hafnium from zirconium, J. A. Sommers, J. G. Perrine, 2002,
US Patents No. 6737030.

Determination of optimum process conditions for the extraction and separation, M.
Taghizadeh, R. Ghasemzadeh, S. N. Ashrafizadeh, K. Saberyan, M. G. Maragheh,
2008.

Extraction and recovery of zirconium from zircon using Cyanex 923, B. Gupta, P.
Malik, N. Mudhar, Solvent. Extr. lon. Exch., 2005, 23, 345-357.

Extraction and separation of Zr (IV) and Hf (IV) from nitrate medium by some
CYANEX extractants, A. A. Nayl, Y. A. E. Nadi, J. A. Daoud, Sep. Sci. Technol.,
2009, 44, 2956-2970.

Separation of Hf (IV)-Zr (IV) in H,SO4 solutions using solvent extraction with
D,EHPA or Cyanex 272 at different reagent and metal ion concentrations, M. S.
Lee, R. Banda, S. H. Min, Hydrometallurgy, 2015, 152, 84-90.

Solvent extraction for the separation of Zr and Hf from aqueous solutions, R.
Banda, S. L. Man, Sep. Purif. Rev., 2015, 44, 243-249.

Zirconium-hafnium production in a zero liquid discharge process, T. S. Snyder, E.
D. Lee, 1992, US Patents No. 5112493.

94


http://pubs.rsc.org/en/results?searchtext=Author%3APrabhakaran%20Munusamy
http://pubs.rsc.org/en/results?searchtext=Author%3AShail%20Sanghavi
http://pubs.rsc.org/en/results?searchtext=Author%3ATamas%20Varga
http://pubs.rsc.org/en/results?searchtext=Author%3AThevuthasan%20Suntharampillai
http://pubs.rsc.org/en/results?searchtext=Author%3AThevuthasan%20Suntharampillai
http://pubs.rsc.org/en/results?searchtext=Author%3AThevuthasan%20Suntharampillai
http://pubs.rsc.org/en/results?searchtext=Author%3AQiuhong%20Zhang
http://pubs.rsc.org/en/results?searchtext=Author%3AXin%20Huang
http://pubs.rsc.org/en/results?searchtext=Author%3AZhen%20Meng
http://pubs.rsc.org/en/results?searchtext=Author%3AXudong%20Jia
http://pubs.rsc.org/en/results?searchtext=Author%3AKai%20Xi
http://dx.doi.org/10.1039/9781849737654-00205
http://pubs.rsc.org/en/results?searchtext=Author%3AQiang%20Wang
http://pubs.rsc.org/en/results?searchtext=Author%3ARuixia%20Hou
http://pubs.rsc.org/en/results?searchtext=Author%3AJun%20Fu
http://pubs.rsc.org/en/results?searchtext=Author%3AYuling%20Zhu
http://pubs.rsc.org/en/results?searchtext=Author%3AWeiya%20Zhang
http://pubs.rsc.org/en/results?searchtext=Author%3ALixia%20Li
http://pubs.rsc.org/en/results?searchtext=Author%3AJun%20Xing

Chapter 4

57. Solvent extraction of zirconium with tributyl phosphate, A. E. Levitt, H. Freund, J.
Am. Ceram. Soc., 2002, 78, 1545-1549.

58. Preparation and properties of nano-silica modified negative acrylate photoresist, C.
K. Lee, T. M. Don, W. C. Lai, C. C. Chen, D. J. Lin, L. P. Cheng, Thin Solid Films,
2008, 23, 8399-8407.

59. A chelating resin containing 1-(2-thiazolylazo)-naphthol as the functional group:
synthesis and sorption behavior for trace metal ion, W. Lee, S. Lee, C. Lee, Y. Kim,
Microchem. J., 2001, 70, 195-203.

60. Preparation of silica gel bound crown ether and its extraction performance towards
zirconium and hafnium, W. Qin, S. Xu, G. Xu, Q. Xie, C. Wang, Z. Xu, Chemical
Engineering Journal, 2013, 225, 528-534.

95



Chapter 5
Separation of Actinides from Rare Earth
Metals by Dihydroxy Anthraquinone and
Ethyl-Bis-Triazinylpyridine Based Ligands

5.1 Introduction

Uranium has its use in nuclear industry as a fissile element [1]. Uranium is
used in natural or enriched *°U in nuclear reactors as an elemental alloy or oxide,
carbide etc. forms [2]. Specifications for nuclear grade uranium is that it should
contain < 10 ppm of rare earths in it [3] due to very high neutron absorption cross
section of rare earths causing deficit in required neutron flux inside reactors.
Therefore, separation of rare earths from uranium is mandatory from spent fuel as
well as other resources for nuclear grade uranium production. On the other hand, rare
earths have wide applications in various fields. Therefore, rare earths separated from
radioactive elements have no issues for its use in public domain.

Rare earths are used in various domains in our life such as electric traction
drives in hybrids, plug-In, electric vehicles, as permanent magnets, in wind and hydro
power generation, in handheld wire-less devices and computer disc drives, in cordless
power tools, in medical imaging-MRI, in X-ray imaging, in flat screen display, in
catalytic converters and other emission reduction technologies, in fiber optics, in Ni
metal hydride batteries for energy storage, in capacitors with high energy density etc.
[4]. The global scenario for the production of rare earths is given below [5].

Rare earths are present as trivalent lanthanide ions i.e. Ln** (Ln represents the
lanthanides) forming complexes with water or nitrate ion in nitric acid medium. Rare
earth cations are very hard acid cations [6] and therefore, binds strongly with hard

donor ligands i.e. containing oxygen, nitrogen atoms at the binding sites namely,

96



Chapter 5

Table 5.1 Country wise production of rare earths

Country Mine production (metric ton) | Reserves (metric ton)
United States _ 13,000,000
Australia _ 1,600,000
Brazil 550 48,000
China 130,000 55,000,000
Commonwealth of _ 19,000,000
Independent States
India 2700 3,100,000
Malaysia 350 30,000
Other countries _ 22,000,000
World total 133,600 113,778,000

D,EHPA (di-2-ethylhexyl phosphoric acid), PC88A (i.e. 2-ethylhexyl 2-ethylhexyl
phosphonic acid monoethyl hexyl ester), versatic 10 (i.e. neodecanoic acid), TBP (i.e
tributyln phosphate), alamine 336, LIX 84, L1X 621 [7-8] etc. Uranium (VI) also has
a very high ionic potential and therefore binds strongly with hard donor oxygen atoms
like TBP, D,EHPA, TOPO (trioctyl phosphine oxide), di-2-ethyl
hexyldithiophosphoric acid (DEHDTPA), di-(2-ethylhexyl) sulfoxide (DEHSQO). The
thio-organophosphorous extractants like bis(2,4,4- trimethylpentyl) phosphinic acid
(cyanex 272) and trioctylphosphine oxide (cyanex 923) are also the oxygen donor
ligands used for the extraction of uranyl ion [9]. Separation of uranium and rare earths
takes place at the particular feed acidity where their extraction differs greatly from
each other [10-13].

In this regard, 1,8-dihydroxy anthraquinone functionalised silica gel
(DHAFSG) has been synthesised, characterised and used for the separation of
uranium and rare earths from nitric acid medium. Synthesis and characterisation of

1,8-dihydroxy anthraquinone functionalised silica gel (DHAFSG) have been
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discussed in chapter 2. In this chapter, the experimental and theoretical studies have
been discussed for the complexation behaviour of DHAFSG with rare earths and
uranium and experiments on the separation of rare earths and uranium have been
discussed also. Moreover, a nitrogen based ligand namely, ethyl-bis-triazinylpyridine
(Et-BTP) has also been tried for the separation of trivalent lanthanides and actinides
using solvent extraction and membrane technologies which have been described in
this chapter. Complexes of DHAFSG with rare earths and uranium have also been
focused at molecular level.

5.2. Results & Discussion

5.2.1. Sorption Studies of Rare Earths and Uranium using 1,8-Dihydroxy
Anthraquinone Functionalised Silica Gel (DHAFSG) by Solid Phase Extraction
(SPE) Technique

Sorption studies of rare earths on DHAFSG from nitric acid medium have
been carried out in batch mode. Studies for the sorption variation with pH of feed
solution, kinetic studies, isotherm studies for rare earths have been discussed below.
5.2.1.1. pH Variation of Feed Solution

For the variation of sorption with pH of the feed solution, europium (Eu),

samarium (Sm), ytterbium (Yb), yttrium (), dysprosium (Dy) and erbium (Er) have
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Fig.5.1 Sorption of rare earths and uranium on DHAFSG
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been taken for the studies. It has been observed that sorption of rare earths increase as
the pH of feed solution increases and becomes constant after pH 6. Maximum
sorption of rare earths took place at about pH 6. Most of the rare earths hydrolyse at
higher pH (i.e., pH>7) [14] increasing the percentage sorption.
5.2.1.2. Sorption Kinetics Studies

Sorption kinetics for rare earths with DHAFSG has been studied at pH 6
where maximum sorption has been observed. Eu, Sm, Y, Yb and U have been taken
for kinetics. Sorption kinetics is fast for all the elements under observation and
sorption equilibrium is achieved within five minutes with a sorbent dose of 2gL™ in
all the cases. (Fig 5.2) For analysis of the nature of sorption kinetics, data have been
fitted with pseudo first order and pseudo second order kinetic models as described in
chapter 2. Kinetics data deviates largely from linearity from the pseudo first order

kinetic model but fits well with the pseudo second order kinetic model as is obvious

from Fig. 5.3.
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5.2.1.3. Sorption Isotherm Studies

Sorption isotherm studies for Eu, Sm, Y, Yb and U have been carried out
separately on DHAFSG (Fig.5.4) with variation of feed concentrations (concentration
range was 25-200 mg L™ at pH 6). In all these cases, sorption of rare earths increases
with the increase in their feed concentration (Fig.5.4). To find out the nature of
sorption of rare earths on DHAFSG, sorption isotherm data have been fitted in

Langmuir and Freundlich isotherm models (discussed in chapter 2).
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It is clear from Fig.5.5 that sorption data deviates from linearity with Langmuir model

but are close to linearity in case of Freundlich model. DHAFSG has heterogeneous

binding sits on its surface on which sorption of rare earths on take place.
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5.2.1.4. Studies for Loading Capacities of Rare Earths and Uranium on
DHAFSG

Loading capacities of Eu, Sm, Y and Yb have been determined separately by

equilibrating a fixed quantity of DHAFSG with excess volume of rare earth feed

solution with known concentrations of individual rare earths at pH 6 as described in

chapter 2. Loading capacities have been given in Table 5.2.

Table 5.2 Loading capacities of rare earths and uranium on DHAFSG

Elements Loading Capacities (mg/g)
Eu 23
Sm 20
Yb 24
Y 21
U 15
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5.2.1.5. Separation of Rare Earths and Uranium from Loaded DHAFSG

It has been observed that separation of rare earth elements from uranium is not
very high at different pH of the feed solution (Fig.5.1), therefore, their separation has
been tried with different chemical reagents. For the separation studies in batch mode,
a fixed measured quantity of DHAFSG has been loaded with a measured volume of
feed solution with known concentration of U, Eu, Sm, Y and Yb at pH 6 each time
before the elution studies. The loaded DHAFSG has been then treated with different
eluents (of fixed volume) for the de-sorption separation studies and the eluent
solutions have been analysed for the metal ions. Aqueous solutions of sodium
carbonate, hydrochloric acid, oxalic acid, ethylenediamine tetraacetic acid (EDTA)
etc. have been tried as the eluents for the de-sorption studies. It has been observed that
0.01M sodium carbonate solution selectively elutes out all the loaded uranium; after
that 0.02M hydrochloric acid is used to complex out the rare earth elements. This two
step process completely separates uranium from the rare earth elements. Whereas,
oxalic acid make the complexes with both rare earth elements as well as uranium.
0.01M oxalic acid elutes 95% of the loaded rare earth elements along with 5% loaded
uranium. 0.01M EDTA (pH >5) elutes 90% loaded rare earth elements along with
70% loaded uranium.

5.2.1.6. Theoretical Studies on the Complexation Behaviour of Rare Earths and
Uranium with DHAFSG

For carrying out the theoretical studies, Eu(l1l) and uranyl ion have been considered
as the representatives of rare earth elements and actinides respectively. In all these
cases, DHAFSG ligand has been considered to be deprotonated at only one site of the
phenolic—OH group present in the anthraquinone ring. DHAFSG binds with the metal
ion through the oxygen atom of deprotonated phenolic —-OH group and also through

the oxygen atom of benzo-ketone present in the anthraquinone ring. But the oxygen
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atom of benzo-ketone present in the anthraquinone ring gets protonated after the
optimisation of geometry of mere DHAFSG ligand (Fig.5.6). For Eu(lll), geometries
have been optimised considering two cases like i) two hydroxyl ions along with four
water molecules (Fig.5.7a) and also for ii) one hydroxyl ion along with five water
molecules (Fig.5.7b) present in the co-ordination sphere of Eu(lll). In case of uranyl
ion, two water molecules have been considered in its co-ordination sphere (Fig.5.7c).

The bond lengths from the optimised geometries have been provided in Table 5.3.

Benzo-ketone

oxygen atom deprotonated

deprotonated ﬁ f> phenolic oxygen

phenolic oxygen

Fig.5.7 DHAFSG complexes with (a) Eu(OH),.4H,0, (b) Eu(OH).5H,0 and (c)
U0,.2H,0
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Table 5.3 Optimised bond lengths of Eu(l11) and U(VI1) complexes with DHAFSG

Eu(OH),.4H,0 Eu(OH).5H,0 U0,.2H,0

(A) (A) A)

M-O (phenolic oxygen) 2.30 2.25 2.50

M-O (benzo-ketone 2.35 2.32 2.72

oxygen)

M-O (hydroxyl) 2.09 2.33
2.40

M-O (water) 241 2.41 2.74

2.44 251 2.73

--- 2.57

5.2.2. Separation Studies of Rare Earths and Actinides using Ethyl-Bis-Triazinyl
Pyridine (Et-BTP) by Solvent Extraction Technique

Ligands with hard donor atom like ‘oxygen’ has a preference for rare earths as
is the case of DHAFSG as described above under the experimental conditions.
Ligands with ‘nitrogen’ donor atom like has also preference for rare earths over
actinides as is reported by Zhao et. al. for 2,6-bis(5,6-dihexyl-1,2,4-triazin-3-yl)
pyridine (isohexyl-BTP) as extractant in ionic liquid medium [15]. But the extraction
behaviour by bis-triazinylpyridine (BTP) ligands changes remarkably in the presence
of diluents [16]. On the other hand, BTP derivatives like phenyl substituted BTP has
been found to be most insoluble BTP in organic phase whereas, methyl substituted
BTP derivative has significant solubility in the aqueous phase. Therefore, Et-BTP has
been chosen for the studies due to its favourable extraction behaviour.

Synthesis and characterisation of Et-BTP ligand has been discussed by
Bhattacharyya et. al. [17]. The extraction behaviour of rare earth and actinide using
ethyl-bis-triazinylpyridine (Et-BTP) has been described below by solvent extraction

technique. For these studies, europium (I11) i.e. Eu®* and americium (111) i.e. Am**
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have been considered as the representatives of the lanthanide and actinide elements
respectively. Solvent extraction studies have optimised the extraction parameters like
organic diluent used with Et-BTP, feed and strip conditions.
5.2.2.1. Choice of Appropriate Diluents for Et-BTP Solvent

Several organic diluents have been tried to solubilise the reagent (Et-BTP) and
the extracted complex in the organic phase to improve extraction and subsequent
separation efficiencies of rare earths and actinides. Poor solubility of the Et-BTP and
poor extractibility has been observed when n-decanol, benzyl alcohol, 1-octanol,
hexone and tert-butyl-benzene have been tried as diluents (Table 5.4). It has been
observed that the presence of an auxiliary ligand along with Et-BTP, has increased the
solubility of Et-BTP as well as the extracted species, with significant increase in the
extraction/ separation behaviour. Two auxiliary ligands namely, alpha-bromo
carboxylic acid and chlorinated cobalt dicarbollide (CCD) have been exercised here
along with Et-BTP.

Table 5.4 Solubility of Et-BTP in different organic diluents

Diluent Solubility Diluent Solubility

n-Dodecane Insoluble 1-Octanol Insoluble °
Toluene Insoluble Cyclohexanol Very soluble
Tert-butyl benzene Insoluble Hexone Very soluble
Tri-iso- Insoluble Pentanol Very soluble ©

propylbenzene

1-Decanol Insoluble Benzyl alcohol Very soluble ©

Nitrobenzene Partly soluble ° NPOE Insoluble °

% Soluble in presence of alpha-bromo carboxylic acid
> Soluble in presence of CCD

¢ Diluent is partially miscible with aqueous phase
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5.2.2.2. Role of Alpha-Bromo Carboxylic Acids and Chlorinated Cobalt
Dicarbollide (CCD) as Auxiliary Ligands
BTP ligands have different solubilities in organic medium as discussed above.

Alpha-bromo-carboxylic acids as the auxiliary ligands assist the solubilization of the
BTP ligands in organic medium and also solubilise the metal complexes with BTP by
contributing as the counter anion (Table 5.5). For Et-BTP ligand, alpha bromo
octanoic acid in n-dodecane is suitable as the organic phase which gives significant
extraction of Am** and good separation from Eu®*. But stripping of Am** from the
loaded solvent is difficult which complicates for further applications.

Table 5.5 Data of Am®" and Eu®" extraction and their separation with 0.02 M Et-
BTP+0.4 M a-bromo-octanoic acid for different aqueous feed solutions

Aqueous phase Dam Dey S.F.
0.01 M HNO4 930 343 2.71
0.1 M HNO;3 240 5.3 45.3
0.3 M HNO;3 20.4 0.21 97.1

1 M HNO; 28.6 0.31 92.3
2 M HNO;3 55.3 0.24 230
0.1 M AHIBA 121 310 0.39
0.01 M EDTA 0.62 0.69 0.90

Chlorinated cobalt dicarbollide (CCD) as auxiliary ligands also plays a good role as
an auxiliary ligand with good solubility and extractability of Am®*. 0.005 M CCD
along with 0.02 M Et-BTP in nitrobenzene medium or in 2-nitrophenyl octyl ether
(NPOE) medium acts as a good extractant of Am** and separates it from Eu**. On the
other hand, it also shows a good stripping of Am®" from loaded solvent. Therefore,
CCD has been used in subsequent use in SLM studies. The extraction, stripping and
separation behaviour using CCD as an auxiliary ligand have been given in Table 5.6.

Table 5.6 Distribution ratio (D) of Am** and Eu® and their separation factors

Organic phase Aqueous phase Dam Dey S.F.
0.02 M Et-BTP in benzyl Dist. water 0.45 - -
alcohol+ tBu-benzene 0.5 M HNO3 0.15 - -
0.02 M Et-BTP + 0.005 M Dist water > 500 22.2 -

106




Chapter 5

CCD in nitrobenzene 0.01 M HNOs > 500 3.1 -
0.1 M HNO3 28.7 0.3 96
0.5 M HNO; 1.03 0.04 26
1.0 M HNO3 1.12 0.04 28
0.01 M EDTA (pH 3.5) <0.001 | <0.001 -
0.02 M Et-BTP + 0.005 M 0.1 M HNO3 114 0.23 495
CCD in NPOE 0.01 M EDTA (pH 3.5) <0.01 <0.01 -

It is obvious from the above studies (Table 5.6) that 0.1M HNO; is the
optimum feed acidity and 0.01M EDTA is the optimum strip solution. The extraction

mechanism in the CCD medium can be written as,

M(H,0)3t, + X HCCD,, + YEt BTP,., + (3-X) HNO; < {M(Et-
BTP)y (N03)(3_x) (H20)n}x+.X{CCD_}Org+ 3 H;-q + (m'n) HZan ........... (51)
Distribution ratio ‘Dy,’ of the metal ions can be defined as
DM = [{M(Et - BTP)y (N03)(3—x) (HZO)n}+'x{CCD_}]org / [M(HZO)gn-l_]aq (52)
And the extraction constant Key can be written as
K. = [{M(Et_BTP)y (NOS)(3—x)(H2O)n}+-x{CCD_}]org -[H+]3q (5 3)
X [M(H20)5 lag [HCCD gy g [EE=BTPY),, JIHNO3]G~%)aq B
Taking logarithm of equation (5.3) can be changed into
logD = logK,, +3pH +xlog[HCCD],, +ylog[Et-BTP]+(3-X)log[HNO3]q ... (5.4)

x and y are found out from the slope of logD vs. log[HCCD]org and logD vs. log[Et-
BTP] respectively keeping other parameters constant.
5.2.2.3. Effect of Variation of CCD Concentration

CCD concentration has been varied in the range of 0.001-0.005 M while

keeping the Et-BTP concentration fixed at 0.02 M in nitrobenzene medium (aqueous

feed acidity has been kept fixed at 0.1 M HNOs in all these studies). Dam has been
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determined in all these cases. Slope of log D vs. log [HCCD]oq. plot (Fig.5.8) has
been found to be 1 indicating that one CCD molecule comes in the complexation
reaction. It has been assumed in these studies that the tripositive charge of Am** has

been neutralised by two nitrate groups.

30

Slope: 0.94 + 0.08
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Fig.5.8 Effect of variation of CCD concentration on the extraction of Am**
5.2.2.4. Effect of Variation of Et-BTP Concentration
Concentration of Et-BTP has been varied in the range of 0.004-0.02 M,

keeping the CCD concentration fixed at 0.001M in nitrobenzene medium. The
aqueous phase acidity has been kept as 0.1 M HNO; as before. Dam has been
measured in all these cases. Slope of log Dam Vs. log [Et-BTP]qq. plot (Fig.5.9) has
been found to be 1 indicating that one Et-BTP molecule is involved in the

complexation reaction.

Slope: 0.90 + 0.02

0.004 0.006 0.008 0.01 0.02
[Et-BTP] /7 (M)

Fig.5.9 Effect of the variation of Et-BTP concentration on the extraction of Am**
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5.2.3. Separation Studies of Rare Earths and Actinides using Ethyl-Bis-Triazinyl
Pyridine (Et-BTP) by Supported Liquid Membrane (SLM) Technique

SLM studies for the separation of lanthanides and actinides have been carried
out by the method described in chapter 2. The optimised parameters as obtained from
the solvent extraction studies like the diluent used with Et-BTP, feed and strip
conditions etc. have been utilised for the liquid membrane studies as described below.
It has been found from the solvent extraction studies that NPOE is an optimum diluent
for Et-BTP + CCD mixture (as described in section 5.2.2.1.), but transportation of
Am®* is not facilitated through SLM due to high viscosity of NPOE. Therefore, a
mixture of NPOE and n-dodecane has been taken for SLM studies which show facile
transport of Am®" through the membrane. Moreover, mere EDTA can’t serve as an
optimum stripping agent (0.01M EDTA as obtained from solvent extraction studies)
due to its precipitation in presence of nitric acid which comes from the feed solution
through the membrane. Therefore, a mixture of chloroacetate buffer and EDTA has
been taken as the stripping agent to avoid the precipitation of EDTA for the SLM
studies. Transport of Am*®" has been facilitated by chloroacetate buffer and EDTA as

the stripping agent (Fig.5.10).
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Fig.5.10 Am(III) transport studies with i) only EDTA and ii) EDTA+chloroacetate
buffer as the stripping agent. Feed: 0.1 M HNO3;; Organic phase: 0.02 M Et-
BTP+0.005 M CCD in nitrobenzene.
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Fig.5.11 Transport of Am**, La**, Eu®*, Nd**and Lu®" using (0.02 M Et-BTP+ 0.005M
CCD) ligands in (nitrobenzene + n-dodecane) diluent mixture. Feed: 0.1MHNOg3;
Strip: 0.01 M EDTA in chloroacetate buffer (pH=3.5).

Transport studies have also been carried out for **Am, *2Eu, **'Nd, *’Lu and **’La
using 0.02 M Et-BTP along with 0.006M CCD as ligands in the mixture of
nitrobenzene and n-dodecane diluents. It is observed that Am*®* has been transported
efficiently and separated well from the rare earths (i.e. La**, Nd**, Eu®, Lu*")
(Fig.5.11).
5.3. Conclusion

DHAFSG seems to be a potential candidate to separate rare earth elements
from uranium. Complexation of rare earth elements with DHAFSG is stronger than
that of uranium which is reflected in their loading capacity values. Separation of rare
earth elements from uranium using DHAFSG is not possible by variation of pH of the
eluent solution. Different eluting reagents have been studied for their separation. It
has been observed that complete separation of uranium and rare earth elements is

possible by two steps of elution: in the first step, complete removal of uranium using
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0.01M sodium carbonate reagent and in the second step, complete desorption of rare
earth elements using 0.02M hydrochloric acid reagent.

Et-BTP on the other hand also seems to be a potential candidate to separate
actinides from lanthanides using both solvent extraction as well as membrane
techniques. Et-BTP selectively binds with actinides (e.g. Am**) compared to
lanthanides (e.g. Eu®") in presence of CCD as the auxiliary ligand. Back-extraction
(stripping) of actinides is not possible by mere variation of acidity of nitric acid of the
strip solution because it is difficult to break the strong Et-BTP-CCD- Am*®* complex.
Therefore, a complexing agent e.g. EDTA has been used for the back-extraction of
loaded Am®* (which is present in the organic phase) into the aqueous phase.
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Chapter 6
Separation and Enhanced Recovery of
Palladium using Dithio Diglycol Amide
(DTDGA) Ligand

6.1 Introduction

Palladium is a valuable metal which is applied in various fields e.g. catalysis,
pharmaceuticals, electronics, telecommunication, heat and corrosion resistance
apparatus, petroleum industry, dental alloys, jewellery etc. [1-3]. But the natural
abundance of palladium in the earth crust is too low to meet the present growing
demand. This has generated the need of exploring the separation and recovery of
palladium from secondary resources. Among the various secondary resources of
palladium the major ones include spent catalysts from automotive and petroleum
industries and high level waste (HLW) from nuclear industry [4-9].

Different ligands have been proposed for extraction of palladium. Palladium
is a soft metal and has a preference for co-ordination with ligands containing soft
donor atoms like ‘S’. Several extractants have been so far reported by researchers for
the extraction of palladium. Ligands like 2-hydroxy-4-s-octanoyldiphenyl-ketoxime
[10], dialkyl sulphoxides [11], 8-hydroxyquinoline [12], dioctyl sulphides [13], 4-
acylpyrazolone [14], pyridine-carboxamides [15], Cyphos-IL-101 [16], and bis-(2,4,4-
trimethyl pentyl)-phosphinodithioic acid [17], tertiary and quaternary amines(tri-n-
octyla-mine, tri-n-octylmethyl ammonium chloride (TOMAC) and tri-n-octylmethyl
ammonium nitrate (TOMAN) [18-19] a-benzoinoxime (ABO) [20] and benzoyl
methylene triphenyl phosphorane (BMTTP) [21] have been exploited worldwide.
Large scale implication of these ligands are affected by several limitations like pH

sensitivity, chemical stability, slower kinetics of extraction, poor solubility in
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paraffinic diluents, instability in acidic medium etc. These limitations has been
overcome by exploring a sulphur based ligand, namely, N, N, N’ N"-
tetraoctylthiodiglycolamide (TOTDGA) in HCI medium [22-23]. This ligand has
shown high extractability and selectivity for palladium over other metal ions. With
the idea of increasing the extractability of palladium with less ligand inventory, the
incorporation of second S atom has been attempted. This led us to the design of the
molecule N,N,N’,N’-tetra(2-ethylhexyl)dithiodiglycolamide (DTDGA). DTDGA has
shown remarkable extractability and selectivity for palladium over other metal ions
present [5]. The chelation of palladium with DTDGA occurs through more than one
donor sites of thio-etheric sulfur and amidic moiety placed appropriately in the ligand
which provides high selectivity and extractability for palladium [24]. DTDGA
molecule possesses two thioetheric ‘S’ atoms as compared to the single ‘S’ atom in
TOTDGA molecule and, therefore, it is expected that this ligand will chelate more
effectively and selectively with palladium for its recovery from various resources.

In the present chapter, separation and recovery of palladium from both
hydrochloric acid and nitric acid medium by DTDGA ligand has been discussed.
Solvent extraction method has been exploited for the recovery of palladium from
hydrochloric acid medium. Various parameters used in the solvent extraction method
like feed acidity, extraction kinetics, ligand concentration, effect of diluents, back
extraction of palladium etc. have been optimised. Finally, the recovery of palladium
from spent catalyst dissolver solution in hydrochloric acid medium has been
demonstrated. In addition, membrane method also has been exploited for the recovery
of palladium from nitric acid medium. Parameters like effect of nitric acid in the feed

solutions, effect of DTDGA concentration, effect of membrane pore size, membrane
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thickness, stability of membrane etc. have been optimised. At the end, selectivity of
the ligand over other fission products using the membrane technique has been tested.

6.2. Results and Discussion
6.2.1. Solvent Extraction Studies with DTDGA Ligand

Solvent extraction studies for palladium from hydrochloric acid medium using
DTDGA ligand have been performed. Following experiments have been carried out to
establish the extraction parameters.
6.2.1.1. Extraction Kinetics

Fig. 6.1 shows the variation of percentage extraction (%E) of palladium as a
function of contact time. It is evident from the figure that the kinetics of extraction is
very fast, the extraction equilibrium being achieved in less than 5 minutes under the

chosen experimental conditions.
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Fig.6.1 Extraction kinetics of palladium by DTDGA solvent
6.2.1.2. Effect of Feed Acidity
Influence of hydrochloric acid concentration (present in the feed solution) on
the extraction of palladium has been studied by determining Dpy at various
concentrations of HCI (Fig. 6.2). It is observed that Dpy increases with increase in
HCI concentration up to 3M and no change in Dpg has been observed on further

increasing the HCI concentration. It suggests that the hydrochloric acid plays an
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important role in extraction of palladium. It is therefore of importance to investigate
the mode of participation of HCI in the extraction reaction. Fig. 6.3 shows that Dpyq
remains unchanged with hydrochloric acid variation at a fixed ionic strength of
chloride ion i.e. 3.0 M (H,Na)Cl. This indicates that HCI molecule itself does not
participate in the complex formation reaction with palladium rather the chloride ions
present in the feed solution participates in the complexation reaction which is

reflected in the increase in Dpq (cf. Fig. 6.2) with the increase in HCI concentration.
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Fig.6.2 Extraction of palladium by DTDGA solvent with variation of feed acidity
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Fig.6.3 Variation of Dpq at a fixed ionic strength of chloride ion
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6.2.1.3. Effect of DTDGA Ligand Concentration
Since the extractability of Pd is very high with DTDGA, it is found to be

difficult to determine the stoichiometry of Pd-DTDGA complex by using slope
analysis method. Therefore, mole ratio plot method has been used to determine the
stoichiometry. Fig. 6.4 shows the variation of concentration of palladium in the

organic phase i.e. [Pd]og as a function of [DTDGA]/[Pd].q. From the figure it is
evident that the concentration of palladium in the organic phase remains constant after

[DTDGA]/[Pd]ag. = 1. This indicates the stoichiometry of DTDGA:Pd = 1.

Pd%l | +2 Clg, + DTDGAorgy © PACly,. DTDGA o) (6.1)
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Fig.6.4 Mole ratio plot: variation of concentration of palladium in the organic phase

with the change in DTDGA]/[Pd]4q

6.2.1.4 Effect of Diluents
The extraction behaviour of 10° M palladium in 3.0 M HCI with 0.0025 M

DTDGA ligand dissolved in various diluents, namely, n-dodecane, toluene, isodecyl

alcohol and CCly has been investigated. Table 6.1 shows the variation of Dpg In

presence of different diluents. It is observed that as the polarity of the diluent
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increases, the extractability of Pd decreases. Maximum extraction of palladium is
obtained in the non-polar diluent, namely, n-dodecane. This could be attributed to the
fact that palladium is extracted into the organic phase in the form of neutral molecule
i.e. PdCI, and therefore, the non-polar diluents (e.g. n-dodecane) tend to facilitate the
extraction.

Table 6.1 Effect of diluents on the extraction of palladium

Sr. No. Diluent Depg
1 n-Dodecane 109.1
2 Isodecyl alcohol 6.5
3 Toluene 2.7
4 CCl4 8.6

6.2.1.5 Back Extraction of Palladium from Loaded DTDGA

Back extraction of Pd from the loaded organic has been carried out using
various reagents, namely, de-ionised water (at pH 7), ammonia solution (4%, v/v),
0.025 M EDTA solution and 0.01 M thiourea in 0.1 M HCI. The organic phase
obtained after equilibrating 0.0025M DTDGA ligand (dissolved in n-dodecane) with
the aqueous phase containing 10° M palladium dissolved in 3.0 M HCI, has been
contacted with the above stripping solutions. Table 6.2 shows the percentage back
extraction of palladium in a single contact. It is evident that with deionized (DI) water
and 0.025 M EDTA solution, very less back extraction is achieved. With ammonia
solution (4%, v/v), about 47% back extraction is achieved in a single stage with slight
turbidity in the aqueous phase. Palladium is found to be quantitatively recovered
using a solution of 0.01 M thiourea in 0.1 M hydrochloric acid.

Table 6.2 Back extraction studies

Sr. No. Stripping solution Recovery (%)
1 Water, pH ~ 7 6.3
2 Ammonia solution (4%, v/v)? 46.5
3 0.025 M EDTA solution 1.8
4 0.01 M Thiourea in 0.1 M HCI 98.8

% slight turbidity observed in aqueous phase
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6.2.1.6 Extraction Behavior of DTDGA from SSCD Solution

DTDGA/n-dodecane solvent system has been tested for the separation of
palladium from spent catalyst dissolver solution, SSCD. Fig. 6.5 shows the
distribution ratio of the elements present in SSCD at 3.0 M hydrochloric acid
concentration by equilibrating it with 0.0025 M DTDGA/n-dodecane. Very high
extractability of palladium with almost negligible extraction of other elements has
been observed. Thus, a very high separation factor is obtained for palladium over
other elements present in SSCD solution. Therefore, 0.0025 M DTDGA/n-dodecane

can be used to selectively separate palladium from SSCD solution.

Org. Phase: 0.0025 M DTDGA/n-dodecane

Element

Fig.6.5 Distribution ratio of elements present in SSCD solution

6.2.2. Membrane Studies with DTDGA Ligand

Membrane separation studies for palladium from nitric acid medium using
DTDGA ligand have been executed. Results of the experiments carried out to
establish the extraction parameters have been discussed below.
6.2.2.1. Effect of Feed Nitric Acid Concentration

To understand the role of feed acidity (i.e. the concentration of nitric acid in
the feed solution) in the transport rate of palladium using 0.025M DTDGA as carrier
in membrane technique, nitric acid concentration in the feed solution has been varied

from 1M to 6M. As evident from Fig.6.6, near quantitative transport of Pd (> 99%) in
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120 min time interval in all these cases has been observed. The reason behind initial
increase in transport rate from 1M HNO; to 2M HNOg is due to increase in nitrate ion
assisted complexation of Pd with DTDGA at the feed-membrane interface as
explained in Eq.6.2. Now with further increase in acidity the effect of acid transport
from feed solution to the receiving phase became significant. After 120 min of
operation, the acidity of 3M HNOj3 decreased to 2.9M whereas the acidity of 6M
HNO; became 5.7M. Increasing acid transport caused a decrease in free DTDGA
concentration in the membrane phase due to the formation of DTDGA.HNO;
complex. This effect caused a decrease in transport of Pd at higher acidities which
offset the effect of increasing nitrate concentration in the feed. These two effects
balance each other out to make the transport rate nearly constant at higher acidities
from 3M HNO;. Permeability co-efficient values for Pd at different nitric acid
concentrations are given in Table 6.3. So DTDGA as a carrier molecule is very
efficient for transport of Pd with a very low ligand inventory.

Pd* + 2(NO*) + n.DTDGA(0) <> 2Pd(NOs),.n(DTDGA)(0) (6.2)
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Fig.6.6 Effect of nitric acid concentration in feed solution
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6.2.2.2 Effect of DTDGA Concentration

One of the major advantages of SLM technique that uses very low ligand
inventory. Earlier we mentioned that a very low concentration of DTDGA (0.025M
in n-dodecane) is sufficient to achieve quantitative transport of Pd. In order to
optimize the DTDGA concentration, we have varied DTDGA concentration in the
SLM method. During these studies, feed acidity has been maintained at 4.0M HNO3
and stripping agent has been kept as 0.01M thiourea in 0.2 M HNOs. The results are
shown in Fig.6.6. Permeability coefficient values of Pd has also been shown in Table
6.3 for different concentrations of DTDGA. From Fig.6.7 it is evident that 0.025M
DTDGA in n-dodecane is the optimized concentration of DTDGA for quantitative
transport of Pd. The reason behind the increase in transport rate with increasing
DTDGA concentration from 0.005M to 0.025M is increasing Dpg Which results in
increase of Pd-DTDGA concentration in the feed-membrane interface. This causes an
increase in membrane transport rate. Now, with further increase in DTDGA
concentration from 0.025M to 0.05M, viscosity of the membrane phase also increases.
As the transport of metal ion across a SLM is governed by Stokes-Einstein equation
(being diffusion controlled):

Dy = T /6IIRn (6.3)

where Dy is the diffusion-coefficient, k is the Boltzmann constant, T is the absolute
temperature (K), R is the ionic radius (A) of metal ion and 7 is the viscosity of the
organic phase. As evident from Eq. 6.3, D is inversely proportional to the viscosity of
the organic phase, n. Therefore, with increasing DTDGA concentration from 0.025M
to 0.05M the membrane transport is slowed down. So, 0.025M DTDGA can be

chosen as the optimum concentration in the membrane phase during further studies.

121



Chapter 6

100 { | —®—000sm A
| ——0.01M ’-/14;1
2 —A—.025M =¥
£ 807 |y omu = e
a | — =
o
0
c
c
|
=l
o
=X
0 : . . |
0 30 60 90 120
Time (min)

Fig.6.7 Effect of DTDGA concentration on the transport of palladium through
membrane

6.2.2.3 Effect of Membrane Pore Size

During transport of metal ions across the organic phase in SLM system,
various membrane parameters like membrane pore size, membrane tortuosity, pore
structure, membrane thickness etc. have been varied to study their influences in the
palladium transport rate. While studying metal ion transport across different
membranes of different pore sizes, there are reports of different trends for different
metal-carrier combination which are mainly govern by two opposing factors: i)
increase in transport rate with increasing membrane pore size causes due to less
resistance faced by diffusing metal-carrier complex, ii) the decrease with increasing
membrane pore size is given by Laplace’s equation:

F = (2y/r)cosO (6.4)

where vy is the solvent-water interfacial tension, 6 is the contact angle, r is the pore
size and F is the trans-membrane pressure required to displace the carrier molecule
from the membrane pores. Thus with increasing membrane pore size, it becomes

easier to displace the carrier molecule from the membrane pores making the
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membrane unstable against carrier leaching. This causes a decrease in transport rate
with increasing membrane pore size.

To understand which of these factors will predominate in palladium-DTDGA
system, the membrane pore sizes have been varied (0.2 mm, 0.45 mm, 1.2 mm, 5.0
mm) and studied the transport rates of palladium. During these studies, feed acidity
has been kept as 4M HNOj3 and the organic phase has been kept as 0.025M DTDGA
in n-dodecane. We have plotted the observed P values for four different membrane
pore sizes in Fig.6.8. It is clearly understood from the figure that in the Pd-DTDGA
system, the destabilizing effect of increasing membrane pore size is dominant

resulting in continuous decrease in permeability co-efficient values as well as

transport rates. 24| .
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Fig.6.8 Effect of membrane pore size on the transport of palladium through the
membrane
6.2.2.4. Membrane Thickness

Transport of metal ion across a SLM being diffusion controlled, the flux of
the metal ion across the organic phase is dependent on the thickness of the membrane
used Q which can be expressed by the following equation

P = DpdDoldoT (64)
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where P is the permeability co-efficient, Dpq is the distribution ratio of palladium, Dy
is the diffusion co-efficient, do is the membrane thickness, 1 is the tortuosity factor of
the membrane. With increasing membrane thickness diffusional resistance of the
membrane increases linearly resulting in decreased metal ion transport rate. To
evaluate the diffusion co-efficient of Pd-DTDGA complex, membrane thickness has
been varied. In this study, 4M HNOg; as the feed acidity, 0.025M DTDGA in n-
dodecane as the organic phase, PTFE membranes (having 0.2 mm pore size) as
membrane support of variable thickness (prepared by laminating required number of
membranes) have been considered. A stirring speed of 500 rpm has been maintained
during these experiments to reduce the aqueous diffusion film thickness to the
minimum value [25]. The permeability coefficient values with variation of DTDGA
concentration along with the variation of feed acidity have been tabulated in Table
6.3.

Table 6.3 Permeability co-efficient (P) values for Pd(Il) using DTDGA /n-dodecane

organic phase

[HNO3] (M) | P x 10° (cm/s)® | [DTDGA] (M) | P x 10° (cm/s)®
1 1.28 0.005 0.87
2 2.34 0.01 1.68
3 2.35 0.025 2.37
4 2.37 0.05 2.33
6 2.35 - -

*[DTDGA] = 0.025M ° [HNO3] = 4M
The effect of the thickness of membrane on the transport of palladium has

been given in Fig.6.9. As evident from Fig.6.9, the transport rate for Pd(Il) decreases
with increase in membrane thickness (~99% in 120 min for 65 mm thicknesses to

~76%
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Fig.6.9 Effect of membrane thickness on the transport of palladium through the

membrane
during same time interval for 325 mm thicknesses). Diffusion coefficient

value has been calculated in a similar way using the plot of P vs. (1/ membrane
thickness) from Eq. 6.4 and the value for Pd-DTDGA system was found to be
3.52x10°° cm?/s.

6.2.2.5. Selectivity over other Fission Products

To investigate the selectivity of Pd(Il) over other fission products by SLM
technique, the transport study of Pd(ll) has been carried out from a diluted HLW
solution at 4M HNOg. Dilution of HLW has been carried out in nitric acid medium.
From Fig.6.10 it is evident that none of the elements present in HLW has been
transported to a significant level in the strip phase which indicates the excellent
decontamination factor (DF) of the elements with respect to Pd (I1) over 120 min of
operation. The Pd (Il) transport is observed to be ~99% during this time interval.
Therefore, DTDGA provides an excellent possibility to separate Pd (1) from HLW

with excellent DF over other fission products using SLM technique.
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Fig.6.10 Transport behaviour of different elements using DTDGA carrier
6.2.2.6. Stability of Membrane

Instability of SLM with respect to carrier leaching is the major drawback
which prohibits the large scale process application of this technique [26]. The reason
behind the leaching out of the carrier can be aqueous solubility of the carrier, osmotic
or hydro-static pressure gradient etc. The nature of the diluents also plays a very
important role in the stability of SLM [27]. It is reported that diluents such as
nitrobenzene and chloroform have shown poor stability whereas n-dodecane as
diluent has given stable membrane over a period of 20 days using TODGA as carrier
[28]. In case studies with n-dodecane diluent, the stability of the membrane in the
SLM studies with DTDGA/n-dodecane as the organic carrier, transport experiments
have been carried out for six consecutive cycles in which fresh solutions of feed and
receiver phase have been added for each experiment. 0.025 M DTDGA in n-dodecane
has been used as the organic phase (i.e. the carrier phase) and 4M HNOj as the feed
acidity in the current study. Fig.6.11 clearly indicates the stability of the SLM
containing DTDGA in n-dodecane as the carrier for six consecutive cycles of

operation. Even after using the SLM for six cycles, ~97% transport of Pd is observed
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Fig.6.11 Stability of membrane for Pd (Il) transport using DTDGA ligand
in 120 min which is ~99% in the same time interval as observed in the first cycle of
operation. This study provides us an option of long term reusability of SLM
containing DTDGA as the ligand for palladium extraction from acidic medium.
6.3. Conclusion

DTDGA has proved to be a potential ligand for complexing with palladium

both in hydrochloric acid medium and in nitric acid medium. In both the cases, it
forms 1:1 complex with Pd(I1) where the anions balance their charges forming neutral
complexes during extraction. Solvent extraction technique has been tested for the
separation of palladium from spent catalyst and membrane technique has been tested
for the separation of palladium from high level waste. Both these techniques have
given satisfactory separation of palladium over other metal ions present in the
solutions. >99% back-extraction of palladium from the loaded DTDGA has been
obtained in a single stage using 0.01M thiourea as the complexing agent. Therefore,
complete separation and recovery of palladium is possible using DTDGA ligand.
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Chapter 7
Separation of Lead, Zinc, Copper, Chromium

from Aqueous Medium

7.1. Introduction

Heavy metals like lead, zinc, copper, chromium are present in different
industrial wastes and process streams. These metals are highly hazardous to health
causing organ failure as well as disorder to human body. Removal and re-use of these
heavy metals from aqueous streams is beneficial to our society. Various methods for
the removal of heavy metals from waste waters have been the subject of researches
[1-4]. Precipitation [5-7], sorption, ion-exchange, reverse osmosis, membrane
filtration [8-9], electrodeposition [10], cloud point extraction [11] and solvent
extraction [12-15] are the common techniques for their separation and removal from
aqueous streams. Many of these processes are not adoptable at large scale due to their
high cost, low efficiency, disposal of huge amount of sludge etc. [16]. Precipitation is
an easy technique but it produces a large amount of precipitated sludge which requires
further treatment creating a secondary problem [17]. The cost of chemicals used for
precipitation makes this process uneconomical. Compared to the high cost of the other
techniques, solid phase extraction (SPE) e.g. sorption method is a low-cost method
and also very simple to operate [18-22]. Sorbents in the SPE method should have the
following criteria like: high surface area, good sorption properties including porosity,
durability, and uniform pore distribution. In this regard, a number of sorbents for SPE
method has been reported like amberlite XAD resins [19], [23], chitosan [24], diaion
HP-2MG [25], benzophenone/naphthalene [26], chelex 100 [27], silica etc. The

unique property of silica gel as a support material i.e. it does not shrink or swell in the
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aqueous environment has make it a preferable structural material. Research on
sorbents based on silica gel support has been reported [28-31]. However, the need of
better sorbents still persists. In this chapter, the sorption and removal of heavy metals
like lead, zinc, copper and chromium using functionalised silica gels like i) butanol
functionalised silica gel (BFSG) and ii) amidopyridyl amine functionalised silica gel
(APAFSG) have been discussed. These results have been compared with the sorption
behaviour using alkali treated silica gel (ASG).

7.2. Results and Discussion
Synthesis and characterisation of BPFSG and AAPPFSG have been provided in
chapter 2.
7.2.1. Sorption Extraction of Lead, Zinc, Copper and Chromium
Solutions containing Pb(Il), Cu(ll), Zn(11) and Cr(VI) metal ions, as obtained

by dissolving lead nitrate, copper sulphate, zinc chloride and potassium dichromate in
water respectively, have been equilibrated with a fixed measured quantity of alkali
treated silica gel (ASG), butanol functionalised silica gel (BFSG) and amidopyridyl
amine functionalised silica gel (APAFSG) separately (as described in chapter 2, section
2.3.0). Percentage extraction by sorption for these metal ions has been calculated using
equation 2.3. The metal ion extraction ability by different ligand is very different and
percentage extraction of metal ions by APAFSG, BFSG and ASG has been given in
Fig. 7.1. This is due to the role of the donor atoms present in the sorbents and also the
metal species present in the solution. ASG and BFSG act as oxygen donor ligands at
the experimental pH 7. But there are two types of donor atoms e.g. nitrogen donor atom
(amine group) and oxygen donor atom (amide group) which are presnt in APAFSG
ligand. Therefore, APAFSG shows a high uptake of Pb(ll). Extraction of Cu(ll) is also
reasonable (~27%) by APAFSG (Fig.7.1). Similar trend of sorption for Pb(Il) and

Cu(ll) has been reported by N-donor ligand (amine group) by Aguado et al. as given in
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Fig.7.2 [ 32]. The oxide ion present in ASG uptakes Pb(ll), Cu(ll) and Zn(Il) more
compared to Cr(V1) which is present as Cr,0;% ion in the solution.

It is observed that uptake of Pb(Il) and Cu(ll) is more by N-donor ligands
while, the uptake of Zn(ll) is more by O-donor ligand. Uptake of Cr(VI) as Cr,0-* ion

has only been reported by ligands which act as cation exchangers. [33-35].
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Fig.7.2 Percentage sorption of Pb(I1), Cu(ll), Cr and Zn(ll) on amine functionalised
sorbent

Moreover, APAFSG, since this ligand is a neutral ligand and therefore,
extracts the metal ions in their neutral form. Therefore, the complexation reactions of
the metal ions with APAFSG take place as their neutal complex where the anions

balance the charges of these metal ions. Therefore, the counter ions of Pb(ll), Cu(ll),
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Zn(I) i.e., nitrate, sulphate and chloride ions respectively present in the solutions play a
dominant role in the complexation reactions with APAFSG. Therefore, the size of
these anions and also the bulkiness around the binding sites in APAFSG ligand play a
major role in the complexation reactions of Pb(ll), Cu(ll), Zn(Il) and Cr(VI) (Fig.7.1).
The reported ionic radius values increase in the order
CI" (168pm) < NO5™ (200pm) < SO,* (258pm) < Cr,0;* (292pm) [36].
and the order of complexation as observed is as (Fig.7.1) Pb(ll) > Cu(ll) > Cr(VI) >
Zn(11). The bulky sulphate ion (ionic radius 258 pm, attached to the metal ion through
the oxygen atom) which is attached to the copper ion (for the charge neutralisation)
may pose some steric effect in the sorption of Cu(ll) compared to the smaller nitrate ion
(ionic radius 179 pm, attached to the metal ion through the oxygen atom) which is
attached to Pb(ll). The decrease in sorption of Zn(Il) may be due to the bulky chloride
ions (ionic radius 167 pm) which are directly attached to Zn(Il) ion to neutralise its
charges.
7.2.2. Loading Capacities
The loading capacities of Pb(ll), Cu(ll), Zn(ll) and Cr(VI) on APAFSG,
BFSG and ASG sorbents have been tabulated below. The reported loading capacities
of Pb(Il), Cu(ll) and Cr(VI) on different sorbents have also been tabulated in Table
7.1

Table 7.1 Loading capacities of Pb(I1), Cu(ll), Zn(1l) and Cr(VI)

Ligand Element Loading Reference Reference
Capacity mg/g | (Nitrogen donor) [(Oxygen donor)
N-donor
APAFSG Pb(11) 50
Cu(ll) 25 30 [32]
Cr(VI) 7 10 [32]
Zn(1l) 3
O-donor
BFSG Pb(11) 14 12 [37]
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Cu(ll) 19 15 [37]
Cr(VI) 2
Zn(Il) 23
ASG Pb(Il) 12
Cu(ll) 18
Cr(VI) 2
Zn(Il) 28

7.2.3. Comparison of Extraction of Metal lons with other Sorbents

Different sorbents have been reported till now for the extraction and removal

of these heavy metals from aqueous streams. Some of them have been enlisted below

(Table 7.2).

Table 7.2 Sorption of Pb(I), Cu(ll), Zn(I1) and Cr(V1) by different sorbents

Material Element | Loading Capcity | Reference
(Inorganic and Biomaterial) (mg/g)

Chitosans

Chitosan Pb(11) 16 38
Cu(ll) 222 39
Cr(VI) 273 40
Cu(ll) 17 38
Cu(ll) 4.7 41
Cu(ll) 13 42

Non cross-linked chitosan Cr(VI) 80 43
Cu(ll) 85 43

Cross-linked chitosan Cr(VI) 50 43
Cu(ll) 86 43

Crosslinked chitosan with | Cu(ll) 60 44

glutaraldehyde

Crosslinked chitosan with | Cu(ll) 62 44

epichlorohydrin

Crosslinked chitosan with ethylene | Cu(ll) 46 44

glycol diglycidyl ether

Zeolites

Clinoptilolite Cu(ll 1.64 45
Pb(11) 1.6 45
Cu(ll) 3.8 46
Pb(1) 6 46
Pb(11) 1.4 47
Pb(1) 62 48

Chabazite Pb(Il) 175 48

Chabazite—phillipsite Cu(ll) 5.1 48
Pb(11) 6 48
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Zn(I1) 0.04 49
Cu(ll) 0.37 49
Clay
Kaolinite Pb(Il) 0.12 50
Pb(11) 1.41 51
Ilite Pb(1l) 4.29 51
Bentonite Zn(11) 4.54 52
Peat Zn(I1) 11.12 53
Cu(ll) 12.07 53
Fly Ash Cu(ln 1.39 54
Aluminium oxide Cr(VI) 11.7 55
Pb(11) 33 56
Pb(1l) 230 56
Industrial waste
Lignin Pb(11) 1865 57
Zn(1l) 95 57
Waste slurry Pb(11) 1030 58
Cr(VI) 640 58
Biomaterials
Rice husk carbon Cr(VI) 45.6 59
Triethylenetetramine Cu(ln 133 60
sugarcane bagasse
Pb(11) 313 60
Carrot residues Cu(ll) 32.74 61
Zn(1l) 29.61 61

7.2.4. Thermodynamic Studies
Thermodynamic studies for the sorption of Pb(I1), Cu(ll), Cr(VI) and Zn(ll)

on APAFSG, BFSG and ASG have been carried out as described in chapter 2, section
2.2.2.7. InDym vs. 1/T has been plotted (Dw stands for the distribution ratio of the metal
ion, T stands for temperature) for all the metal ions as shown in Fig.7.3. The enthalpy
values have been tabulated in Table 7.3. Sorption of Pb(ll), Cu(ll) and Zn(ll) on ASG
takes place by oxide donor site and the sorption enthalpies are exothermic (Fig.7.3c).
Sorption of Cr(VI) onto ASG is endothermic in nature which may be because of the
coulombic repulsion faced by Cr,0-* ion from the negative surface charge of ASG at

pH 7. Similar observation is obtained in case of BFSG sorbent for Cr,O;* ion

(Fig.7.3b).
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Sorption of Pb(ll), Cu(ll), Zn(I1) and Cr(VI) on to APAFSG takes place via
co-ordination complexes with the oxygen and nitrogen atoms present at the binding

sites of APAFSG at pH 7. All the sorption reactions with APAFSG have been observed

to be exothermic in nature (Fig.7.3a).
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Fig.7.3 Thermodynamic studies of Pb(ll), Cu(ll), Cr(VI1) and Zn(Il) on (a) APAFSG,
(b) BFSG and (c) ASG

Table 7.3 Enthalpy values of metal ligand complexes

Ligand Metal ions Enthalpy (AH) Enthalpy of bare M**
kcal/mol with triamine (AH)
kcal/mol [Reference]
APAFSG Pb(Il) =77 -8.2 [62]
Cu(l) -30 -13 [62]
Zn(Il) -21.7 -7.3[62]
Cr(VI) -20.6
BPFSG Pb(Il) -2
Cu(ll) -5
Zn(Il) -6.2
Cr(VI) +0.06
ASG Pb(11) -5.6
Cu(ll) -6.7
Zn(Il) -11.5
Cr(VI) -0.11
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Theoretical studies on Cu(ll) has been carried out by DFT method using with
B3LYP/6-31G/LANL2DZ level of theory [63]. Kumar et. al. [63] has reported both
square-pyramidal geometry and distorted octahedral geometry for Cu(ll) complexes.
Tetragonally distorted octahedral geometry, trigonal prismatic, trigonal bipyramidal,
square-based pyramidal, tetrahedral geometries [64-67] and square planar geometry
[68-69] are also reported for Cu(ll) complexes. In this context, two possible
geometries are possible for Cu(ll) ion for binding with BFSG: i) two hydroxyl oxygen
atoms can attach to Cu(ll) providing tetrahedral geometry, ii) four hydroxyl oxygen
atoms can attach to Cu(ll) providing distorted octahedral geometry.

7.3. Conclusion

APAFSG ligand has shown a high sorption (about 60%) for Pb(l1l) from lead
nitrate solution. Therefore, APAFSG can selectively extract and remove Pb(Il) from
its aqueous solution. Whereas, about 30% extraction of Cu(ll) is observed using this
ligand from copper sulphate solution. APAFSG acts as both N-donor and O-donor
ligand. As it is a neutral ligand, it extracts Pb(ll), Cu(ll), Zn(1l) and Cr(VI) as their
neutral complexes at pH 7. Herein, the counter ions e.g. nitrate, sulphate and chloride
ions balance the charges of the metal ions to form neutral metal species which form
complexes with APAFSG. Therefore, the complexation reaction is also governed by
the sizes of these anions which also play a major role.

BFSG and ASG on the other hand, act as O-donor ligands at pH 7. These
ligands may get deprotonated at this pH and therefore, provides coulombic repulsion
to Cr(V1) which is present as Cr,0-* ion in the solution. Therefore, sorption of Cr(V1)

is considerably less by these ligands.
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Extraction and separation of metal ions from various resources are important for their usage in different
industries as well as safe disposal of the industrial metal bearing process streams into the environment.
Therefore, attempt was to recover metal ions from various resources. The metal ions of importance in
different industries like uranium, zirconium, rare earths, palladium, lead, copper, zinc etc. were targeted
to recover from aqueous streams. In this context, new novel ligands like phosphate functionalized silica
gels, amine and amido pyridyl phosphate functionalized silica gel, 1,8-dihydroxyanthragquinone
functionalized silica gel etc. were synthesized, characterized and tested for the ability to extract,
separate and recover the metal ions from different aqueous medium. Phosphate functionalized silica
gels showed good extractability of uranium from aqueous nitric acid medium. Kinetics of the extraction
was fast and equilibrium was attained within five minutes. All the phosphate functionalized silica gels
have shown good loading capacities for uranium from nitric acid medium and also good re-usability upto
few cycles. The recovery of uranium was > 99%. The functionalized silica gels have been tested for the
recovery of uranium from simulated silicide fuel dissolver solution. Amine and amido pyridyl phosphate
functionalized silica gel has shown a moderate separation of zirconium from hafnium from aqueous
nitric acid medium under mild condition. Separation of zirconium from hafnium was also tested from
simulated zircon ore dissolver solution. 1,8-dihydroxyanthraquinone functionalized silica gel has shown
good binding with the rare earths compared to uranium in the nitric acid-sodium carbonate medium.
Dithiodiglycolamide was able to extract palladium completely from hydrochloric acid medium. It was
also tested for the recovery of palladium from simulated spent automobile catalyst dissolver solution.
Studies have shown that the nitrogen donor ligands have a higher tendency to bind with the hazardous
elements like lead, copper from aqueous medium than the oxygen donor ligands; but zinc ions bind
stonger with the oxygen donor ligands. The complexation and binding of the metal ions with the ligands
have been studied at molecular level. All the complexes have been modeled, their geometries were
optimized, binding energies were calculated and the bond vibrational frequencies were matched with
the experimental data. The theoretical results give details information about the complexes of the metal

ions and also help in further designing of new selective ligands for the metal ions.
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Summary and Conclusion

Industrial wastes create pollution to the environment due to the presence of
toxic chemicals as well as metal ions. These metal ions also have their individual
applications in various fields. Therefore, extraction and separation of these metal ions
from the industrial aqueous streams is beneficial both as their re-usability as well as
environmental concerns. In this regards, synthesis and characterisation of new ligands
have been carried out to extract, separate and remove the metal ions of concern from
the aqueous medium. Metal ions targetted in this present work are uranium, zirconium
and hafnium, rare earth elements, palladium and heavy elemnts like lead, chromium,
zinc and copper. Computational calculations on the metal-ligand complexes have
been carried out to understand them at the molecular level which provides the binding
pattern of the metal ions with different ligand.

The works carried out in the present thesis have been described below.

) Phosphate functionalised silica gels namely, single phosphate functionalised
silica gel (SPFSG), bi-phosphate functionalised silica gel (BPFSG), tri-phosphate
functionalised silica gel (TPFSG) have been synthesised and characterised for the
extraction of uranium from aqueous streams. Amine and amidopyridyl phosphate
functionalised has also been synthesised, characterised for the sorption of uranium.
SPFSG has been used for the extraction and sorption of uranium from nitric acid-
sodium hydroxide medium at pH 1.0. Sorption kinetics is found to be fast for uranium
and sorption takes place within five minutes with a sorbent dose of 5gL™. Sorption
kinetics fits well in the pseudo second order kinetic model indicating that the sorption

reaction is governed by the complexation reaction between the uranium species with
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the ligand. Sorption isotherm follows Freundlich isotherm model indicating the
presence of heterogeneous surface on SPFSG. Loading capacity on the SPFSG
sorbent is high and it is 25 mg g*. SPFSG has shown very good re-usability. >99%
recovery of uranium is possible from the loaded SPFSG in multiple stages. Selective
sorption of uranium has been obtained from silicide fuel dissolver solution over
iron(111), aluminium(ll), calcium(ll) and magnesium(ll). Computational results
match well with the experimental FT-IR results. The computed asymmetric
vibrational frequencies (vasym) Of bare and coordinated P=0O are found within 35 cm™
difference of the IR vibrational peaks. Theoretical calculations have confirmed the
ratio of uranium (V1) with SPFSG sorbent is 1:2. Binding energy of the complex has
been found to be 3.8 kcal mol™.

As the sorption experiments for uranium (V1) is not possible to carry-out in
the nitric acid-sodium hydroxide medium above pH 4 due to the hydrolysis and
precipitation of uranium at higher pH (higher than pH 4), the sorption experiments
using BPFSG, TPFSG and AAPPFSG sorbents have been carried out for the sorption
and extraction of uranium (VI) from nitric acid-sodium carbonate medium where
uranium (VI) remains in the solution as their carbonate complexes. Sorption
experiments using BPFSG, TPFSG and AAPPFSG have been carried out at pH 4.5.
Sorption kinetics is fast for all these sorbents where the sorption equilibriums are
attained within ten minutes with the sorbent dose of 2gL*. Sorption kinetics follow
pseudo second order kinetics model. Sorption isotherms follow Freundlich isotherm
model. It is observed that sorption is high for AAPPFSG at pH less than pH 4.5
whereas, it decreases at higher pH than pH 5. This is due to the steric hindrance in the
sorption of bulky uranium carbonate complexes on the AAPPFSG sorbent where the

bulkiness is present around the binding site. Loading capacities of uranium (VI) on
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BPFSG, TPFSG and AAPPFSG have been found to be 34mg g, 36 mg g™ and 38
mg g™ respectively.

i) Mono-phosphate functionalised silica gel (MPFSG) has been synthesised,
characterised and applied for the extraction and separation of zirconium from hafnium
in the nitric acid medium. In MPFSG sorbent, the phosphate group is directly attached
to the solid silica surface where no flexible carbon chain is present. Since the
separation of zirconium from hafnium is carried out in large scale using tri-butyl
phosphate (TBP) solvent in the solvent extraction technique, trials have been taken for
their separation using mono-, bi- and multiple phosphate functionalised silica gels in
the nitric acid medium. In this respect, MPFSG, BPFSG and AAPPFSG sorbents have
been tried for the extraction, separation and recovery of zirconium and hafnium in
nitric acid medium. Sorption experiments have shown that sorption increases in the
pH range 0.5-1.2, afterwards sorption for both zirconium and hafnium decreases, and
then sorption increases above pH 1.6. These are the cumulative effects of the surface
charge of the functionalised silica gels as well as the species of zirconium and
hafnium present in the solution. Variation of pH of the feed solutions has also
indicated that as the number of functional groups in the sorbent increases, the
selectivity of the sorbent towards zirconium increases providing a better separation of
zirconium from hafnium. Kinetics is fast for both zirconium and hafnium where the
sorption equilibriums are attained within ten minutes with the sorbent dose of 1.2 gL
! Sorption rates become slower in the order of MPFSG < BPFSG < AAPPFSG.
Kinetics is fast using MPFSG where there is no flexible carbon chain is present in
between the phosphate group and the silica surface. Whereas, a flexible carbon chain
is present in case of BPFSG and in case of AAPPFSG, bulkiness around the binding

sites is present which produces obstruction to the approaching metal ions to
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AAPPFSG decreasing the kinetics rate. Kinetics data follow pseudo second order
model in all these cases. This imples that all the reactions are governed by the
complexation reactions between zirconium and hafnium with the sorbents. Sorption
isotherms have shown that sorption of both zirconium and hafnium takes place better
using AAPPFSG as well as using BPFSG. Loading capacities of zirconium on
MPFSG, BPFSG and APPFSG have been obtained as 12.3, 16.7 and 16 mgg™
respectively and for hafnium on MPFSG, BPFSG and AAPPFSG have been found to
be 11.8, 15 and 14.2 mgg™ respectively. Desorption of loaded zirconium and hafnium
has been carried out by varying the pH of the eluent solutions in between pH 0.65 to
1.2. It has been observed that separation of zirconium from hafnium decreases as the
pH increases. Separation is better obtained using AAPPFSG sorbent which has the
maximum number of binding sites and which is also observed in the column studies.

i) Rare earth elements are also formed during the fission reaction of uranium.
Minor actinides are also produced during the fission reactions. During the
reprocessing of spent fuel high level wastes (HLW) are generated which have very
high radioactivity due to the presence of minor actinides which need to be removed
before vitrification of HLW. It has been proposed that minor actinides need to be
burnt at accelerator driven subcritical reactors (ADS) before the vitrification of HLW.
But the presence of lanthanide elements (i.e. the rare earths) cause the deficiency of
thermal neutrons inside the reactor due to their very high neutron absorption cross
sections. Therefore, separation of lanthanides from minor actinides is an essential step
before burning the minor actinides. Therefore, separation of minor actinides from
lanthanides has been tried by both solvent extraction method as well as membrane
separation method using ethyl-bis-triazinylpyridine (Et-BTP) as the solvent. Et-BTP

is selective for actinides (e.g. Am**) compared to lanthanides (e.g. Eu**) in presence
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of chlorinated cobalt dicarbollide (CCD). 0.02M Et-BTP and 0.005M CCD in 0.001M
nitrobenzene has been found to be the suitable solvent from the solvent extraction
studies. Feed acidity has been found to be 0.1M nitric acid as the optimised acidity for
extraction. But the stripping of actinides from the loaded Et-BTP solvent is not
possible by simple variation of acidity of the strip solution as it is difficult to break the
actinide-Et-BTP-CCD complex. Therefore, EDTA has been used as the complexing
agent for the back-extraction of the loaded metal ions (present in the organic phase)
into the aqueous phase. 0.01M EDTA has been found to be the optimised strip
solution. But, during the experiments in the supported liquid membrane (SLM)
technique, EDTA in the strip solution precipitates in few minutes due to the transport
of nitric acid from the feed solution along with Am**. This affects the transport of
Am®* in to the strip solution. To suppress the precipitation of EDTA in the strip
solution, 0.1M chloro-acetate buffer has been introduced along with EDTA in the
strip solution. The separation factor values of Am®" over lanthanides like Nd** and
Eu®* have been found to be 11.7 and 4.2 respectively.

Sorbent like 1,8-dihydroxy anthraquinone functionalised silica gel (DHAFSG)
has been synthesised, characterised and tried as the solid phase extractant for the
extraction and separation of actinide (e.g. uranium(V1)) from rare earth elements (like
Eu (111), Sm(111), Yb(IHI) and Y (I11)). It has been found from the sorption studies that
sorption of uranium as well as rare earth elements increase with the increase in the pH
of the feed solution. The optimised pH obtained for the sorption studies is pH 6.
Kinetics studies have shown that sorption equilibrium is attained within five minutes
with a sorbent dose of 2 gL™ for both actinide and rare earth elements. Kinetics data
fit well in the pseudo second order kinetic model indicating that the sorption of both

actinide and rare earth elements take place by complexation with DHAFSG in nitric
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acid medium and the rate of complexation is the rate determining step in all these
cases. Sorption isotherm studies have also been carried out for both actinide and rare
earth elements. Isotherm data in all these cases fit well with the Freundlich isotherm
model indicating that the surface of DHAFSG has heterogeneous sites for binding of
metal ions. Loading capacities of rare earth elements have been found to be more on
DHAFSG compared to uranium(VI) indicating a stronger binding of rare earth
elements with DHAFSG. Loading capacity values for Eu(l11), Sm(1I1), Yb(I1I), Y(III)
and U(VI) on DHAFSG have been found to be 23, 20, 24, 21 and 15 mgg™. From the
study of the effect of the variation of pH of feed solution on the sorption of both
actinide and rare earth elemnts, it has been found that difference in the sorption of
actinide is not very different from that of rare earth elements. This indicates that their
separation is not possible to separate them by varying the pH of the eluent. Therefore,
different eluent solutions have been tried like sodium carbonate, hydrochloric acid,
oxalic acid, ethylenediamine tetraacetic acid (EDTA) etc. during their de-sorption
studies. It has been found that separation of actinide from rare earth elements is
possible in two steps: i) complete elution of uranium using 0.01M sodium carbonate
solution, ii) complexing out the rare earth elements using 0.02M hydrochloric acid
solution. Separation of actinide from rare earth elemnts is not possible using oxalic
acid and EDTA as these reagents form complexes with both the rare earth elements as
well as uranium. 0.01M oxalic acid elutes ~ 95% of the loaded rare earth elements
along with 5% loaded uranium and 0.01M EDTA (pH >5) elutes ~90% loaded rare
earth elements along with 70% loaded uranium.

iv) Palladium is produced in the fission reaction of uarnium. During reprocessing
of spent fuel it also comes in HLW and forms a separate phase during vitrification of

HLW. Therefore, its separation from HLW is a mandate. Moreover, recovery of
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palladium from spent automobile catalyst is also required because of its growing
demand and poor availability in nature. In this context, extraction and separation of
palladium has been tried using novel di-thiodiglycolamide (DTDGA) ligand from
both HLW solution and spent automobile catalyst. Both the solvent extraction method
and membrane separation method have been exploited for the extraction studies.
Palladium has been extracted from spent catalyst dissolved in hydrochloric acid
medium using DTDGA ligand. Kinetics of extraction of palladium is fast and
equilibrium is attained within five minutes. Extraction of palladium increases as the
feed acidity increases upto 3.0M hydrochloric acid concentration and then extraction
becomes constant with the increase in feed acidity. To investigate the involvement of
chloride ion in the complexation reaction, extraction studies have been carried out at a
fixed ionic strength of 3.0M chloride ion. It has been found that extraction of
palladium remains constant as long as the chloride ion concentration remains
constant. The initial increase in the extraction of palladium with the increase in feed
acidity is due to the increase in chloride ion concentration. These studies confirm that
chloride ion takes part in the complexation reaction of palladium with DTDGA. The
stoichiometry of the reaction has been found by mole ratio plot which has indicated a
1:1 stoichiometry of Pd: DTDGA. Therefore, the extracted complex has been found to
be PACI,;:DTDGA. As the extracted complex is a neutral one, extraction of palladium
decreases as the polarity of the diluent increases and it has been observed that almost
complete extraction is possible using n-paraffinic diluents. Back-extraction (i.e.
stripping) of palladium from the loaded solvent has been obtained using 0.01M
thiourea in 0.1M HCI which has shown >99% back-extraction of palladium in a single
stage. A very high selectivity of DTDGA has been observed for palladium during its

recovery from simulated spent catalyst dissolver (SSCD) solution over other metal
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ions like iron, chromium, nickel and platinum present in the solution. This shows the
applicability of this ligand for practical use.

Extraction and separation of palladium from HLW has been studied using membrane
technique. The feed acidity has been varied frm 1M nitric acid to 6M nitric acid. It has
been observed that extraction of palladium increases when the feed acidity is
increased from 1M nitrc acid to 2M nitric acid as the nitrate ion takes part in the
complexation reaction and palladium gets extracted as Pd(NO3),.DTDGA complex
which was investigated earlier. Extraction of palladium does not increase much above
2M nitric acid and becomes almost constant. >99% extraction of palladium is
obtained for the feed acidites 2M-6M. It has also been observed that after an
extraction operation for about 120 minutes, the feed acidity decreases to 2.9M from
initial 3M and to 5.7M from initial 6M. This is due to the transport of nitric acid from
feed solution to through the organic phase and the DTDGA.HNO3; complex is formed
decreasing the availability of free DTDGA for the extraction of palladium. Due to this
effect extraction of palladium does not increase much above 2M of feed acidity. For
optimising the DTDGA concentration for optimum transport of palladium with less
viscosity of the solvent phase posing very less hindrance to palladium transport,
DTDGA concentration has been varied from 0.005M to 0.05M in the paraffinic
diluent like n-dodecane. It has been found that 0.025M DTDGA in n-dodecane is the
optimized concentration of DTDGA for quantitative transport of palladium. Transport
of palladium decreases as the thickness of the membrane increases. It has been
observed that in 120 minutes of operation, ~99% palladium is transported keeping
membrane thickness as 65 mm and that is ~76% using 325 mm of membrane
thickness. It has been observed that >99% of Pd(Il) is transported in 120 minutes of

operation. Stability of membrane has been observed to be decreased after repeated use
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of the membrane. This is due to the loss of organic solvent from the membrane pores
due to the aqueous solubility of the carrier, osmotic or hydro-static pressure gradient
etc. It has been found that after using the supported liquid membrane for six cycles
(time of operation of each cycle has been kept as 120 min), transport of palladium has
come down to ~97% which is ~99% in the first cycle of operation. These studies
confirm that supported liquid membrane containing DTDGA ligand can be used for
the palladium extraction from acidic medium.
v)  Heavy elements like lead, chromium, zinc and copper come into aqueous body
from different industrial waste streams. These elements are extremely hazardous to
human health if inhaled or ingested. Therefore, efforts have been made for the
extraction and removal of these heavy elements from the aqueous body. In this
respect, butanol functionalised silica gel (BFSG) and aminopyridyl amine
functionalised silica gel (APAFSG) have been synthesised and characterised and
tested for the removal of these heavy elements from the aqueous streams. The results
have been compared with the results obtained by using mere alkali treated silica
(ASG). It has been observed that nitrogen donor APAFSG ligand selectively
complexes with lead. Almost complete extraction of lead has been observed.
Whereas, ~30% extraction of copper has been obtained using APAFSG. The oxygen
donor ligands like BFSG and also ASG selectively extracts zinc(ll) from the
aqueous medium. Extraction of chromium(VI) is less probably due to the presence
of dichromate ion in the solution which may face coulombic repulsion from the
negative oxide ion present in the surfaces of BFSG and ASG.
From the studies carried out in the present work, it can be concluded that
)] Phosphate functionalised silica gels (SPFSG, BPFSG, TPFSG) as well as

amido pyridyl phsphate functionalised silica gel (AAPPFSG) can be used for the
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extraction of uranium by SPE method. AAPPFSG has also shown its ability to
separate zirconium from hafnium and is a probable candidate for practical usage by
SPE technique.
i) DHAFSG sorbent is a good binder with rare earth elements and has shown its
ability to separate rare earths from uranium by SPE method. Et-BTP solvent on the
other hand, selectively binds with actinides in presence of CCD as an auxiliary ligand
and separates well from lanthanides by both solvent extraction and membrane
techniques.
iii) DTDGA solvent has shown to be a promising ligand to separate palladium
from both simulated spent catalyst dissolver solution as well as high level waste and
can be used for practical applications.
iv) APAFSG sorbent has shown to be a probable candidate to selectively bind and
extract lead from aqueous solution.
V) Computational results have highlighted on the metal-ligand complexes at
molecular level. This has focussed on the donating atom present in the ligand, the
mode of co-ordination and also the ions/ molecules present in the first and second co-
ordination spheres of the metal ions. This leads to the design of a more selective
ligand for the metal ions of interest.

These ligands are proposed to be used for the scale up studies (upto bench

scale) for demonstrating their applications.
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Summary and Conclusion

Industrial wastes create pollution to the environment due to the presence of
toxic chemicals as well as metal ions. These metal ions also have their individual
applications in various fields. Therefore, extraction and separation of these metal ions
from the industrial aqueous streams is beneficial both as their re-usability as well as
environmental concerns. In this regards, synthesis and characterisation of new ligands
have been carried out to extract, separate and remove the metal ions of concern from
the aqueous medium. Metal ions targetted in this present work are uranium, zirconium
and hafnium, rare earth elements, palladium and heavy elemnts like lead, chromium,
zinc and copper. Computational calculations on the metal-ligand complexes have
been carried out to understand them at the molecular level which provides the binding
pattern of the metal ions with different ligand.

The works carried out in the present thesis have been described below.

) Phosphate functionalised silica gels namely, single phosphate functionalised
silica gel (SPFSG), bi-phosphate functionalised silica gel (BPFSG), tri-phosphate
functionalised silica gel (TPFSG) have been synthesised and characterised for the
extraction of uranium from aqueous streams. Amine and amidopyridyl phosphate
functionalised has also been synthesised, characterised for the sorption of uranium.
SPFSG has been used for the extraction and sorption of uranium from nitric acid-
sodium hydroxide medium at pH 1.0. Sorption kinetics is found to be fast for uranium
and sorption takes place within five minutes with a sorbent dose of 5gL™. Sorption
kinetics fits well in the pseudo second order kinetic model indicating that the sorption

reaction is governed by the complexation reaction between the uranium species with
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the ligand. Sorption isotherm follows Freundlich isotherm model indicating the
presence of heterogeneous surface on SPFSG. Loading capacity on the SPFSG
sorbent is high and it is 25 mg g*. SPFSG has shown very good re-usability. >99%
recovery of uranium is possible from the loaded SPFSG in multiple stages. Selective
sorption of uranium has been obtained from silicide fuel dissolver solution over
iron(111), aluminium(ll), calcium(ll) and magnesium(ll). Computational results
match well with the experimental FT-IR results. The computed asymmetric
vibrational frequencies (vasym) Of bare and coordinated P=0O are found within 35 cm™
difference of the IR vibrational peaks. Theoretical calculations have confirmed the
ratio of uranium (V1) with SPFSG sorbent is 1:2. Binding energy of the complex has
been found to be 3.8 kcal mol™.

As the sorption experiments for uranium (V1) is not possible to carry-out in
the nitric acid-sodium hydroxide medium above pH 4 due to the hydrolysis and
precipitation of uranium at higher pH (higher than pH 4), the sorption experiments
using BPFSG, TPFSG and AAPPFSG sorbents have been carried out for the sorption
and extraction of uranium (VI) from nitric acid-sodium carbonate medium where
uranium (VI) remains in the solution as their carbonate complexes. Sorption
experiments using BPFSG, TPFSG and AAPPFSG have been carried out at pH 4.5.
Sorption kinetics is fast for all these sorbents where the sorption equilibriums are
attained within ten minutes with the sorbent dose of 2gL*. Sorption kinetics follow
pseudo second order kinetics model. Sorption isotherms follow Freundlich isotherm
model. It is observed that sorption is high for AAPPFSG at pH less than pH 4.5
whereas, it decreases at higher pH than pH 5. This is due to the steric hindrance in the
sorption of bulky uranium carbonate complexes on the AAPPFSG sorbent where the

bulkiness is present around the binding site. Loading capacities of uranium (VI) on
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BPFSG, TPFSG and AAPPFSG have been found to be 34mg g, 36 mg g™ and 38
mg g™ respectively.

i) Mono-phosphate functionalised silica gel (MPFSG) has been synthesised,
characterised and applied for the extraction and separation of zirconium from hafnium
in the nitric acid medium. In MPFSG sorbent, the phosphate group is directly attached
to the solid silica surface where no flexible carbon chain is present. Since the
separation of zirconium from hafnium is carried out in large scale using tri-butyl
phosphate (TBP) solvent in the solvent extraction technique, trials have been taken for
their separation using mono-, bi- and multiple phosphate functionalised silica gels in
the nitric acid medium. In this respect, MPFSG, BPFSG and AAPPFSG sorbents have
been tried for the extraction, separation and recovery of zirconium and hafnium in
nitric acid medium. Sorption experiments have shown that sorption increases in the
pH range 0.5-1.2, afterwards sorption for both zirconium and hafnium decreases, and
then sorption increases above pH 1.6. These are the cumulative effects of the surface
charge of the functionalised silica gels as well as the species of zirconium and
hafnium present in the solution. Variation of pH of the feed solutions has also
indicated that as the number of functional groups in the sorbent increases, the
selectivity of the sorbent towards zirconium increases providing a better separation of
zirconium from hafnium. Kinetics is fast for both zirconium and hafnium where the
sorption equilibriums are attained within ten minutes with the sorbent dose of 1.2 gL
! Sorption rates become slower in the order of MPFSG < BPFSG < AAPPFSG.
Kinetics is fast using MPFSG where there is no flexible carbon chain is present in
between the phosphate group and the silica surface. Whereas, a flexible carbon chain
is present in case of BPFSG and in case of AAPPFSG, bulkiness around the binding

sites is present which produces obstruction to the approaching metal ions to
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AAPPFSG decreasing the kinetics rate. Kinetics data follow pseudo second order
model in all these cases. This imples that all the reactions are governed by the
complexation reactions between zirconium and hafnium with the sorbents. Sorption
isotherms have shown that sorption of both zirconium and hafnium takes place better
using AAPPFSG as well as using BPFSG. Loading capacities of zirconium on
MPFSG, BPFSG and APPFSG have been obtained as 12.3, 16.7 and 16 mgg™
respectively and for hafnium on MPFSG, BPFSG and AAPPFSG have been found to
be 11.8, 15 and 14.2 mgg™ respectively. Desorption of loaded zirconium and hafnium
has been carried out by varying the pH of the eluent solutions in between pH 0.65 to
1.2. It has been observed that separation of zirconium from hafnium decreases as the
pH increases. Separation is better obtained using AAPPFSG sorbent which has the
maximum number of binding sites and which is also observed in the column studies.

i) Rare earth elements are also formed during the fission reaction of uranium.
Minor actinides are also produced during the fission reactions. During the
reprocessing of spent fuel high level wastes (HLW) are generated which have very
high radioactivity due to the presence of minor actinides which need to be removed
before vitrification of HLW. It has been proposed that minor actinides need to be
burnt at accelerator driven subcritical reactors (ADS) before the vitrification of HLW.
But the presence of lanthanide elements (i.e. the rare earths) cause the deficiency of
thermal neutrons inside the reactor due to their very high neutron absorption cross
sections. Therefore, separation of lanthanides from minor actinides is an essential step
before burning the minor actinides. Therefore, separation of minor actinides from
lanthanides has been tried by both solvent extraction method as well as membrane
separation method using ethyl-bis-triazinylpyridine (Et-BTP) as the solvent. Et-BTP

is selective for actinides (e.g. Am**) compared to lanthanides (e.g. Eu**) in presence

149



Chapter 8

of chlorinated cobalt dicarbollide (CCD). 0.02M Et-BTP and 0.005M CCD in 0.001M
nitrobenzene has been found to be the suitable solvent from the solvent extraction
studies. Feed acidity has been found to be 0.1M nitric acid as the optimised acidity for
extraction. But the stripping of actinides from the loaded Et-BTP solvent is not
possible by simple variation of acidity of the strip solution as it is difficult to break the
actinide-Et-BTP-CCD complex. Therefore, EDTA has been used as the complexing
agent for the back-extraction of the loaded metal ions (present in the organic phase)
into the aqueous phase. 0.01M EDTA has been found to be the optimised strip
solution. But, during the experiments in the supported liquid membrane (SLM)
technique, EDTA in the strip solution precipitates in few minutes due to the transport
of nitric acid from the feed solution along with Am**. This affects the transport of
Am®* in to the strip solution. To suppress the precipitation of EDTA in the strip
solution, 0.1M chloro-acetate buffer has been introduced along with EDTA in the
strip solution. The separation factor values of Am®" over lanthanides like Nd** and
Eu®* have been found to be 11.7 and 4.2 respectively.

Sorbent like 1,8-dihydroxy anthraquinone functionalised silica gel (DHAFSG)
has been synthesised, characterised and tried as the solid phase extractant for the
extraction and separation of actinide (e.g. uranium(V1)) from rare earth elements (like
Eu (111), Sm(111), Yb(IHI) and Y (I11)). It has been found from the sorption studies that
sorption of uranium as well as rare earth elements increase with the increase in the pH
of the feed solution. The optimised pH obtained for the sorption studies is pH 6.
Kinetics studies have shown that sorption equilibrium is attained within five minutes
with a sorbent dose of 2 gL™ for both actinide and rare earth elements. Kinetics data
fit well in the pseudo second order kinetic model indicating that the sorption of both

actinide and rare earth elements take place by complexation with DHAFSG in nitric
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acid medium and the rate of complexation is the rate determining step in all these
cases. Sorption isotherm studies have also been carried out for both actinide and rare
earth elements. Isotherm data in all these cases fit well with the Freundlich isotherm
model indicating that the surface of DHAFSG has heterogeneous sites for binding of
metal ions. Loading capacities of rare earth elements have been found to be more on
DHAFSG compared to uranium(VI) indicating a stronger binding of rare earth
elements with DHAFSG. Loading capacity values for Eu(l11), Sm(1I1), Yb(I1I), Y(III)
and U(VI) on DHAFSG have been found to be 23, 20, 24, 21 and 15 mgg™. From the
study of the effect of the variation of pH of feed solution on the sorption of both
actinide and rare earth elemnts, it has been found that difference in the sorption of
actinide is not very different from that of rare earth elements. This indicates that their
separation is not possible to separate them by varying the pH of the eluent. Therefore,
different eluent solutions have been tried like sodium carbonate, hydrochloric acid,
oxalic acid, ethylenediamine tetraacetic acid (EDTA) etc. during their de-sorption
studies. It has been found that separation of actinide from rare earth elements is
possible in two steps: i) complete elution of uranium using 0.01M sodium carbonate
solution, ii) complexing out the rare earth elements using 0.02M hydrochloric acid
solution. Separation of actinide from rare earth elemnts is not possible using oxalic
acid and EDTA as these reagents form complexes with both the rare earth elements as
well as uranium. 0.01M oxalic acid elutes ~ 95% of the loaded rare earth elements
along with 5% loaded uranium and 0.01M EDTA (pH >5) elutes ~90% loaded rare
earth elements along with 70% loaded uranium.

iv) Palladium is produced in the fission reaction of uarnium. During reprocessing
of spent fuel it also comes in HLW and forms a separate phase during vitrification of

HLW. Therefore, its separation from HLW is a mandate. Moreover, recovery of
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palladium from spent automobile catalyst is also required because of its growing
demand and poor availability in nature. In this context, extraction and separation of
palladium has been tried using novel di-thiodiglycolamide (DTDGA) ligand from
both HLW solution and spent automobile catalyst. Both the solvent extraction method
and membrane separation method have been exploited for the extraction studies.
Palladium has been extracted from spent catalyst dissolved in hydrochloric acid
medium using DTDGA ligand. Kinetics of extraction of palladium is fast and
equilibrium is attained within five minutes. Extraction of palladium increases as the
feed acidity increases upto 3.0M hydrochloric acid concentration and then extraction
becomes constant with the increase in feed acidity. To investigate the involvement of
chloride ion in the complexation reaction, extraction studies have been carried out at a
fixed ionic strength of 3.0M chloride ion. It has been found that extraction of
palladium remains constant as long as the chloride ion concentration remains
constant. The initial increase in the extraction of palladium with the increase in feed
acidity is due to the increase in chloride ion concentration. These studies confirm that
chloride ion takes part in the complexation reaction of palladium with DTDGA. The
stoichiometry of the reaction has been found by mole ratio plot which has indicated a
1:1 stoichiometry of Pd: DTDGA. Therefore, the extracted complex has been found to
be PACI,;:DTDGA. As the extracted complex is a neutral one, extraction of palladium
decreases as the polarity of the diluent increases and it has been observed that almost
complete extraction is possible using n-paraffinic diluents. Back-extraction (i.e.
stripping) of palladium from the loaded solvent has been obtained using 0.01M
thiourea in 0.1M HCI which has shown >99% back-extraction of palladium in a single
stage. A very high selectivity of DTDGA has been observed for palladium during its

recovery from simulated spent catalyst dissolver (SSCD) solution over other metal
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ions like iron, chromium, nickel and platinum present in the solution. This shows the
applicability of this ligand for practical use.

Extraction and separation of palladium from HLW has been studied using membrane
technique. The feed acidity has been varied frm 1M nitric acid to 6M nitric acid. It has
been observed that extraction of palladium increases when the feed acidity is
increased from 1M nitrc acid to 2M nitric acid as the nitrate ion takes part in the
complexation reaction and palladium gets extracted as Pd(NO3),.DTDGA complex
which was investigated earlier. Extraction of palladium does not increase much above
2M nitric acid and becomes almost constant. >99% extraction of palladium is
obtained for the feed acidites 2M-6M. It has also been observed that after an
extraction operation for about 120 minutes, the feed acidity decreases to 2.9M from
initial 3M and to 5.7M from initial 6M. This is due to the transport of nitric acid from
feed solution to through the organic phase and the DTDGA.HNO3; complex is formed
decreasing the availability of free DTDGA for the extraction of palladium. Due to this
effect extraction of palladium does not increase much above 2M of feed acidity. For
optimising the DTDGA concentration for optimum transport of palladium with less
viscosity of the solvent phase posing very less hindrance to palladium transport,
DTDGA concentration has been varied from 0.005M to 0.05M in the paraffinic
diluent like n-dodecane. It has been found that 0.025M DTDGA in n-dodecane is the
optimized concentration of DTDGA for quantitative transport of palladium. Transport
of palladium decreases as the thickness of the membrane increases. It has been
observed that in 120 minutes of operation, ~99% palladium is transported keeping
membrane thickness as 65 mm and that is ~76% using 325 mm of membrane
thickness. It has been observed that >99% of Pd(Il) is transported in 120 minutes of

operation. Stability of membrane has been observed to be decreased after repeated use
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of the membrane. This is due to the loss of organic solvent from the membrane pores
due to the aqueous solubility of the carrier, osmotic or hydro-static pressure gradient
etc. It has been found that after using the supported liquid membrane for six cycles
(time of operation of each cycle has been kept as 120 min), transport of palladium has
come down to ~97% which is ~99% in the first cycle of operation. These studies
confirm that supported liquid membrane containing DTDGA ligand can be used for
the palladium extraction from acidic medium.
v)  Heavy elements like lead, chromium, zinc and copper come into aqueous body
from different industrial waste streams. These elements are extremely hazardous to
human health if inhaled or ingested. Therefore, efforts have been made for the
extraction and removal of these heavy elements from the aqueous body. In this
respect, butanol functionalised silica gel (BFSG) and aminopyridyl amine
functionalised silica gel (APAFSG) have been synthesised and characterised and
tested for the removal of these heavy elements from the aqueous streams. The results
have been compared with the results obtained by using mere alkali treated silica
(ASG). It has been observed that nitrogen donor APAFSG ligand selectively
complexes with lead. Almost complete extraction of lead has been observed.
Whereas, ~30% extraction of copper has been obtained using APAFSG. The oxygen
donor ligands like BFSG and also ASG selectively extracts zinc(ll) from the
aqueous medium. Extraction of chromium(VI) is less probably due to the presence
of dichromate ion in the solution which may face coulombic repulsion from the
negative oxide ion present in the surfaces of BFSG and ASG.
From the studies carried out in the present work, it can be concluded that
)] Phosphate functionalised silica gels (SPFSG, BPFSG, TPFSG) as well as

amido pyridyl phsphate functionalised silica gel (AAPPFSG) can be used for the
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extraction of uranium by SPE method. AAPPFSG has also shown its ability to
separate zirconium from hafnium and is a probable candidate for practical usage by
SPE technique.
i) DHAFSG sorbent is a good binder with rare earth elements and has shown its
ability to separate rare earths from uranium by SPE method. Et-BTP solvent on the
other hand, selectively binds with actinides in presence of CCD as an auxiliary ligand
and separates well from lanthanides by both solvent extraction and membrane
techniques.
iii) DTDGA solvent has shown to be a promising ligand to separate palladium
from both simulated spent catalyst dissolver solution as well as high level waste and
can be used for practical applications.
iv) APAFSG sorbent has shown to be a probable candidate to selectively bind and
extract lead from aqueous solution.
V) Computational results have highlighted on the metal-ligand complexes at
molecular level. This has focussed on the donating atom present in the ligand, the
mode of co-ordination and also the ions/ molecules present in the first and second co-
ordination spheres of the metal ions. This leads to the design of a more selective
ligand for the metal ions of interest.

These ligands are proposed to be used for the scale up studies (upto bench

scale) for demonstrating their applications.
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