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Abstract

The medical interest in targeted alpha therapy (TAT) has increased the demand for actinium-225 (225Ac),
a promising isotope for cancer treatment. However, the production falls short. One potential route is
the generation of 225c via proton irradiation of radium-226 (226Ra), introducing the challenge of sep-
arating these radionuclides. In this study, lanthanum and barium were used as chemical analogues
for actinium and radium, respectively. This study investigates the production and characterisation of
a-titanium phosphate (a-Ti(HPO4), - H20, o-TiP) and its feasibility for the separation of lanthanum and
barium using ion exchange.

Three synthesis methods were used with different titanium precursors: TiO,, Ti powder and TiOSO,.
The resulting o-TiP samples were characterised using X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS), confirming phase purity but showing
morphological differences.

The ion exchange behaviour of a-TiP was found to be closely linked to morphology and exchange site
accessibility. Batch adsorption experiments demonstrated that o-TiP exhibits strong selectivity for triva-
lent lanthanum (La3+) over divalent barium (Ba2+) ions at acidic pH and relevant concentration ([La‘°’+]
= 2.5 yM and [Ba*] = 1.0 mM).

The results support the potential of o-TiP as a viable material for lanthanum-barium separation. How-
ever, further studies are required to confirm radiation stability, reversibility of ion uptake and perfor-
mance in column-based separation systems. Additionally, experiments should validate whether similar
separation behaviour will be achieved for actinium and radium separation.



Nomenclature

Abbreviations

Abbreviation Definition

BET Brunauer-Emmett-Teller

BSE Backscattered electrons

CCDC Cambridge Crystallographic Data Centre
CSD Cambridge Structural Database

EDS Energy-dispersive X-ray spectroscopy
FTIR Fourier Transform Infrared Spectroscopy
ICSD Inorganic Crystal Structure Database
LET Linear Energy Transfer

PDF Powder Diffraction File

RCF Relative Centrifugal Force

ROI Region Of Interest

SE Secondary electrons

SEM Scanning electron microscope

TAT Targeted Alpha Therapy

TiP Titanium phosphate

TRT Targeted Radionuclide Therapy

XRD X-ray diffraction

ZrP Zirconium phosphate




Symbols

Symbol Definition Unit

C Count rate per volume in sample CPM/mL
Csiock Count rate per volume in stock CPM/mL
Ceq Equilibrium ion concentration mol/L
Co Initial concentration mol/L
Caa Equilibrium concentration of Ba®* mol/L
Cra Equilibrium concentration of La® mol/L
Ch Equilibrium concentration of H* mol/L
Cwm Equilibrium concentration of ion M mol/L
d Interplanar spacing of the crystal lattice nm or A
f Back/peak ratio constant for "°La -

I Tail/peak ratio constant for 1%9Ba -

Kp Partition coefficient mL/g
Ky Equilibrium constant for H* L/mol
Kpg, Equilibrium constant for Ba* L/mol
K, Equilibrium constant for La®* L/mol
Krang Langmuir equilibrium constant L/mol
Ky Equilibrium constant of ion M L/mol
Kinermo Thermodynamic equilibrium constant -

m Mass of the sorbent g

n Diffraction order -

q Amount of ion adsorbed mol/g
qam Amount of ion M adsorbed mol/g
m Maximum adsorption capacity / total site capacity mol/g
R Gas constant 8.314 J/mol K
Rga Detected count rate of '*°Ba CPM
RBa, corrected Corrected count rate of '*°Ba CPM
Ria Detected count rate of “°La CPM
Rl a corrected Corrected count rate of "*°La CPM

T Absolute temperature K

t(l/g) Half-life time

1% Volume of Ba/La mixture mL

AG Gibbs free energy change J/mol
AH Enthalpy change J/mol
AS Entropy change J/mol K
~ Detected gamma radiation -

A Wavelength of incident X-rays nm or A
0 Angle of diffraction ° or rad
0 Fractional coverage -

O Fractional coverage of ion M -
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1
Introduction

Cancer is the second leading cause of death worldwide, with an estimated 19 million new cases and
nearly 10 million deaths in 2020, according to the WHO [1]. The global occurrence of cancer contin-
ues to rise, driven by population growth, ageing and lifestyle factors [2]. In addition to conventional
treatment strategies such as surgery, radiotherapy and chemotherapy, innovative approaches have
emerged. While chemotherapy remains an important treatment strategy, its poor selectivity for cancer
cells leads to significant side effects [3]. Targeted drug delivery has been developed to improve selec-
tivity, enabling precise drug delivery of therapeutic agents to tumour tissue [4, 5]. This, together with a
better understanding of radiobiology and radiation therapy, opens up opportunities for more advanced
techniques, including targeted radionuclide therapy (TRT) [6, 7].

TRT is a form of molecular radiation therapy that uses radioactive isotopes bound to tumour-seeking
agents. This approach precisely delivers radiation directly to cancer cells and, depending on the agent,
can enable prolonged retention of radionuclides at tumour sites. This minimises damage to surround-
ing healthy tissue [7, 8]. Molecular and functional targets on tumour sites enable radionuclide carriers
to deliver alpha, beta and gamma emitters with high specificity towards the tumour site. Gamma emit-
ters are primarily used for imaging purposes and alpha- and beta-emitting radionuclides are used to kill
cancer cells [9, 10]. The use of alpha-emitting radionuclides in TRT, known as targeted alpha therapy
(TAT), has gained significant attention due to their unique physical properties.

Alpha particles have high linear energy transfer (LET) over a short range (typically 50-100 uym), making
them ideal for double-strand DNA breaks within the range of tumour cells while minimising damage to
surrounding healthy tissues [11, 12]. Actinium-225 (225Ac) is a promising therapeutic radioisotope for
TAT, because of its unique characteristics [13]. First, its emitted alpha particle exhibits a LET of 150
keV per um and a short range of 40 to 100 um [11, 14], making it highly effective in killing tumour cells.
Second, the half-life of actinium-225 is 9.92 days [15], providing a practical balance between sufficient
therapeutic effect and logistical feasibility for manufacturing, transport and clinical applications. Third,
its straightforward chelation ability with medical-grade ligands facilitates safe administration to patients.
Lastly, its decay chain to stable bismuth-209 includes four more, short-living, alpha-radiating isotopes
(221Fr, 217At and 213Po) [14], therefore, actinium-225 is described as a "nanogenerator” [16]. In addition
to its therapeutic potential, using actinium-225 offers imaging possibilities. Gamma energies emitted
by 2'Fr and 2'3Bi further in the decay chain can be used for imaging of the biodistribution, further en-
hancing the suitability of actinium-225 as a good candidate for TAT [13].

Several production routes exist to obtain actinium-225, each with specific advantages and limitations.
The most used route in preclinical research and clinical administration is the isolation of actinium-225
from thorium-229 (¢, 2) of 7317 years) sources, generated from the decay of aged uranium-233 (¢, )
of 160,000 years) [17, 18, 19]. However, the amount of actinium-225 that can be produced from thorium-
229 is extremely limited, since the thorium sources are sparse due to the long half-life of uranium-233,
confining the yield. As a result, this route can provide treatment for only a few hundred patients annually,
creating a need for alternative actinium-225 production methods to meet the worldwide demand [13, 17].
One alternative involves the use of linear electron accelerators, where a radium-226 (226Ra) target is
irradiated with high-energy photons to produce radium-225 (#( /) of 14.9 days) via the **°Ra(y, n)**°Ra
nuclear reaction. The produced radium-225 subsequently decays to actinium-225 [20, 21]. The sec-
ond alternative method to produce actinium-225 uses cyclotrons to irradiate a radium-226 target with
protons, generating actinium-225 through the 226Ra(p, 2n)225Ac nuclear reaction [18, 22]. Currently,
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the latter production method offers distinct advantages, higher production yield efficiency, making it the
most promising approach for large-scale actinium-225 production [13, 23].

After actinium-225 is produced according to the ?*Ra(p, 2n)**°Ac nuclear reaction or decayed from
225Ra, for clinical use it must be isolated from the radium isotopes. One possible means of separation
is using commercially available organic resins in extraction chromatography [22, 24, 25, 26]. Although
these resins achieve high recovery yields of over 98% [26], their use is limited in high-radiation en-
vironments. Exposure to high-energy alpha radiation from actinium-225 and its daughters degrades
the polymeric matrix of organic resins. Consequently, organic resins have limited reusability in high-
radiation environments. Furthermore, radiolysis of the organic material leads to organic impurities,
affecting the radiolabelling capacity, chelating abilities and decreasing its separation performance [27,
28, 29].

Inorganic metal oxide sorbents, frequently employed in liquid chromatography, offer exceptional radi-
ation stability, thermal resistance and chemical resilience. These properties make them particularly
suitable for use in high-radiation environments [27, 30, 31]. In radiochemical applications, inorganic
sorbents are valued not only for their robustness but also for their tunable surface properties [32], which
enable selective adsorption and ion exchange mechanisms with metal ions. Brown [27] demonstrated
that inorganic sorbents such as alumina, titania and zirconia are effective at fractionating barium and
lanthanum, which are commonly used as chemical analogues for radium and actinium due to their sim-
ilar ionic charge and radius [33, 34]. Notably, zirconia was shown to successfully separate radium from
actinium under experimental conditions [27].

Building on this foundation, attention has turned to more specialised inorganic sorbents, such as metal
phosphates and zirconates. These materials combine the benefits of radiation and chemical stability
with strong ion exchange capacities, making them promising candidates for heavy element separations.
Among them, titanium phosphates (in this study referred to as TiP) have emerged as a particularly in-
teresting candidate due to its structural versatility and favourable sorption characteristics in aqueous
environments [35, 36, 37, 38, 39].

TiP can be synthesised in several forms, amorphous phases, intermediate crystalline phases and fully
crystalline structures [40]. While amorphous TiP exhibits high ion exchange capacities, it is less selec-
tive for divalent (2+) and trivalent (3+) metal ions and is therefore not of further interest for this study [37,
38, 41, 42]. Crystalline TiP exists in two main phases: Ti(HPO4), - H2O (a-TiP) and Ti(HPO4), - x H,O
(where x = 0.8-1.1 [43]), which represents a mixture of Ti(HPQOy4), - 2H,0 (y-TiP) and its anhydrous form
Ti(HPOy4), (8-TiP). The latter phase is quasi-stable and tends to rehydrate when exposed to air [40,
44, 45]. Among these, a-TiP has gained attention due to its structural similarity to a-Zr(HPQO4), - H,O
(zirconium phosphate, a-ZrP) [38, 45]. This structural isomorphism suggests that «-TiP may exhibit
comparable adsorptive and ion exchange properties [44, 45]. «-ZrP has been shown to selectively
adsorb cations [38, 46] and recent studies indicate similar behaviour for o-TiP [33, 35, 38, 39, 47].

Therefore, the main objective of this research is to investigate if TiP, specifically a-Ti(HPO4)2 - H2O is
a suitable material for the separation of radium and actinium.

In fulfilment of the main goal of the research, the first sub-objective is to successfully synthesise and
characterise a-Ti(HPOg4), - H2O. To achieve this, three different synthesis methods are employed to
prepare a-Ti(HPOg4), - H20, which is then characterised to evaluate its structural properties. This step
is important for understanding its ion exchange behaviour and for evaluating its potential as a selective
sorbent for radium and actinium separation.

The second sub-objective of this study is to investigate the separation properties of a-TiP using barium
and lanthanum as chemical analogues for radium and actinium. This approach allows for a safe and



practical evaluation of the adsorptive behaviour and separation performance of o-TiP, providing prelim-
inary insight into its potential for the separation of radium and actinium under comparable experimental
conditions.

In Chapter 2, the background is provided on the theory used in this research. Furthermore, the princi-
ples underlying the apparatuses, analytical techniques and chemical mechanisms are explained. Chap-
ter 3 outlines the methods used to execute the experiments, including the syntheses, chemical prepa-
rations and separations. The results obtained from the experiments are presented and discussed in
Chapter 4. In Chapter 5, the conclusions are addressed. Finally, the recommendations for further
research are outlined in Chapter 6.



/2
Theoretical background

The separation and purification of radionuclides is a cornerstone of nuclear science and radiopharma-
ceutical development [48, 49]. Achieving high-purity separation of radionuclides from complex radio-
chemical matrices requires a detailed understanding of their chemical behaviour, reaction mechanisms
and the properties of suitable sorbents [27, 32].

This study focuses on separating actinium-225 from radium-226 after cyclotron production through the
226Ra(p, 2n)225AC nuclear reaction. Following this reaction, the resulting solution contains both Ac
and Ra?" ions, which have comparable ionic sizes but differ in charge, hydration and coordination be-
haviour.

This chapter provides the theoretical foundation for the research presented in this study. Section 2.1
introduces the principles of radionuclide separation, highlighting the challenges posed by chemical sim-
ilarity of radionuclides, radiolysis and scalability. Elaborating on that, Section 2.2 presents the funda-
mentals of ion exchange, detailing the mechanisms, kinetics and thermodynamics that dictate binding
processes. Furthermore, Section 2.3 focuses on the structural and functional properties of a-TiP. Then,
Section 2.4 discusses the use of chemical analogues in this study. Lastly, Section 2.5 describes the
analytical techniques used in this study.

2.1. Separation and purification techniques

The separation of analytes from complex matrices enables the isolation of specific radioactive species
for various applications. This involves separating activation products from irradiated targets, extracting
daughter nuclides in generator systems or removing decay products and other contaminants. Sep-
aration can be achieved based on differences in chemical properties, such as ionic charge, size or
complexation tendencies of these elements [48, 50, 51].

In medical applications, there is an amplified need for radionuclide purity to ensure safety and thera-
peutic efficacy. Radionuclides used in diagnostics (imaging) or treatments (targeted therapy) must be
free of radiochemical contaminants to avoid unintended radiation exposure or reduced specificity [52,
53]. Impurities, including targets or parent nuclides, can influence targeting mechanisms and lower
specific activity by competing with the product radionuclide, influencing patient outcomes. Therefore,
purification must meet clinical and regulatory standards [52, 53, 54].

2.1.1. Challenges in radiochemical separation

Radiochemical separation faces challenges due to the similar properties of radionuclides and their
processing conditions [48]. These difficulties affect the ability to isolate pure radionuclides, requiring
advanced techniques.

One challenge in separating 2°Ac from ?*°Ra is their comparable behaviour in aqueous systems. Both
ions preferentially bind to hard oxygen-donor ligands and tend to form high coordination number com-
plexes. This complicates effective separation with conventional ion exchangers. However, differences
in charge, charge density and complexation strength between Ac** and Ra®* can be exploited by spe-
cialised materials to achieve successful separation [27, 32, 48].



2.1. Separation and purification techniques 5

The short half-life of 2°Ac (9.92 days [15]) presents significant logistical and technical challenges for its
production and clinical use. Rapid separation following cyclotron irradiation is needed to prevent decay
losses, particularly given the trace quantities produced [55]. Delays in processing or transport reduce
the final usable activity. Although generator systems can continuously supply short-lived isotopes from
long-lived parents and are suitable for on-site deployment, their application to 225Ac is constrained.

Moreover, sorbent stability is critical in the chemical and radiological environments encountered during
radionuclide separation. High radiation doses might degrade separation mediums [56]. Organic resins
suffer radiolysis, breaking C-C bonds and decreasing separation performance [57]. Inorganic sorbents
like metal oxides and phosphates show better resistance to high radiation doses, but crystalline defects
from recoil nuclei can decrease selectivity [30, 32, 58]. This degradation demands robust separating
materials to maintain efficiency.

Additionally, degradation of the separation medium can release impurities, affecting radiochemical pu-
rity. Specific activity can decrease due the release of target material or separation mediums, which
dilutes the desired radionuclide [59]. A lower specific activity limits therapeutic efficacy and imaging
resolution, as it reduces the number of radioactive atoms per targeting molecule in radiopharmaceuti-
cals [53, 59].

Lastly, scalability in radiochemical separation, such as isolating 225p¢ from #?°Ra, is constrained by
the need for high-throughput systems like continuous-flow chromatography. These require enhanced
radiation shielding, efficient radioactive waste management and robust, selective sorbents to maintain
purity. Limited infrastructure confines production to specialised facilities, restricting 250¢ availability
for radiopharmaceuticals [53, 60].

2.1.2. Overview of separation techniques

Various radiochemical separation techniques exist, each suited to different challenges in isolating ra-
dionuclides. The most commonly employed methods include precipitation, liquid-liquid extraction and
chromatography [48, 55].

Precipitation and liquid—liquid extraction are widely used in radiochemistry for bulk separations or se-
lective complexation of radionuclides [32, 61]. Precipitation, however, is an inherently batch process
that can not be integrated into the compact, shielded, continuous-flow systems required for fast post-
irradiation processing of mixed Ac**/Ra?* solutions. Liquid—liquid extraction, although highly effective
with specialised ligands, often suffers from limited radiation stability of the organic phase under high-
radiation environments [56, 57]. Consequently, these methods are less suitable for the separation of
actinium and radium and are not further discussed in this study.

Instead, this study focuses on chromatographic separation. This method offers high resolution and
flexibility, making it suitable for isolating radionuclides with similar chemical characteristics. Chromato-
graphic methods are classified by their separation mechanism: adsorption, partitioning or size exclusion
[62]. lon exchange chromatography, the focus of this study, is an adsorption process in which ions in
the mobile phase interact electrostatically with charged functional groups on the stationary phase. For-
mats such as gravity-fed columns and High-Performance Liquid Chromatography (HPLC) can operate
based on ion exchange, depending on the column properties [62, 63].

Size exclusion chromatography separates species by molecular size using porous materials such as
gels, zeolites or crystalline frameworks. However, this technique is less effective for separating Ac®
and Ra?" ions, due to their similar ionic and hydrated ionic radii [63]. The overall effectiveness of a
chromatographic separation depends on both the chemical selectivity of the separation mechanism
and the physical properties of the sorbent.
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Given these considerations, the next section explores the principles of ion exchange in more detail, with
a focus on the factors influencing selectivity and the suitability of inorganic exchangers for separating
multivalent cations.

2.2. Ion exchange

lon exchange is the driving mechanism of ion exchange chromatography, a specific form of adsorption
chromatography. This technique separates radionuclides through reversible electrostatic interactions
between dissolved ions and charged functional groups on a solid sorbent [49, 64, 65]. In radiochemical
applications, this process is typically implemented in column-based systems using radiation-resistant
materials with fixed-charge sites. lon exchange chromatography is particularly well-suited for separat-
ing radionuclides with subtle differences in ionic charge and hydration behaviour, making it relevant for
the separation of trivalent actinium from divalent radium ions [27, 32, 57].

This section presents the theoretical basis of ion exchange relevant to this study. In Section 2.2.1,
the ion exchange fundamentals are discussed, followed by the mechanisms that govern ion selectiv-
ity in Section 2.2.2. Lastly, Section 2.2.3 explores the thermodynamics of the exchange process for
describing ion—sorbent interactions.

2.2.1. Fundamentals of ion exchange

lon exchange involves the reversible exchange of ions between a solid exchanger and a surround-
ing solution, induced by electrostatic interactions [63, 66]. As introduced in the previous section, the
exchanger releases counterions while binding ions of interest based on charge and hydration prop-
erties [49, 56, 63]. Selectivity arises from differences in ionic radii, charge density and complexation
properties, enabling the separation of radionuclides with similar chemistry [67].

2.2.1.1. Organic ion exchangers

Organic ion exchangers feature covalently bound functional groups that facilitate ion binding [61]. Their
high capacity and tunable selectivity make them effective for separating radionuclides, which is also
exploited in extraction chromatography [57]. However, their organic backbone is prone to degradation
under high radiation environments, reducing its lifespan and potentially introducing impurities [56, 57].
Still, their continued relevance in radiochemical separations is due to their versatility and the relative
simplicity of their synthesis.

2.2.1.2. Inorganic ion exchangers

Inorganic ion exchangers, such as metal oxides, phosphates and zeolites, possess crystalline or amor-
phous structures with defined ion exchange sites [64]. These materials exhibit superior thermal, chem-
ical and radiation stability [27, 30]. This resilience arises from their stable covalent or ionic frameworks,
making them ideal for radiochemical applications. The ion exchange behaviour of these materials
sometimes exhibits selectivity for specific ions due to their rigid structures and tunable pore sizes [68].
Zeolites feature microporous structures enabling high selectivity for small cations. Metal oxides offer
hydroxyl-rich surfaces for exchanging heavy metals. Phosphates, investigated in this study, use acidic
hydroxyl (PO —H) groups to form deprotonated PO~ sites, enhancing cation uptake [69]. This structural
diversity allows precise control over ion interactions.

2.2.2. Mechanisms of ion exchange

lon exchange is driven by multiple mechanisms that determine the selectivity and kinetics of ion ad-
sorption. These include electrostatic interactions, coordination bonding and size exclusion, each con-
tributing differently, but often overlapping, depending on the properties of the exchanger [49, 66, 68].

Electrostatic interactions are the primary driving force, where charged ions bind via the Coulomb inter-
action [49]. Selectivity is largely governed by the charge density of the ions, in which highly charged
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and smaller ions interact more strongly due to greater electrostatic forces [67, 69]. In addition to elec-
trostatics, some exchangers allow ions to form coordination bonds with electron-donating groups such
as phosphate oxygens or interlayer water [35]. These involve partial electron sharing, stabilising the
bound ion and increasing the activation energy for exchange. Strong coordination, especially with triva-
lent ions, may result in slower kinetics due to more stable complexes, whereas weaker coordination
with divalent ions enables faster exchange [70]. Size exclusion limits ion access based on size and
hydration. Porous and layered materials such as zeolites and phosphates introduce steric constraints
that favour smaller or less-hydrated ions [35, 39, 64]. This effect enhances selectivity by physically
excluding larger ion species.

2.2.2.1. Kinetics of ion exchange

lon exchange kinetics govern the rate of ion uptake, influenced by binding mechanisms and exchanger
properties [66]. Electrostatic interactions drive rapid initial exchange, while coordination bonding can
slow rates by forming stable complexes, particularly in crystalline materials [49]. For the separation
purposes in this study, rapid exchange kinetics are needed, with factors such as exchanger site acces-
sibility and pH affecting adsorption rates [60]. Since slow exchange can significantly reduce separation
yields in column-based systems, optimising kinetics is a critical design consideration.

2.2.3. Thermodynamics of ion exchange

The thermodynamics of ion exchange determines the equilibrium and spontaneity of cation uptake
on sorbents [66, 71]. lon exchange is thermodynamically driven by the balance between enthalpy
(AH), entropy (AS) and Gibbs free energy (AG) [50, 66, 71]. Since the experiments in this study are
conducted under isothermal conditions, Equation 2.1 can be applied directly to describe the equilibrium
of the ion exchange reaction:

AG =AH —TAS = —RT In K¢hermo (2.1)
Where:

* AG is the Gibbs free energy change [J/mol],

* AH is the enthalpy change [J/mol],

» T'is the absolute temperature [K],

* AS is the entropy change [J/mol K],

* R is the gas constant (8.314 J/mol K),

* Kihermo is the thermodynamic equilibrium constant [-].

The signs of AG, AH and AS provide insight into the spontaneity and driving forces thermodynamic
systems [71]. A negative AG indicates spontaneous exchange, meaning the exchange of cations is
thermodynamically favourable under the given conditions. A positive AG, conversely, suggests a non-
spontaneous process requiring external energy input [72].

AH represents the enthalpy change associated with the ion exchange process and reflects the strength
of interactions between the ions and the sorbent. A negative AH indicates exothermic binding, typi-
cally due to strong electrostatic or coordination interactions. In contrast, a positive AH suggests an
endothermic process, which stems from breaking hydration shells and deprotonating surface sites.
While a positive AH implies energy input is required, overall spontaneity depends on the balance of
enthalpy and entropy contributions [72].

AS represents entropy and measures disorder. A positive AS occurs when the system becomes more
disordered, such as when hydrated ions release water molecules upon binding [72, 73]. Negative AS
reflects a more ordered state, reducing spontaneity [71].
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The thermodynamic equilibrium constant K;..-m. quantifies the ratio of product to reactant activities at
equilibrium. In ion exchange, it reflects the relative affinity of the sorbent for competing ions. A larger
Kynermo indicates a greater preference for the sorbent to retain the incoming ion, resulting in a more
effective exchange. Thermodynamically, K;permo is linked to AG, since a high Kypermo corresponds to
a more negative AG, indicating a more spontaneous and thermodynamically favourable ion exchange
process.

2.3. a-TiP

Titanium phosphates are a well-known class of inorganic ion exchangers, valued for their radiochem-
ical and thermal stability and selective adsorption capabilities [35, 37, 64, 69]. Among them, a-TiP
has attracted particular interest due to its crystalline layered structure, described in Section 2.3.1 and
associated ion exchange mechanism, explained in Section 2.3.2.

2.3.1. Crystal structure of a-TiP

«-TiP is a layered tetravalent metal phosphate that has been extensively studied for its structural prop-
erties and potential applications [40, 44, 45]. These publications include a detailed structural characteri-
sation using X-ray powder diffraction and establish that o-TiP is isostructural with a-ZrP, as summarised
in Table 2.1.

a-TiP has a P, /c space group, in which titanium atoms are octahedrally coordinated by six oxygen
atoms. These oxygen atoms are sourced from distinct tetrahedral phosphate groups. The octahedra
form a two-dimensional network, creating an ab-plane that stacks along the crystallographic c-axis. The
phosphate groups are tetrahedral units, with three oxygen atoms bridging to titanium atoms and one
oxygen bonded to a hydrogen atom, forming a hydroxyl group. This arrangement results in a layered
structure where the titanium-oxygen octahedra and phosphate tetrahedra are linked within the plane,
stabilised by a combination of ionic and covalent interactions [40, 44, 45].

Table 2.1: Unit cell parameters and space group for a-TiP and «-ZrP [39, 44, 45].

Material [ a (A) b (A) c(A) 5 (°) Space group Interlayer distance (A)
a-TiP | 8.630(2) 5.006(1) 16.189(3) 110.20(1) P, /c 758
a-ZrP | 9.062(1) 5.288(1) 16.255(2) 111.38(1) P, Ic 7.6

The orientation of these molecular units within the layers is highly ordered [45]. The TiOg octahedra
are positioned such that their equatorial planes lie approximately parallel to the ab-plane. At the same
time, the axial oxygen atoms connect to adjacent phosphate groups, reinforcing the planar framework.
The hydrogen atoms of the hydroxyl groups project outward from the layers, contributing to the ion
exchange capabilities of a-TiP on the surface and in the interlayers [44, 45, 69].

The layered nature of a-TiP results in interlayer spaces between the planes, a feature influencing its
physical and chemical properties. Titanium phosphate sheets along the crystallographic c-axis, are
stabilised by water molecules (one per formula unit), occupying the region between the layers. Addi-
tionally, these water molecules maintain the interlayer distance between adjacent layers [40, 45, 74].
The structure is illustrated by Amghouz et al. [44] along the a-axis and b-axis in Figure 2.1 and Fig-
ure 2.2 respectively.
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Figure 2.1: Projection of the structure of a-TiP along the Figure 2.2: Projection of the structure of o-TiP along the
a-axis [44]. b-axis [44].

2.3.2. Ion exchange mechanism of a-TiP

The competitive adsorptive behaviour of o-TiP for divalent, trivalent and tetravalent ions is compre-
hensively studied in literature [35, 39, 40]. The selective adsorption behaviour arises from its capacity
to bind cations in aqueous solutions through deprotonated hydroxyl groups on its layered crystalline
structure. In contrast to the amorphous titanium phosphates [37], the crystallinity of o-TiP provides a
consistent structural basis for selective adsorption. As introduced in Section 2.2.2, this section delves
into the ion exchange mechanism of a-TiP, as electrostatic interactions, coordination bonding and size
exclusion facilitate selective cation uptake.

2.3.2.1. Electrostatic interactions

The adsorption behaviour of o-TiP relies on electrostatic interactions, a mechanism driven by the depro-
tonation of its hydroxyl groups, releasing H* ions and generating PO~ sites. These negatively charged
oxygen atoms attract cations through electrostatic forces. The degree of deprotonation, however, is pH-
dependent, with increased formation of deprotonated hydroxyl groups at higher pH values, enhancing
the negative charge density of the material. The adsorption follows the law of chemical equilibrium, with
uptake increasing as metal ion concentration rises. This behaviour reflects a typical mass-action driven
equilibrium, where increased cation concentration favours displacement of protons and enhances site
occupation [35]. The process is inherently linked to ion exchange, where incoming cations displace
the protons initially bound to the phosphate groups, effectively swapping positions in a stoichiometric
balanced substitution, as shown in Equation 2.2:

RH, + M"" — RM +nH™" (2.2)

The selectivity sequences reported by several studies [35, 37, 69] reflect the increasing affinity of ions
with higher charge-to-radius ratios. Higher-charge trivalent ions exhibit stronger electrostatic affinity
due to their intensified attraction to PO~ over divalent ions. This mechanism provides «-TiP with rele-
vant selective ion exchange capacities for the separation of Ra®" and Ac®".

2.3.2.2. Size exclusion

In o-TiP, size exclusion imposes an additional layer of control over adsorption, dictated by the fixed
interlayer spacing of approximately 7.6 A [44]. This structural constraint regulates which cations can
access the interlayer region, influencing both the efficiency and selectivity of uptake. Smaller or less
hydrated ions more readily penetrate the space, whereas larger ions or those with larger hydration
shells encounter resistance, reducing their adsorption.
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The selectivity order of o-TiP, reflect trends in ionic radii and hydration energies. As cations enter
the interlayer to replace H”, their size and hydration shell determine accessibility to the PO~ sites,
but experience steric hindrance that reduces accessibility. This mechanism complements electrostatic
and coordination interactions [35, 39, 40]. In contrast, the amorphous TiP lacks such defined spacing,
resulting in less consistent size-based selectivity [37]. For a-TiP, size exclusion ensures that adsorption
is not solely a function of charge or coordination but also of spatial compatibility with the crystalline
lattice.

2.4. Chemical analogues

Studying the separation behaviour of radionuclides such as actinium (Ac3+) and radium (Ra2+) presents
considerable challenges due to their limited availability, high cost and the radiological precautions re-
quired for handling. Therefore, lanthanum (Las+) and barium (Ba2+) are used as chemical analogues.
These analogues possess similar ionic charges, comparable ionic radii and closely related coordina-
tion chemistries to actinium and radium, respectively (Table 2.2) [27, 38]. Additionally, they are safer to
handle, more readily available at the reactor facility where the experiments were conducted and more
cost-effective. This section explores these analogues, focusing on their relevance to ion exchange
mechanisms in o-TiP and their chemical properties that facilitate the study of Ra/Ac separations.

2.4.1. Lanthanides and actinides

Lanthanides and actinides are elements with unfilled f-orbitals, characterised by high charge densities
and a strong preference for coordination with hard donor atoms such as oxygen. La*, is commonly
used as an analogue for Ac®* due to their identical oxidation state and similar ionic radii and hydration
behaviour in aqueous media (Table 2.2). These similarities make La®* a practical and accessible sub-
stitute for evaluating ion exchange behaviour of a-TiP.

Although both ions are trivalent hard acids, Ac®* and La®" exhibit subtle structural differences. Relativis-
tic contractions of the 6s/6p and 6d orbitals of actinium slightly decreases its ionic radius. In aqueous
solution, this contraction is balanced by hydration, so the effective hydrated radius of Ac* is similar
to that of La®" (Table 2.2). Consequently, both cations should access surface hydroxyl groups on TiP
without steric discrimination. Any variations in adsorption kinetics or affinity will therefore stem from
small differences charge density and water-exchange dynamics.

2.4.2. Alkaline earth metals

Alkaline earth metals, such as barium and radium, are divalent cations in solution with relatively large
ionic radii and low charge densities compared to trivalent lanthanides and actinides. Ba?* is widely
used as a chemical analogue for Ra®" due to their similar charge and coordination chemistry, as well
as their comparable ionic radii, as shown in Table 2.2. This similarity enables Ba®* to replicate many
of the interactions that radium would exhibit in ion exchange.

Despite these similarities, the position of radium lower in Group 2 leads to a slightly larger ionic ra-
dius and lower charge density, which can marginally reduce its binding affinity to hard oxygen donor
ligands in aqueous systems [50]. These subtle differences influence the thermodynamics and kinetics
of adsorption, particularly under conditions of competition or saturation. Nevertheless, in neutral to
mildly acidic environments Ba®* has been shown to exhibit aqueous behaviour closely resembling that
of Ra®". As such, it serves as a valid and practical surrogate for initial experimental optimisation.
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Table 2.2: lonic and hydrated ionic radii and coordination numbers of Ba?*, Ra®*, La®* and Ac®* [70, 73, 75, 76, 77, 78].

lon | lonic radius (A) Hydrated ionic radius (A) Coordination number
Ba®* 1.38 40-44 7-9
Ra®" | 1.48 (estimated) 4.3 — 4.6 (estimated) 8-9
La>* 1.16 41-43 8-9
Ac®* | 1.12 (estimated) 4.3 - 4.5 (estimated) 9-10

While La** and Ba?* serve as practical and chemically justified analogues for Ac** and Ra®*, respec-
tively, their use does not fully replicate the chemical behaviour of the radionuclides they represent.
Therefore, complementary experiments using 22Ra and trace quantities of 225A¢ remain essential.

2.5. Measurement devices

The characterisation of o-TiP and its ion exchange properties relies on specialised measurement de-
vices to assess structural, compositional and adsorptive behaviour. This section introduces three key
devices used in this study: the Wallac Wizard2 Gamma Counter (Wallac gamma counter, Wallac) for
quantifying radionuclide adsorption, Scanning Electron Microscopy (SEM) for examining crystal mor-
phology, Energy-dispersive X-ray spectroscopy (EDS) for elemental distribution and X-ray Diffraction
(XRD) for determining crystallographic structure.

2.5.1. Wallac gamma counter

The Wallac is a well-type scintillation detector designed to measure the decay of gamma-emitting nu-
clides in a sample. It uses a sodium iodide (Nal(Tl)) scintillation detector, which converts absorbed
gamma radiation into visible light. When a gamma photon interacts with the scintillator, it excites atoms
within the crystal. As these atoms return to their ground state, they emit photons of visible light, which
are detected by a photomultiplier tube (PMT). The PMT amplifies the signal and converts it into an
electrical pulse, where the voltage is proportional to the energy of the absorbed gamma photon. The
gamma spectrum is then constructed by counting individual pulses.

The Wallac gamma counter presents measurements in counts per minute (CPM), integrated over a pre-
defined region of interest (ROI) that corresponds to the peak energy range of a specific nuclide. Due
to its poor spectral resolution, the Wallac is mostly used for quantitative rather than qualitative analysis.
When multiple nuclides are present, their gamma photon energies must be sufficiently different to avoid
overlap.

The well-type geometry of the detector provides high counting efficiency by ensuring that the sample
is surrounded by the scintillator, maximising detection probability. This geometry reduces variations
caused by sample positioning, making measurements more reliable. However, variations in sample
volume can influence the count rate, as changes in geometry affect the distance between radioactive
material and the detector. Research by Spruit [38] showed that increasing the sample volume slightly
decreases the count rate, but the effect is minimal for small variations.

2.5.2. Scanning electron microscope

Scanning Electron Microscopy (SEM) is a technique used to obtain high-resolution images of the sur-
face of a sample, providing information about its morphology and size [44]. It operates by directing a
highly focused electron beam, generated by an electron gun at the top of the microscope column, onto
the sample. The beam is attracted by a positive anode and condensed through a series of electromag-
netic lenses to regulate its size and intensity. The scanning coils deflect the beam along the x- and
y-axes in a raster pattern, enabling a detailed surface scan.
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When the electron beam interacts with the sample, various signals are generated, including secondary
electrons (SE), backscattered electrons (BSE) and X-rays. SEs originate from shallow depths and are
mostly used for surface imaging, offering high-resolution information on surface topography and mor-
phology. BSEs, on the other hand, are high-energy electrons reflected from deeper within the sample
and are primarily used to distinguish compositional differences. Because the yield of BSEs increases
with atomic number, regions containing heavier elements appear brighter, providing contrast based on
elemental composition. These electron signals are detected by specialised detectors and converted
into detailed greyscale images of the sample surface.

In addition to imaging, SEM can be coupled with Energy-Dispersive X-ray Spectroscopy (EDS) to anal-
yse the elemental composition of a sample. EDS uses the characteristic X-rays emitted when incident
electrons eject inner-shell electrons from atoms in the sample. As the atoms return to their ground
state, they release photons with element-specific energies. By detecting and analysing these X-ray
emissions, EDS provides an elemental mapping of the sample, providing data for compositional anal-
ysis.

2.5.3. X-ray Diffraction

X-ray diffraction (XRD) is a widely used analytical technique to study the crystallographic structure of
materials. It relies on the interaction between incident X-rays and the periodic atomic arrangement
within a crystalline sample. When X-rays strike a material, they are scattered by the electrons in the
atoms, producing constructive and destructive interference patterns. This phenomenon follows Bragg’s
law, given by:

nA = 2dsinf (2.3)
Where:

* n is the diffraction order [-],

« )\ is the wavelength of the incident X-rays [nm or A],

« d is the interplanar spacing of the crystal lattice [nm or A],
* 0 is the angle of diffraction [° or rad].

By analysing the diffraction pattern, the distance between atomic planes can be determined, allowing
for phase identification and structural characterisation.

A schematic of this principle is shown in Figure 2.3, showing how an incident X-ray beam interacts with
a crystalline material, leading to diffraction at specific angles.
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Figure 2.3: Principle of X-ray diffraction: schematic geometry illustrating Bragg’s law (A, 6, d) [79].

2.5.3.1. Diffraction patters

The diffraction pattern of a material consists of a series of peaks that correspond to the diffraction an-
gles where constructive interference occurs. These peaks represent the specific atomic planes within
the crystal structure and therefore serve as a crystallographic fingerprint. The relative intensities of
these peaks are influenced by factors such as the arrangement of atoms, the electron density and the
presence of defects within the lattice. In powder XRD, the sample consists of many crystallites in ran-
dom orientations, so the resulting pattern captures reflections from all crystallographic planes present
in the material [80].

The width of the diffraction peaks is also significant. As described by the Scherrer equation, nanosized
crystallites exhibit peak broadening due to their reduced repeating length. This broadening is a result of
the limited number of atomic planes contributing to diffraction at any given angle. Moreover, nanoscale
materials often have a high surface-to-volume ratio and lattice imperfections, which further contribute
to peak broadening [80].



3
Methods

This chapter outlines the experimental procedures used for the synthesis and characterisation of o-TiP,
the adsorption experiment and the associated equilibrium and competition experiments. In Section 3.2,
the applied three syntheses of a-TiP are explained, together with the product characterisation in Sec-
tion 3.3. Additionally, Section 3.4 describes the adsorption experiments and all the experiments to
substantiate these.

3.1. Materials

In Table 3.1, the chemicals used in this study are presented with their chemical formula and the supplier
from which they were purchased. Similarly, in Table 3.2, the apparatus and their manufacturer used in
this study are presented.

Table 3.1: Specification of the used chemicals in this study.

Product name Chemical formula Supplier

Barium nitrate Ba(NO3), Thermo Fisher Scientific

Hydrochloric acid, > 37% HCI Merck Sigma

Lanthanum nitrate hexahydrate La(NO3)3 -6 H,0 Merck Sigma

MilliQ water H,O Ultrapure water system,
Advantage A10, Merck

Nitric acid, 65% HNO3; Honeywell

Phosphoric acid, 85% H3PO,4 Technic

Titanium, 325 mesh, > 99% Ti Alfa

Titanium(lV)oxide, anastase, 325 mesh, 99%  TiO; Merck Sigma

Titanium(lV) oxide sulfate sulfuric acid hydrate TiOSO4xH2SO4yH,O  VWR (Avantor)
International BV
Sulfuric acid, 95-98% H,SO,4 Merck Sigma
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Table 3.2: Specification of the used apparatus in this study.

Device Product name Manufacturer
Ballance Semi-Micro Analytical balance GR-202 A&D instruments LTD.
Carousel - -

Centrifuge Mega Star 600R VWR

Centrifuge Micro Star 17R microcentrifuge VWR

pH electrode LE422 Micro VWR

pH meter F20/FiveEasy VWR

Pipette Physocare concept Pipette 100-1000 uL Eppendorf

Pipette Pipette 100-5000 pL Gilson

Pipette Proline Single Channel Pipette 2—20 pL BIOHIT

Pipette Proline Single Channel Pipette 100—1000 pL BIOHIT

Rotor centrifuge TX-150 swing-out VWR

Scanning electron JSM-IT1000 JEOL

microscope

Vacuum oven VT 6025 VACUtherm vacuum oven Thermo scientific
Vortex shaker Vibrofix VF1 Janke & Kunkel GmbH

Wallac gamma counter 2480 Wallac Wizard2 Automatic Gamma Counter
X-ray diffractometer X’Pert Pro MPD TTK-450

PerkinElmer
Malvern PANalytical

3.2. TiP syntheses

TiP was synthesised using three different titanium precursors. TiO,, Ti powder and TiOSO4 were used

in Section 3.2.1, Section 3.2.2 and Section 3.2.3 respectively.

3.2.1. Method I: Titanium oxide source

Titanium oxide was used as the precursor for titanium to synthesise TiP in method I. First, 2 g of TiO,
was added to 50 mL phosphoric acid (85%) in a conical flask at room temperature. The mixture was
then heated to 100°C and refluxed for 24 hours, with continuous stirring at 200 revolutions per minute
(rpm). After 24 hours, an additional 30 mL of MilliQ water was added to the mixture, which was refluxed
for 72 hours more at 100°C. After this reflux, the mixture was naturally cooled to ambient temperature.
The product was filtered using a vacuum filter with pore size 4 (10-16 pm) and washed with MilliQ water
until the filtrate had a neutral pH (6-7). The product was dried in an oven of 50°C for 5 hours [81]. The

material synthesised according to this method are referred to as TiP-I.
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Add 2 g TIO; 10 Reflux for 24 h at Adid 30 il MilliQ Extend reflux at Filter us
50 ml HyPOs 100°C 100°C for 72 h filtra
wash with MiliQ

Figure 3.1: Stepwise preparation schemes for method .
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3.2.2. Method II: Titanium metal source

Method Il used titanium metal powder as a titanium precursor for the synthesis of TiP. First, 20 mL of
phosphoric acid (85%) was preheated in a reflux setup of 100°C, with continuous stirring at 200 rpm in
a conical flask. Upon adding 0.5 g of titanium metal to the phosphoric acid, the solution turned purple
within 30 minutes. After the solution turned purple, it was refluxed at 100°C for 24 hours. After this reflux,
the mixture was naturally cooled to ambient temperature. The obtained product was separated using
a vacuum filter with filtration paper (pore size 20-25 uym). The material was washed with MilliQ water
until the filtrate had a neutral pH (6-7) and dried in an oven at 50°C for 5 hours [82, 83]. Additionally,
some of the product was left to air dry overnight to evaluate the feasibility of air drying as an alternative
to oven drying. The material synthesised according to this method is referred to as TiP-II.

T Ve ) X
‘8 9 ‘e 8 —_— a S—

Preheat 20.0 mL HiPO, Add0.5g8Ti Reflux for 24 h at Filter using vacuum Dry at oven at 50°C
at 100°C powder 100°C filtration and for 5 hours
wash with Milligy

Figure 3.2: Stepwise preparation schemes for method II.

This experiment was also conducted under varying conditions, including different concentrations, tem-
peratures and reflux durations, in order to investigate their influence on the final material properties.

3.2.3. Method III: Titanyl sulfate source

In method lll, titanyl sulfate (Titanium oxide sulfate, TIOSO,4) was used as the titanium precursor, con-
taining 79.3% titanium(lV) oxide sulfate (sulfuric acid hydrate), 9.7% sulfuric acid and 11.0% moisture.
5.2 g of this powder was dissolved in 5 mL of, at 80°C preheated, concentrated H,SO4, with continuous
stirring at 200 rpm. This mixture was refluxed for 60 minutes at 80°C in a conical flask, until the powder
was fully dissolved. After this, 25 mL of MilliQ water was added. Then, 0.74, 0.88, 4.20, or 17.45 mL
of phosphoric acid (85%) was gradually added dropwise to achieve 1:0.42, 1:0.5, 1:2.4 or 1:10 Ti to
H,PQy4 ratio. The mixtures were stirred for 60 minutes at 80°C, followed by 5 hours of stirring at ambient
temperature. The product was left to mature for at least 12 more hours and separated using a vacuum
filter with pore size 4. Subsequently, the product was washed with 50 mL of 0.5 M HCI, followed by five
washes of 50 mL 0.1 M HCI to remove residual sulfuric acid. MilliQ water was then used to wash until
the pH of the filtrate reached neutral pH (6-7) [84, 85, 86]. The material synthesised according to this
method are referred to as TiP-lll-[ratio], e.g., TiP-111-1:10.

For the TiP-IlI-1:2.4 and TiP-Ill-1:10 material, an alternative washing protocol was employed to speed
up the washing process. The mixture containing the product was divided into 50 mL sample vials and
centrifuged using a swing-out rotor at a relative centrifugal force (RCF) of 3000 g for 30 minutes at ambi-
ent temperature. The supernatant was pipetted off after each centrifugation cycle, replaced with MilliQ
water (30 mL) and mixed using a vortex shaker (2500 rpm for 10 seconds) before being centrifuged
again. This process was repeated until the supernatant reached a neutral pH. Finally, the obtained
white product was dried in an oven at 50°C for 10 hours.

The TiP-IIl material (except for the TiP-IlI-1:0.5) was, after characterisation, reprocessed similar to the
reflux of method | (Section 3.2.1) by refluxing 3 g with an excess of 50 mL of phosphoric acid (85%)
for 24 hours at 100°C. Thereafter, 30 mL of MilliQ water was added and refluxed for an additional 72
hours. All these products were washed using the alternative washing protocol using the centrifuge.
Subsequently, the products were dried in an oven of 50°C for 10 hours. The materials synthesised
using this extended reflux method are further referred to as TiP-lll-[ratio]-ex.
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Figure 3.3: Stepwise preparation schemes for method llI.

3.3. Characterisation

The synthesised titanium phosphate materials were characterised using several techniques to assess
their crystallinity, phase purity, morphology and elemental composition.

3.3.1. XRD analysis

An XRD pattern of all samples was recorded on an X'Pert diffractometer with Cu-Ka radiation (A =
1.5406 A) at room temperature. The analysis was done over an angular 26 range of 5-75° with a scan
speed of 1.16° per minute at a voltage of 45 kV and a current of 40 mA. The sample was rotated at 15
rpm (4 seconds per full revolution) to ensure uniform exposure.

The obtained diffractograms were compared without offset to reference data from Amghouz [44], sourced
from the Cambridge Structural Database (CSD) and the Inorganic Crystal Structure Database (ICSD)
provided by CCDC [87]. The database identifier is ICSD 127963 with deposition number 2124760.

Using X’'Pert HighScore [88] software, the results are compared to the powder diffraction file (PDF)
of Bruque (PDF: 04-010-3375) [81], stored in the ICDD 2025 database [89]. The peaks reported by
Brugue were removed from the diffractogram and the leftover peaks are once more compared to the
ICDD 2025 database to determine contaminating substances.

3.3.2. SEM analysis and EDS mapping
Scanning electron microscopy (SEM) micrographs and energy-dispersive X-ray spectroscopy (EDS)
were recorded using a JSM-IT1000 scanning electron microscope.

A small amount of each sample was mounted on double-sided carbon tape and imaged at an acceler-
ating voltage of 10 kV. SEM imaging was used to analyse the morphology of the synthesised materi-
als. From the micrographs, the crystallite shape was examined to identify whether the structure was
well-structured (plate-like) or amorphous. Additionally, the SEM images were used to assess the size
distribution of the particles, allowing for the distinction between a homogeneous and a heterogeneous
size distribution. Based on visual inspection and image scaling, a rough estimate of the average parti-
cle size was made.

Elemental analysis was performed via EDS to qualitatively and quantitatively assess the elemental
composition and distribution throughout the sample. This technique was used to confirm the uniformity
and purity of the element. The quantitative results are compared against the calculated values of
TiP,Og, since hydrogen atoms are not detected by the apparatus.
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3.4. Adsorption experiments

Adsorption experiments were conducted to determine the adsorption behaviour and partition coeffi-
cients of TiP materials across a pH range of 1 to 7. The materials used in these experiments included
TiP-1, TiP-ll, TiP-111-1:0.42-ex, TiP-1lI-1:2.4, TiP-Ill-1:2.4-ex and TiP-Ill-1:10-ex. All adsorption experi-
ments were conducted in triplicate.

First, 0.05 g of each material was placed into 1.5 mL vials. To each vial, 1 mL of the Ba/La mixture, as
prepared according to Section 3.4.1, was added. The mixture was vortexed for 5 seconds to ensure the
dispersion of the sorbent. Subsequently, the vials were placed in a carousel shaker for approximately
5 hours, promoting the ion exchange process. After the reaction time, the activity in the individual
vials was measured for 1 minute using a Wallac gamma counter. The time between vortexing and this
moment was considered as exchange time, including the measurement time in the Wallac. Thereafter,
the vials were centrifuged at 17,000 RCF for 5 minutes to separate the solid and liquid phases. The
supernatant was pipetted off and transferred to a second vial. This second vial was centrifuged again
to ensure any residual sorbent in the supernatant was sedimented. A final fraction of 0.75 mL of
supernatant was pipetted into a third vial for analysis using the Wallac, according to Section 3.4.3. One
month after the experiments, when the radioactive isotopes had decayed, the pH of the stock and the
samples were measured with a pH electrode, which was calibrated with standardised pH buffers of pH
2,4and 7.

3.4.1. Preparing Ba and La mixture

To simulate the radiochemical conditions of a 2°Ra/??°Ac generator system, a surrogate mixture of Ba*
and La>* was prepared for use in the adsorption experiments. '*°Ba and *°La were used to represent
22Ra and #*°Ac, respectively.

The concentration of barium was based on the theoretical dissolution of 10 mg 226Ra in a 30 mL solu-
tion, corresponding to approximately 1.5 mM. The weighed Ba(NO3),, irradiated as described in Sec-
tion 3.4.2, was dissolved in MilliQ water adjusted to the target pH (1-7) using nitric acid.

The lanthanum concentration was calculated to reflect a 2°Ac activity of 1 Ci in 30 mL, equivalent to
2.5 UM. A separate La*>* solution was prepared by dissolving 1-2 mg of La(NO3)3 - 6 H,O in MilliQ water
to reach this concentration. An aliquot of this solution was then added to the Ba?* stock to achieve the
final Ba/La mixture used in the experiments [27, 38].

3.4.2. Irradiation experiments

Two different irradiation procedures were carried out to make the Ba/La mixture. The irradiation ex-
periments were carried out at the Reactor Institute Delft (RID) in the pneumatic irradiation facility BP3.
The facility typically operates at 2.3 MW. At this power, the neutron fluxes presented in Table 3.3 are
generated. Ba(NO3), was irradiated for 30 minutes and La(NO3)s - 6 H,O was irradiated for 3 hours
[38].

Table 3.3: Neutron fluxes of the BP3 pneumatic system of the RID operating at 2.3 MW [90]

Neutron type Neutron flux

Thermal neutrons (0-0.5 eV) 5*102cm 25!
Epithermal neutrons (0.5 eV-1keV) 1*102cm 257!
Fast neutrons (1 keV-20 MeV) 3*10Mem 257!

The irradiation of the lanthanum and barium corresponding to the experiment conducted at pH = 2 was
done in BP2 of the RID. The irradiation times were adjusted accordingly for the Ba(NO3), to 39 min
and for La(NO3); - 6 H,O to 230 min. To obtain similar specific activities for %9Ba and *’La.
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3.4.3. Wallac measurements

The activity of all samples was measured using a Wallac Wizard2 Automatic Gamma Counter by
PerkinElmer with an acquisition time of 1 minute per vial for the "*°Ba measurement. ~-rays in the
region of interest (ROI) of "**Ba were recorded within the energy range of 135 to 195 keV and the
~-rays in the ROI of "*°La were measured within the energy range of 410 to 580 keV. After 24 hours,
when most of the "*°Ba had decayed, the measurement was repeated to detect '“°La with a 5-minute
acquisition time per vial, while minimising the interference from overlapping ~-rays of the 139Ba [38, 91].
The count rate was corrected using Equation 3.2 and Equation 3.3, taking into account overlapping
~-rays. Activities were decay-corrected over time.

3.4.4. Calculations
The partition coefficient was calculated by:

o Cstock Vv
Kp = ( 8 1) - (3.1)

Where:

» Kp is the partition coefficient [mL/g],
* Csock is the gamma-ray count rate per volume of solution detected in the ROI for the stock solution
[CPM/mL],

» ('isthe gamma-ray count rate per volume of solution detected in the ROI for the sample [CPM/mL],
» V is the volume of the added Ba/La mixture [mL],
» m is the mass of the sorbent [g].

The Ba®" and La®*" counts were corrected by equations Equation 3.2 and Equation 3.3 respectively [38,
91]:

Rga — Ria * Ria — Rpa *
RBa, corrected — —Bla fblff fb (3-2) RLa, corrected — 4L1a be:f ft (3-3)
_ + - t

Where:

* Rga, comected IS the corrected count rate of '*°Ba [CPM],
* Rya, corrected IS the corrected count rate of 140 5 [CPM],
* Rga is the detected count rate of '*°Ba [CPM],

* Ry, is the detected count rate of *°La [CPM],

- f, is the back/peak ratio constant for "*°La [-],

* f; is the tail/peak ratio constant for =P [].

The back/peak ratio constant for 'OLa was determined by Spruit [38] to be 0.257 for Ry, < 20,000 and
0.270 for R, > 20,000 CPM. Swartjes [91] determined the tail/peak ratio of '*°Ba to be 0.0427.

3.4.5. Equilibrium experiment

To determine the time required to reach equilibrium for the adsorption of Ba* and La®*" onto the syn-
thesised material, an experiment using TiP-I was conducted. First, 0.05 g of TiP-I was weighed and
placed into individual 1.5 mL vials. A stock solution was prepared according to Section 3.4.1, using a
pH of 7. The adsorption experiment followed the standard procedure described in Section 3.4, however,
samples were collected after an exchange time of 30, 60, 90, 120, 180, 240, 360 minutes and 24 and
48 hours to determine equilibrium time. At each time point, a triplicate set of samples was reprocessed
and measured to track the progression of ion adsorption.
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3.4.6. Surface saturation experiment

In the standard adsorption experiments, the Ba/La mixture contained 1.5 mM Ba®* and 2.5 UM La*.
To evaluate whether saturation of available binding sites was a limiting factor for the adsorption, an
experiment was conducted with elevated La®* concentration. Specifically, adsorption experiments
were performed using TiP-I and TiP-1ll-1:10-ex at pH 7, following the standard procedure described
in Section 3.4 except for the La®* concentration, which was increased to 1.0 mM using cold La. Ba?*
concentration was kept at 1.5 mM.

3.4.7. lon competition experiment

Following the surface saturation experiments, an ion competition experiment was conducted to evalu-
ate the influence of sequential ion addition on adsorption behaviour. Similarly to the previous adsorption
experiments (Section 3.4), 0.050 g of TiP-l and TiP-11l-1:10-ex were added to individual 1.5 mL vials.
Initially, 0.9 mL of a MilliQ solution containing only Ba®" ions was added. The mixtures were vortexed
and placed in a carousel shaker for 1 hour. Thereafter, 0.1 mL of a MilliQ solution containing only La%*
ions was added, resulting in final concentrations of 1.5 mM Ba?* and 1.0 mM La*". The samples were
vortexed again and returned to the carousel shaker for an additional 5 hours before being processed
according to the standard procedure.

To quantify how much Ba?* was adsorbed prior to La** addition, a control experiment was conducted
using TiP-I in which 0.9 mL of Ba®* solution was added. After 1 hour 0.1 mL of MilliQ water, without
La*" ions, was added. This provided insight into the amount of Ba** initially adsorbed from a 1.5 mM
solution, without subsequent competition.

3.4.8. Deprotonation experiment

To determine the change of pH induced by deprotonation of the TiP materials in an aqueous solution, an
experiment using all sorbents (except TiP-111-1:0.5) was carried out. To replicate the same conditions as
in the adsorption experiments, 0.05 g of each sorbent was added to individual 1.5 mL vials. Following,
1.0 mL of MilliQ water was added to each vail and the mixtures were vortexed for 5 seconds. Then the
mixtures were put in a carousel for 5 hours before being centrifuged at 17,000 RCF, consistent with the
adsorption procedure in Section 3.4. 0.5 mL of the supernatant was pipetted off and put in separate
vials for pH measurements using a calibrated pH electrode.



4

Results and discussion

This chapter discusses the results from the experiments described in Chapter 3. In Section 4.1, the
results of the synthesis are presented. Section 4.2 discusses the results of the adsorption experiments.
Thereafter Section 4.3 explains the observation based on the theory discussed in Chapter 2. The
results are then compared with similar experiments in literature in Section 4.4. Lastly, the practical
applications are discussed in Section 4.5.

4.1. TiP Synthesis

This section discusses the results of the syntheses according to methods |, Il and Il in Section 4.1.1,
Section 4.1.2 and Section 4.1.3, respectively.

41.1. Method I

The synthesis of the TiP-I material proceeded without noticeable changes in the visual appearance of
the mixture during the process. Initially, the addition of TiO, to phosphoric acid resulted in a white,
cloudy suspension at room temperature. Upon heating and continuous refluxing, the mixture retained
its cloudy white appearance. Additionally, after the addition of MilliQ water and subsequent refluxing,
the appearance of the mixture remained unchanged. Upon completing the reflux process and cooling
to ambient temperature, TiP gradually sedimented at the bottom of the flasks, clarifying the upper layer.
After the filtration, washing and drying, 5.56 g (87% molar yield of Ti, uncorrected for residual impurities)
of uniform fine white product was obtained. Further structural and compositional characterisation was
conducted to confirm product identity and purity.

41.1.1. XRD analysis

In Figure 4.1, the diffractogram of the TiP-I material is presented. The pattern closely aligned with the
reference material of Amghouz et al. [44]. The peak at 11.5°, corresponding to the interlayer spacing
of 7.58 A [44, 85], was observed but with lower relative intensity than reported. This peak is the main
structural marker of o-TiP. Notably, the diffractogram reported by Bruque [81], who performed a similar
synthesis, shows relative intensities comparable to those observed in this study.

This variation may result from differences in preferred crystallographic orientation, which influence peak
intensities in crystalline samples. For example, the study by Amghouz et al. [44] specifically aimed to
crystallise single o-TiP crystals with suitable dimensions (>50 ym) for single-crystal X-ray diffraction.
As a result, the XRD performed on these crystals likely reflects a dominant lattice orientation, enhanc-
ing the prominence of the interlayer distance of 7.58 A in its diffractogram.

Secondly, sharper peaks were obtained in the reference material. This difference can be attributed to
variations in crystallite size [80]. Amghouz et al. [44] state that the reference crystals have an average
size of 50-100 ym, while, observed in Figure 4.2, TiP-I crystallites fall within the range of 1-5 pm. Their
relatively small size likely increased surface-to-volume ratio and induced surface effects, which are
known to cause peak broadening [80].

After excluding the peaks reported by Bruque [81], the remaining peaks aligned with the powder diffrac-
tion file (PDF) of TiO, (PDF: 01-083-2243) as reported by Khitrova [92]. Analysis using Highscore,
based on relative intensity, indicated that the product consists of 94% «-TiP and 6% TiO,. This quan-
tification was limited by the fact that only a small portion of the total product was analysed during XRD

21
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measurement. If this subsample was not fully representative of the entire batch, the relative peak in-
tensities may not accurately reflect the overall composition. Although XRD is a bulk analysis method
and the calculated percentages may lack high accuracy due to peak overlap [80], the presence of unre-
acted reactants in the product was evident, as indicated by the TiO, peak at 26 = 25.3. The incomplete
dissolution of TiO in the first stage of the synthesis is a plausible explanation for the contamination, as
no other substances were detected in the product.

To achieve complete dissolution of TiO,, optimising the reaction conditions could be explored. Increas-
ing the reaction temperature of the initial reflux may enhance the dissolution of TiO,. Additionally,
extending the duration of the reflux or increasing the concentration of phosphoric acid could promote
more efficient interaction with TiO,. These modifications could minimise contamination and improve
the purity of the product.
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Figure 4.1: Powder XRD pattern of TiP-I material using a variable slit (fop) compared the a-TiP synthesised by Amghouz et al.
[44] (bottom) for comparison.

4.1.1.2. SEM analysis

Figure 4.2 shows SEM images of TiP-I crystallites, revealing their morphology and microstructure. The
crystallite size was polydisperse, ranging from 1 to 5 um with an average of around 3 ym, which ex-
ceeded the typical size reported in literature for comparable syntheses (500 nm) [81, 82, 93, 94]. How-
ever, the thickness of the crystallites can not be determined using SEM. The observed hexagonal
morphology was consistent with the typical structure of o-TiP crystallites reported in previous research.
This suggested that the synthesis conditions promoted well-defined crystallite growth [44, 81]. Frac-
tured or deformed crystallites were present. This could result from mechanical stress during synthesis
or inherent brittleness of the material [95]. Further investigation could determine whether synthesis
conditions, such as stirring intensity or cooling rate, contribute to these deformations.
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Figure 4.2: SEM images of the TiP-I crystallites, imaged at magnifications of 1,700x (left) and 16,000x (right).

41.1.3. EDS mapping

EDS mapping results, as shown in Figure 4.3, indicated that all atoms were homogeneously distributed
across the surface of the crystallites. Given that the electron beam penetration depth (2 ym) exceeds
the thickness of the crystallites, the apparent surface homogeneity may reflect bulk homogeneity, al-
though this can not be confirmed definitively due to EDS resolution limitations [96]. The homogeneous
distribution suggested that the synthesis method effectively prevented phase segregation or clustering
of elements in the dried product.

0m

Figure 4.3: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-I crystallites
(5,000x).

Quantitative EDS analysis (Table 4.1) aligned well with the expected stoichiometry of «-TiP. Because
EDS can not detect hydrogen, results were compared to the calculated values for TiP,Og, a hydrogen-
free empirical approximation (Table A.1). Minor deviations of up to 5% are expected due to surface
orientation effects and the 2D projection of 3D structures [97]. The results fell within this margin of
error, further supporting the successful synthesis and compositional purity of a-TiP. Notably, the 6%
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TiO, contamination was not detected using EDS, presumably because it fell within the uncertainty range
of the EDS.

Table 4.1: Quantitative elemental composition of TiP-l material.

TiP-l
Element | Mass (%) Atom (%)
(0] 58 76
P 24 16
Ti 18 8

To summarise, o-TiP was successfully synthesised using method I. The crystallites had a size of approx-
imately 3 um, exhibited high crystallinity and showed compositional homogeneity confirmed by EDS.
Combined SEM, XRD, and EDS results support that method | yields «-TiP with uniform morphology,
crystallinity and composition. However, XRD analysis revealed the presence of a minor impurity of
TiOg, likely due to incomplete precursor dissolution, indicating an opportunity for process optimisation
through adjusted reaction conditions.

4.1.2. Method II

The synthesis of TiP-Il material exhibited distinct visual and physical changes throughout the process.
Upon the initial addition of titanium metal to phosphoric acid, the solution turned light grey, gradually
transitioning to purple within approximately 30 minutes, as shown in Figure A.1, Appendix A. This colour
change is linked to the formation of Ti** ions, which was consistent with findings in previous literature
[82].

After an hour of refluxing, the solution turned translucent. Three hours later, white precipitate began to
form, suggesting the initial crystallisation of TiP. By the end of the 24-hour reflux period, white product
had sedimented at the bottom of the flask. This visual shift suggested that titanium metal was oxidised
in solution and subsequently precipitated as TiP during the reflux process.

Filtration, washing and oven drying yielded 2.03 g of fine white product, corresponding to 76% molar
yield of Ti. The product left to air dry overnight in the fume hood at ambient temperature were visually
indistinguishable from oven-dried samples.

4.1.2.1. XRD analysis

The XRD diffractogram of the TiP-Il material is presented in Figure 4.4 and exhibited reduced relative
intensity of the interlayer peak and broader diffraction peaks, similar to those observed for TiP-I (Sec-
tion 4.1.1). This peak broadening may arise from the smaller crystallite sizes of TiP-Il, which enhanced
surface effects and lattice distortions [80].

All observed peaks in the diffractogram aligned with the PDF for a-TiP reported by Bruque [81], as
confirmed using Highscore analysis. This suggested that pure «-TiP was successfully synthesised.
No secondary phases or impurities were detected in the measured sample, indicating that method
I likely produced a single-phase material. This conclusion assumes that the analysed subsample is
representative of the entire batch.
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Figure 4.4: Powder XRD pattern of TiP-Il material using a variable slit (top) compared the a-TiP synthesised by Amghouz et al.
[44] (bottom) for comparison.

For the air-dried product, an identical XRD diffractogram was obtained (Figure A.2, Appendix A), sug-
gesting that air drying does not significantly affect crystallinity under the conditions tested. However,
oven drying was faster and therefore used consistently throughout this study.

4.1.2.2. SEM analysis

SEM images of the TiP-Il crystallites, shown in Figure 4.5, revealed a polydisperse size distribution rang-
ing from 1 to 5 ym, with an average size around 3 pm. The thickness of the crystallites could not be
determined using SEM. The crystallites formed flat, hexagonal plates, consistent with those observed
for TiP-1. Fractured and deformed crystallites were visible in the TiP-ll samples, suggesting potential
mechanical stress during synthesis [95]. Despite these deformations, the hexagonal morphology re-
mained well-defined and was consistently observed across the majority of the imaged crystallites.

-
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Figure 4.5: SEM images of TiP-Il crystallites, imaged at magnifications of 5,000x (left) and 15,000x (right).
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41.2.3. EDS mapping

EDS analysis revealed both qualitative element distribution and quantitative composition comparable
to those observed for TiP-l. The EDS mapping, shown in Figure 4.6, confirmed a homogeneous distri-
bution of the elements O, P and Ti across the surface of the crystallites. This supports the conclusion
that the synthesis procedure yielded chemically homogeneous crystallites without significant elemental
segregation.

Figure 4.6: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-ll crystallites
(5,000x).

The quantitative elemental composition of the TiP-ll material, summarised in Table 4.2, also aligned
with the values obtained for TiP-I material. As with TiP-l, hydrogen is not detected by EDS, so the
composition was compared to the hydrogen-free empirical formula TiP,Og (Table A.1).

Table 4.2: Quantitative elemental composition of TiP-Il material.

TiP-ll
Element | Mass (%) Atom (%)
[e] 58 77
P 23 15
Ti 19 8

In summary, a-TiP was successfully synthesised using method Il. XRD analyses confirmed no de-
tectable impurities or secondary phases. The XRD results demonstrated that the obtained product
matched the reference pattern for pure o-TiP. Additionally, SEM and EDS analyses revealed a uniform
hexagonal morphology, with crystallites ranging from 1 to 5 um and a modal size of approximately 3
pum, as well as a homogeneous elemental distribution across the observed surface.

Compared to method I, method Il yielded «o-TiP without detectable TiO, contamination, likely due to
the more efficient reaction of titanium metal with phosphoric acid, promoting more complete precursor
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dissolution. Method Il required fewer synthesis steps and a shorter total reaction time, facilitating more
time-efficient experimentation. A shorter synthesis time could reduce energy input costs in large-scale
production, making method Il potentially more practical for industrial applications.

To synthesise bigger crystallites, various conditions such as reflux time (72 hours and 14 days) and
reflux temperature (100 and 170 °C) were varied. A brief overview of the results of these experiments
according to method Il is summarised in Appendix A in Table A.2. Key conclusions are, first, that re-
peated syntheses under identical conditions yielded comparable crystallite distributions and morphol-
ogy. Second, no significantly enhanced crystallite growth (beyond 5 pym) was achieved under any of
the tested conditions.

4.1.3. Method III

The synthesis of TiP-IIl material involved distinct visual and physical changes in the reaction mixture,
indicating different stages of the dissolution and precipitation process. Initially, dissolving titanyl sulfate
in preheated sulphuric acid produced a cloudy, syrupy liquid, which indicated incomplete dissolution.
Upon continued reflux, the solution turned clear, suggesting the complete dissolution of the titanyl sul-
fate powder.

Following the addition of MilliQ water, the solution became less viscous but remained clear. Upon
gradual, dropwise, addition of phosphoric acid, a gelatinous precipitate was immediately formed, while
the solution turned white and milky. The rapid gel formation upon the phosphoric acid introduction
highlighted the reactivity between titanium and phosphoric acid, suggesting the initial precipitation of
titanium phosphate. After stirring for 5 more hours, the product turned into a denser precipitate.

Synthesis of TiP-111-1:0.42 and TiP-111-1:0.5 only yielded 0.9 g (13% molar Ti yield) and 1.7 g (26% molar
Ti yield) respectively. Product loss during the washing step contributed to the low overall yields.

Washing using centrifugation offered an efficient alternative to vacuum filtration, as vacuum filtration
required several days to complete. During vacuum filtration, densely packed product prevented wa-
ter from passing through the filters, severely limiting throughput. In contrast, centrifugation enabled
rapid and effective separation of the supernatant from the precipitate. The TiP-lll-1:2.4 and TiP-llI-
1:10 material subjected to this alternative washing protocol, however, showed deviation from those
processed with standard vacuum filtration. The resulting material appeared agglomerated. This could
be explained by insufficient drying, suggesting the need for a longer drying protocol (10 hours at 50°C).
The molar yields of Ti for the TiP-l1l-1:2.4 and TiP-IlI-1:10 materials were 61% and 89%, respectively.

The extended reflux process, according to method I, resulted in TiP-1ll material exhibiting similar visual
characteristics and suspension behaviour to TiP-l. Upon the addition of phosphoric acid to the TiP-
Il material, a white cloudy mixture formed. Despite heating and continuous refluxing, the mixture
retained its cloudy white appearance. Likewise, after adding MilliQ, no changes were observed, similar
to method |. The molar yield of Ti in TiP-111-1:0.42-ex, TiP-11l-1:2.4-ex and TiP-11l-1:10-ex were 81, 55
and 63% respectively.

4.1.3.1. XRD analysis

XRD analysis (Figure 4.7) shows that the synthesis using method Il primarily produces amorphous
material. The diffractogram showed no distinct peaks in samples without extended reflux treatment,
indicating that the structure of the material lacked order to provide clear information about the phases
present or whether a reaction had occurred [98]. Consequently, conclusions about phase formation
and material identity in these samples required complementary techniques like SEM and EDS.

After the extended reflux, the material partially crystallised into crystalline o-TiP, as indicated by the
presence of identifiable peaks in the diffractogram. However, compared to the reference material and
the results of TiP-I and TiP-Il, relatively broad peaks were observed. This broadening could suggest
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that the crystalline regions are combined with amorphous components [98].

Moreover, the peak broadening could be due to the small size of the TiP-Ill material [80]. The size of
the crystallites was 500 nm for TiP-IlI-1:0.5-ex and TiP-IlI-1:2.4-ex and 200 nm for TiP-IlI-1:10-ex, as
presented in Section 4.1.3.2. Despite this, the characteristic peaks of «-TiP could be identified, con-
firming its presence in the synthesised material.

Additionally, unexpected low-angle scattering was observed, which may stem from structural irregu-
larities or instrumental artefacts rather than solely from amorphous phases [99]. This hypothesis was
further explored using SEM analysis in Section 4.1.3.2, to assess whether clustering or surface irregu-
larities contributed to the low-angle scattering.

Instrumental effects were found to increase air scattering at low angles. In particular, the use of a fixed
anti-scatter slit used during the XRD analysis. For the TiP-1 and TiP-Il samples, a variable anti-scatter
slit was employed, which dynamically adjusts to maintain consistent beam divergence and minimises
background noise. In contrast, a fixed anti-scatter slit was used for the TiP-Ill materials, which does not
adjust and may have introduced air scattering at low angles [100]. To investigate this hypothesis, a slit
experiment was conducted, as described in Section A.1 in Appendix A. The results confirmed that the
use of a fixed slit increases the detection of X-rays at low angles, indicating that these low-angle X-rays
were caused by air scattering. For future studies, it is important to standardise slit configurations across
all sample analyses to ensure consistent data quality and minimise the introduction of instrumental
errors.
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Figure 4.7: Powder XRD pattern of TiP-lll materials using a variable slit (top) compared the a-TiP synthesised by Amghouz et
al. [44] (bottom) for comparison. Individual diffractograms are provided in Appendix A.

All observed peaks in the diffractograms of the TiP-llI-[ratio]-ex materials aligned with the PDF for
«-TiP reported by Bruque [81], as confirmed by Highscore analysis. This supported the successful
synthesis of o-TiP without detectable secondary phases. These results demonstrated the effectiveness
of synthesis method Ill, combined with an extended reflux. However, as XRD is a bulk technique,
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small impurities or amorphous components may remain undetected. If the analysed subsample is
not fully representative of the entire batch, the recorded diffractogram may not fully reflect the overall
composition of the bulk material [80].

41.3.2. SEM analysis and EDS mapping - Amorphous material

The results of SEM analysis and EDS mapping for the TiP-Ill material are presented in Appendix B.
Similar morphological features were observed across the TiP-111-1:0.42, TiP-11l-1:0.5, TiP-lll-1:2.4 and
TiP-111-1:10 material. The SEM images revealed two dominant morphologies in the 1:0.42, 1:0.5 and
1:2.4 samples, angular, rough-surfaced particles (‘edgy’, marked in blue) and irregular, filament-like
clusters (‘woolly’, marked in green) as shown in Figure 4.8. In contrast, the TiP-1lI-1:10 material ex-
hibited exclusively woolly morphologies, which appeared morphologically distinct from the other TiP-IlI
samples, as visible in Figure 4.9. This difference suggests that lower Ti:H3;PO4 ratios may promote the
formation of amorphous, filamentous structures over crystalline angular morphologies. However, litera-
ture [84] suggested that lower Ti:H3PO4 ratios enhance crystallinity. This discrepancy may have arisen
from differences in precursor solutions, as the literature used a TiOSO, - (H,SO4)x solution, whereas
this study employed TiOSO, dissolved in sulfuric acid, which may alter the concentrations and avail-
ability of reactive titanium species or change the rate of hydrolysis, thereby influencing nucleation and
crystallite growth.

SED 10.0kVWD12mmP.C.46 HV  x2,500 10um  —
Dec 05, 2024

SED 10.0kV WD10mmP.C.47 HV  x2,200 10pm  —
Jan 07, 2025

Figure 4.8: SEM image of the TiP-I11-1:0.42 material, imaged  Figure 4.9: SEM image of the TiP-lI-1:10 material, imaged at
at magnifications of 2,500x. An 'edgy’ piece (blue) and a magnifications of 2,200x.
‘'woolly’ piece (green) are highlighted.

EDS mapping revealed that O, P and Ti were evenly distributed on the surface of all materials. However,
unlike TiP-l and TiP-Il, the greater thickness of the chunks exceeded the EDS electron beam penetration
depth, preventing verification of compositional homogeneity beyond the surface. Nevertheless, the
observed uniform surface distribution indicated that reactive sites are likely evenly accessible, which
could favour efficient surface-based ion exchange or adsorption. Additionally, the quantitative analysis,
summarised in Table 4.3 (and for TiP-11-1:0.5 in Table B.1) showed a deviation from the theoretical
stoichiometry of TiP,Og, with elevated titanium and reduced phosphorus content. Nonetheless, these
results supported the formation of titanium phosphate, despite its amorphous structure.

Table 4.3: Quantitative elemental composition of TiP-lll-[ratio] materials.

TiP-l11-1:0.42 TiP-lll-1:2.4 TiP-l11-1:10
Element | Mass (%) Atom (%) | Mass (%) Atom (%) | Mass (%) Atom (%)
@] 57 77 59 78 56 75
P 17 12 16 11 22 15
S - - 0.00 0.00 0.05 0.03
Ti 26 11 25 11 22 10
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It should be noted that the results for TiP-111-1:0.42 presented in Table 4.3 and Figure B.2 are based
on a revised measurement. The initial analysis, shown in Section B.8, revealed inconsistencies in the
detection of elements O and P. Specifically, Figure B.15 (b) and (c) indicated the non-homogeneous el-
emental distribution across the surface of the material for O and P atoms, supported by the quantitative
data in Table B.2. These values deviated from the expected stoichiometry of TiP,Og shown in Table A.1.

A possible explanation for these inconsistencies is the 3D orientation of the material. During EDS
analysis, characteristic X-rays may have been partially shielded by overlapping layers or specific orien-
tations of the chunks, which may have caused localised detection errors [101]. To address this issue
and validate the hypothesis, a revised measurement was performed, of which the results are shown in
Figure B.2 and Table 4.3. The revised data closely aligned with the expected values, supporting that
the observed inconsistencies in the initial measurement were likely due to X-ray shielding effects. This
highlighted the inherent limitations of EDS for quantitative analysis in materials with complex morphol-
ogy, as previously discussed in Section 4.1.1 [97].

Lastly, as shown in Table 4.3 and Table B.1, minor but detectable quantities of sulphur atoms were
detected in the TiP-111-1:0.5 and TiP-111-1:10 materials. This suggested that the washing process did not
fully remove residual sulphuric acid. This residual sulphuric acid could affect the adsorption behaviour
by competing with the sorbent for ions [102].

41.3.3. SEM analysis and EDS mapping - Extended reflux

The SEM images and EDS mappings of the TiP-Ill materials subjected to extended reflux are presented
in Appendix B, Section B.5, Section B.6 and Section B.7. In the SEM images of TiP-lll-1:0.42-ex and
TiP-11l-1:2.4-ex crystallites, monodisperse, hexagonal crystallites of approximately 500 nm were ob-
served. The thickness of the crystallites could not be determined using SEM. This size was consistent
with previous studies on «o-TiP [81, 82, 93, 94]. However, moderate clustering of the crystallites was
observed, as illustrated in Figure 4.10.

Similarly to the amorphous TiP-IlI-1:10 material, TiP-l11l-1:10-ex also exhibited distinct morphology com-
pared to the other crystalline samples. Due to limited resolution, the crystallite size of TiP-I1l-1:10-ex
could not accurately be determined. Therefore, Transmission Electron Microscopy (TEM) was used
to analyse this sample, revealing well-defined, hexagonal crystallites with a diameter of approximately
200 nm in Figure 4.11.

The combined SEM and TEM observations support the interpretation that the peak broadening in Fig-
ure 4.7 is partially caused by the reduced crystallite size. Such broadening is characteristic of nanoscale
materials, where smaller crystallite domains contributed to peak broadening in XRD diffractograms [80].

SED 10.0kV WD12mmP.C.50 HV  x3,300 Spm h——
Dec 16, 2024

Figure 4.10: SEM image of the clustered TiP-I1l-1:0.42-ex Figure 4.11: TEM image of the TiP-lll-1:10-ex crystallites,
crystallites, imaged at magnifications of 3,300x. scale bar represents 200 nm.
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The results of quantitative EDS measurements, presented in Table 4.4, aligned with the expected sto-
ichiometry of TiP,Og, as shown in Table A.1. Qualitative EDS mapping confirmed that O, P and Ti
were evenly distributed across the surface of all crystallites. Given the small thickness of the crystal-
lites, it was interpenetrated that the elemental distribution was homogenous throughout the material,
as exemplified by Figure B.12.

Table 4.4: Quantitative elemental composition of TiP-lll-[ratio]-ex materials.

TiP-llI-1:0.42-ex TiP-lll-1:2.4-ex TiP-lll-1:10-ex
Element | Mass (%) Atom (%) | Mass (%) Atom (%) | Mass (%) Atom (%)
0] 60 78 58 76 60 78
P 21 14 22 15 21 14
S 0.03 0.02 0.00 0.00 0.04 0.03
Ti 18 8 20 9 19 8

Figure 4.12: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-lll-1:2.4-ex
crystallites (3,000x).

Although literature [84] suggests that varying Ti:H3PO4 ratios affect crystallinity, method Ill initially pro-
duced amorphous titanium phosphate for all tested ratios, with variations in morphology including dif-
ferences in particle shape and surface texture. Lower ratios exhibited a mix of angular, rough-surfaced
particles and irregular, woolly clusters, whereas higher ratios (TiP-111-1:10) favoured exclusively woolly,
irregular structures. This outcome was expected, as rapid precipitation typically limits crystal lattice
formation, leading to an amorphous phase. Only upon extended reflux (slow re-crystallisation) did or-
dered crystallites form [37].

After extended reflux, method Il successfully synthesised a-TiP, suggesting that the Ti:H3zPO,4 ratio
may have influenced crystallite morphology. XRD analysis confirmed the presence of a-TiP, with peak
broadening likely resulting from nanoscale crystallite sizes and potential amorphous components. SEM
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imaging revealed well-defined, occasionally clustered hexagonal crystallites (500 nm) in TiP-111-1:0.42-
ex and TiP-IlI-1:2.4-ex, while TiP-111-1:10-ex exhibited smaller, well-defined hexagonal crystallites (200
nm), as confirmed using TEM imaging. Both qualitative and quantitative EDS analyses confirmed
the homogeneous elemental distribution throughout the crystallites, supporting the conclusion that ex-
tended reflux facilitates the formation of compositionally uniform crystalline a-TiP.

4.1.4. Conclusions synthesis

Comparing the three synthesis methods in terms of crystallinity, particle size, and purity, method |
yielded relatively large (1 to 5 uym), well-formed «-TiP crystallites with minor TiO, contamination, likely
resulting from incomplete precursor dissolution, as suggested by XRD analysis. Method Il produced
equally crystalline o-TiP with comparable morphology but higher purity, attributed to the more complete
reaction of titanium metal. In contrast, method Ill required extended reflux to achieve crystallinity and
resulted in much smaller, nanoscale crystallites (200-500 nm).

The structural characteristics of all synthesised TiP materials are presented in Table 4.5. It summarises
key outcomes of synthesis and characterisation procedures, including crystallinity, phase composition
and estimated particle size. These parameters are essential for understanding the surface reactivity,
ion exchange capacity and separation performance of the synthesised materials.

Table 4.5: Summary of structural characteristics of the synthesised TiP materials.

Sorbent Crystallinity Phase Composition Particle Size
TiP-I Crystalline Heterogeneous 1-5um
TiP-Il Crystalline Homogeneous 1-5um
TiP-111-1:0.42 Amorphous - -

TiP-111-1:0.5 Amorphous - -

TiP-111-1:2.4 Amorphous - -

TiP-111-1:10 Amorphous - -
TiP-111-1:0.42-ex  Crystalline Homogeneous 500 nm
TiP-lll-1:2.4-ex  Crystalline Homogeneous 500 nm
TiP-111-1:10-ex Crystalline Homogeneous 200 nm

It should be noted that all samples were measured from a single batch. Future experiments should
include repeated syntheses under identical conditions to ensure reproducibility and validate the robust-
ness of the results.

4.2. Adsorption experiments

The pH-dependent adsorption behaviour of Ba?* and La** on six synthesised TiP materials is shown
in Figure 4.13 (individual plots in Figure C.1, Appendix C). These data illustrated how structural differ-
ences, detailed in Section 4.1 and summarised in Table 4.5, affect ion adsorption under acidic condi-
tions.

In this study, all adsorption experiments were conducted under nearly identical conditions, including
equal initial ion concentrations, consistent sorbent mass and fixed solution volume. This allowed for
a valid comparison between the different TiP materials within this study. Observed differences in ad-
sorption can therefore be attributed to material properties rather than experimental variation. While
adsorption percentages offered a useful initial indication of sorbent performance, they were inherently
influenced by experimental parameters such as ion concentration, volume-to-liquid ratio and sorbent
mass. Consequently, the adsorption percentage values reflected only the apparent affinity of the sor-
bent under the specific test conditions. For broader comparison with varying experiments in literature,
as discussed in Section 4.4, adsorption behaviour is expressed using the partition coefficient (Kp),
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shown for all TiP materials in Figure 4.14 (individual plots in Figure C.2, Appendix C). Unlike percent-
age values, K reflects the ion distribution between solid and liquid phases [27].
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Figure 4.13: Effect of equilibrium pH on Ba®* (C = 1.5 mM) and La* (Cy = 2.5 uM) uptake by TiP-I, TiP-Il and TiP-III
materials (batch tests, 0.05 g sorbent, 20 °C).

For all materials, the adsorption of trivalent La®* was consistently higher than that of divalent Ba?*. This
selectivity aligns with findings for other phosphate and oxide sorbents [27, 38], as discussed in Sec-
tion 4.4. At pH 1, all crystalline materials showed poor adsorption of both ions, with uptake below 10%.
This low uptake may be due to significant proton competition at low pH, as discussed in Section 2.3.2,
which explains this reduced ion exchange capacity under strongly acidic conditions [103]. As the pH
increased, the difference in uptake between Ba?* and La®* became more distinct, with La>" adsorption
increasing more steeply. This consistent preference for La®* over Ba?* demonstrates that all materials
can differentiate between ions of different charge. However, the magnitude of this selectivity varied
across the materials, suggesting that structural differences influenced their ion exchange behaviour.

TiP-l and TiP-Il exhibited nearly identical adsorption behaviour across the entire pH range, with TiP-II
showing slightly higher adsorption of both Ba?* and La®" at pH 1 and 2 (Figure 4.13a). Similarly, the
adsorption profiles of TiP-111-1:2.4-ex and TiP-11I-1:10-ex were closely aligned (Figure 4.13b). Although
these materials differ in particle size (500 nm and 200 nm, respectively, Table 4.5), this distinction ap-
peared insufficient to affect ion uptake, possibly because both materials exhibited similarly high surface
accessibility and reached comparable saturation levels under the tested conditions. This may suggest
that, within the submicron range explored, particle size differences alone did not strongly influence ion
uptake.

In contrast, the adsorption trends presented in Figure 4.13 suggested that the smaller particle sizes
of TiP-1ll-1:2.4-ex and TiP-IlI-1:10-ex (200-500 nm) led to different adsorption behaviour compared to
the larger crystallites of TiP-l and TiP-II (3 um). This is particularly evident at pH = 2 and supported by
the consistently higher partition coefficients across the pH range (Figure 4.14). Further investigation
is needed to clarify whether the observed differences stem primarily from particle size, affecting the
surface-to-volume ratio and thus site accessibility or from structural factors such as crystallinity, which
could influence the density or accessibility of reactive phosphate groups.

The consistent behaviour observed between TiP-lI and TiP-Il and among TiP-1ll-1:2.4-ex and TiP-lll-
1:10-ex, suggested that these materials share similar levels of crystallinity, surface characteristics and
phosphate site accessibility. Minor variations in performance may result from batch-dependent factors
such as small differences in crystallinity or residual moisture. For TiP-IlI-1:2.4-ex and TiP-111-1:10-ex,
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variations in particle size may also contribute to differences in adsorption. Given the limited variation
and overlapping adsorption trends, the performance of TiP-I and TiP-Il can be considered functionally
equivalent within the error margins of the adsorption measurements.
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Figure 4.14: Partition coefficients (K p) for Ba®* (Co = 1.5 mM) and La®>* (Cg = 2.5 uM) on TiP-I, TiP-Il and TiP-lIl materials
(batch tests, 0.05 g sorbent, 20 °C).

The amorphous TiP-IlI-1:2.4 material showed high overall adsorption of both Ba* andLa®* (Figure 4.13).
This broad uptake is consistent with its disordered morphology observed in SEM and lack of crystalline
features in XRD, which suggested a high density of accessible binding sites, as also reported in pre-
vious studies [38, 41, 42, 69]. Furthermore, the material showed poor ion discrimination, likely due to
the absence of well-defined binding sites. The material showed high uptake, with a low selectivity ratio
for Ba®" and La®" ions, making it unsuitable for separation applications. As a result, TiP-IlI-1:2.4 was
excluded from further analysis in this study due to its lack of selectivity.

The adsorption behaviour of TiP-111-1:0.42-ex for Ba** deviated from that of the other crystalline TiP-lll
materials. Although XRD (Figure 4.7) indicated a predominantly crystalline phase, the adsorption pro-
file showed a similar trend to the amorphous TiP-111-1:2.4 material, with reduced selectivity and elevated
Ba* uptake at low pH. (Figure 4.14b). This observation may indicate residual amorphous domains or
structural disorder, which would also explain the peak broadening observed in the XRD. These findings
underlined the limitations of XRD in characterising nanocrystalline materials. Like TiP-111-1:2.4, the re-
duced selectivity of TiP-111-1:0.42-ex between Ba®* and La®* made it unsuitable for further investigation
in this study.

The results highlighted three key trends for the investigated conditions. First, adsorption efficiency
increased with pH across all materials. This trend is consistent with proton competition mechanisms,
where fewer protons at higher pH reduce site occupation, enabling more cation adsorption [103]. Sec-
ond, although smaller crystallites generally have higher surface area and better accessibility of func-
tional groups, this did not consistently lead to improved adsorption or selectivity. TiP materials with
different particle sizes exhibited small differences in performance under the tested conditions. Third,
crystallinity played a central role in ion adsorption. Crystalline TiP materials consistently showed greater
selectivity for La** over Ba**, whereas the amorphous TiP-111-1:2.4 showed reduced specificity, suggest-
ing that structural order enhanced selective binding.

4.2.1. Limitations
This section outlines the practical constraints and uncontrolled variables that may have influenced
the adsorption results in Section 4.2.1.1 and Section 4.2.1.2, respectively. This provides context for
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interpreting experimental reliability, reproducibility and deviations from intended test conditions.

4.2.1.1. Practical considerations

The adsorption experiments were time-limited due to the short half-life of **Ba (83.06 minutes [104]),
requiring all measurements to be completed within one day. Although the standard protocol prescribes
a five-hour contact time for ion exchange (Section 3.4), equilibrium experiments (Section 4.2.2) con-
firmed that equilibrium was reached within 30 minutes for the tested concentration (Cy g, = 1.5 mM and
Co,Lq = 2.5 UM). Therefore, despite shorter contact times, conditions were assumed to be sufficient for
an equilibrium to be established. Exact contact times are listed in Appendix C, Section C.1.

Secondly, the adsorption experiments were carried out at ambient temperature. However, during this
study, the ambient temperature in the labs was not constant. Minor variations in temperature be-
tween the experiments occurred, which have influenced results, as adsorption capacity is temperature-
dependent. Still, based on literature data, the observed ambient temperature variations of 17-21 °C
are expected to cause only a minor impact on the adsorption results, likely within 1-2% variation in
adsorption capacity [39, 69].

All experiments were performed in triplicate to reduce sources of experimental error, such as pipetting
and weighing errors. However, the triplicates were not based on separate syntheses and thus are not
independent. Therefore, the triplicates account for measurement uncertainty rather than sample-to-
sample variability. Moreover, measurement uncertainties from the Wallac gamma counter could not be
fully accounted for due to constraints in Equation 3.1. This may have led to consistent overestimation
or underestimation of C' and C,,.., thereby affecting reported adsorption percentages and partition co-
efficients. The standard deviation calculated from the triplicate measurements accounts for variations
between experiments but does not capture the inherent counting error in the individual measurements
of Cyi0er @nd C' in Equation 3.1. These follow Poisson statistics and affect the partition coefficient non-
linearly. Full uncertainty quantification would require formal error propagation [105].

The pH numbers shown in this study include only the standard deviation observed between the tripli-
cates (o). They do not include the extra error introduced from electrode calibration (three-point calibra-
tion), electrode drift or small temperature shifts. Additional uncertainties of + 0.02 pH lead to a K shift
of less than 3%. This is small compared to the overall experimental variation and had minor impact the
conclusions regarding adsorption behaviour.

4.2.1.2. Uncontrolled variables

Post-experimental pH measurements revealed that, regardless of initial pH targets of pH 7, 5, and 3,
the actual equilibrium pH in all cases converged to approximately 3. The measured pH values are listed
in Section C.1, Appendix C. Several factors may have contributed to this unintended acidification, as
discussed below.

First, spontaneous deprotonation of surface hydroxyl groups is a well-documented behaviour of TiP
materials, particularly those with high surface area [35, 69]. As demonstrated in the deprotonation
experiment (Section 4.2.5), all sorbents acidified MilliQ water to some extent, with pH values as low
as 2.95. This indicated that proton release from the surface occurred even in the absence of added ions.

Second, incomplete neutralisation during washing may have left trace amounts of phosphoric or sul-
phuric acid on or between particles, as suggested by sulphur detection in EDS analysis in Table 4.3.
While pH paper tests of eluents during washing suggested near-neutral pH (6), such methods may not
detect weakly adsorbed or slowly released acid residues.

Third, ion exchange itself contributed to acidification. When Ba** and La*" occupied exchange sites
(Equation 2.2). Protons were exchanged and released into the solution. This process is inherent to
cation exchange and may further amplify acidification during exchange. Together, these mechanisms
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likely explain why experiments intended at pH 5 and 7 were conducted around pH 3.

For TiP-111-1:2.4, the experiment intended at pH 3, was performed in duplicate due to a handling error
that resulted in the loss of sample C34Y. The final values and standard deviations were calculated ac-
cordingly based on the remaining two replicates.

The partition coefficient for Ba" in the experiment intended at pH 3 for TiP-IlI-1:10-ex was negative.
Negative Kp results were obtained when in Equation 3.1, the count rate per volume (C) after equili-
bration exceeded the initial stock count rate per volume (Cstock), SO. Cstock/C < 1. A likely explanation
was a hon-homogeneous stock solution. This was supported by the control measurements. As a re-
sult, the adsorption for Ba?* in this experiment likely overestimated the true ion uptake. A lower actual
Ba** concentration in the stock solution would make relative uptake appear higher than it was, artifi-
cially increasing the adsorption percentages and partition coefficients. This was consistent with the
overall higher apparent uptake of both Ba?* and La** compared to experiments conducted at similar
equilibrium pH. Given the inconsistency and likely overestimation, the results from this experiment were
excluded from the graphical representation and further analysis.

The experiment at pH = 2 for TiP-IlI-1:0.42-ex was carried out in duplicate and using less sorbent
mass, due to the limited yield of the sorbent. The deviating sorbent weights used in this experiment
are listed in Appendix C, Table C.6. Although the lower solid-to-liquid ratio limited the comparability of
adsorption percentages, the data remained valid for calculating partition coefficients, which accounted
for the sorbent mass.

4.2.2. Equilibrium experiment

An experiment with varying exchange time was conducted to determine the time required to reach an
adsorption equilibrium for Ba?* and La>" under the experimental conditions in this study. The results
of the experiments are presented in Figure 4.15 and the data plateau indicates that equilibrium was
effectively reached within 30 minutes. This rapid equilibration is consistent with literature reports of
a-TiP, reaching equilibrium uptake within tens of minutes [39, 69].
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Figure 4.15: Time-dependent adsorption of Ba?* (Cy = 1.5 mM) and La®* (Cy = 2.5 uM) on TiP-I (batch tests, 0.05 g sorbent,
20 °C, pH =3.23 £ 0.03.

Ba** adsorption data was only available for the first 6 hours. This limitation arose due to the short half-
life (83.06 minutes [104]) of the barium-139 isotope, which decayed rapidly and became undetectable
beyond this period. Despite this constraint, the data clearly showed that both Ba?* and La** adsorption
reached equilibrium within the first 30 minutes, with plateau values of approximately 40% and >95%,
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respectively. For La®, this equilibrium was maintained over 48 hours (Figure 4.15b), indicating that no
desorption occurred over time and that La®* remained stably bound under these conditions.

The results for Ba* in Figure 4.15a showed adsorption levels between 35% and 40%, which were
consistent with the values reported in the batch adsorption experiments for TiP-I, where uptake ranged
between 30% and 40% at pH = 3. Similarly, La® adsorption matched batch experiments, with uptake
remaining >95% at pH = 3.

It should be noted that these findings are specific to TiP-I at pH = 3.2 and do not necessarily apply
to other TiP materials or pH conditions. However, given the comparable size and crystallinity of other
synthesised TiP materials, similar equilibration times are likely, although not experimentally confirmed.

The observed equilibration within 30 minutes was consistent with literature on o-TiP. Shao et al. [69]
reported rapid uptake of La®** within this timeframe, though at higher concentrations (1 mM) and pH
4.86. Although ion exchange kinetics are concentration-dependent, the consistent rapid equilibration
observed for La®* in this study suggested that the fast kinetics of a-TiP are maintained across a broad
concentration range, as further discussed in Section 4.3.1.2.

4.2.3. Surface saturation experiment

The surface saturation experiment was designed to investigate the adsorption behaviour of TiP-I and
TiP-111-1:10-ex under elevated La** concentration. The initial La** concentration was increased from
2.5 uM to 1.0 mM, while maintaining the Ba?* concentration at 1.5 mM. Adsorption percentages at pH
= 3 are shown in Table 4.6.

Table 4.6: Ba®* and La®* adsorption on TiP-I and TiP-II-1:10-ex at different initial La®* concentrations (batch tests, 0.05 g
sorbent, 20 °C, Cy Ba®* = 1.5 mM).

Co La**  Sorbent La®* adsorption (%) Ba" adsorption (%) pH* o (n=3)
1.0mM TiP-I 54+2 22 +1 3.07 £ 0.01
1.0mM TiP-lll-1:10-ex 67.9+0.2 21.8+£0.2 2.92 £0.02
25uM  TiP-l 95.2+0.1 314106 3.08 £ 0.01
25uM  TiP-llI-1:10-ex 97.1+£0.1 39.8+0.3 2.90 £ 0.01

At the higher La** concentration, the adsorption percentage of La®* decreased substantially for both
materials from >95% to 54 + 2% for TiP-l and to 67.9 £ 0.2% for TiP-11I-1:10-ex. This reduction likely
resulted from surface site saturation at higher concentrations, which shifted the equilibrium toward
lower relative uptake. The consistently higher La* uptake of TiP-Ill-1:10-ex compared to TiP-l was
likely attributed to its smaller particle size (200 nm vs. 3 um), resulting in a larger surface area and po-
tentially improving accessibility of reactive sites. At lower La®* concentrations, this difference was not
detectable within experimental uncertainty. However, slightly elevated La* uptake at pH =2 and higher
partition coefficients observed in prior experiments support this interpretation (Section 4.2). These find-
ings support the conclusion that adsorption behaviour is influenced by surface accessibility, as smaller
particles provide more accessible sites for ion exchange [69]. Moreover, at elevated ion concentrations,
the higher La® uptake by nano-sized TiP-Ill, despite similar Ba?* uptake, indicated higher selectivity
towards La®" relative to TiP-I.

Ba?* was adsorbed under elevated La*" conditions, although adsorption decreased for both materials.
For TiP-l, itdropped from 31.4 £ 0.6% to 22 + 1% and for TiP-IlI-1:10-ex, from 39.8 £ 0.3% t0 21.8 £ 0.2%.
This decrease reflects competition for binding sites, with the higher-affinity trivalent La® displacing Ba?*
from available exchange sites. Partial retention of Ba?* indicates that co-adsorption occurred.
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4.2.4. Ion competition experiment

The ion competition experiment was conducted to investigate whether sequential ion addition affects
the adsorption behaviour of TiP-l and TiP-11l-1:10-ex and examine the competitive exchange scenario
further. Specifically, Ba®* was introduced first and allowed to exchange with the sorbent before adding
La*. A control experiment with only Ba®* present was also included to quantify the Ba®* uptake in the
absence of La®*. The final ion concentrations in all experiments were 1.5 mM for Ba?* and, if added,
1.0 mM for La** and adsorption percentages are presented in Table 4.7.

Table 4.7: Ba?* and La®* adsorption on TiP-I and TiP-IlI-1:10-ex after subsequent ion addition (batch tests, 0.05 g sorbent, 20
°C, Cp Ba®* = 1.5 mM).

Sorbent Co, Lo (MM) La** adsorption (%) Ba®* adsorption (%) pHzo(n=3)
TiP-I 1.0 53.9+0.6 17.7+0.8 3.06 £ 0.01
TiP-I - - 29.2+0.5 3.18 £ 0.01
TiP-IlI-1:10-ex 1.0 64.1+0.5 20.0+0.2 2.90 +0.01

In the control experiment (Ba2+ only), TiP-l showed a Ba?* uptake of 29.2 + 0.5%, closely matching the
value obtained in the adsorption experiments under low La®* conditions (31.4 £ 0.6%, see Table 4.6).
This consistency confirmed that, in the absence of significant competition, Ba®* reaches a stable and re-
producible adsorption level. Moreover, the reduction in adsorbed Ba?" after La®>" introduction, showed
that La** effectively competed for binding sites and partially displaced previously adsorbed Ba**. Given
that displacement occurred even after Ba®* was pre-adsorbed, this suggested that the stronger affinity
of La*®*, rather than site availability alone, dominated competition.

When La*" was added to a system pre-equilibrated with Ba?*, the adsorption pattern shifted to closely
match the results of the experiment where both ions were introduced simultaneously (Table 4.6). This
indicated that the system reached a dynamic equilibrium regardless of the ion addition sequence.

4.2.5. Deprotonation experiment

The adsorption experiments that were intended at pH 5 and 7 resulted in an equilibrium pH of 3, as
discussed in Section 4.2.1. To assess the influence of deprotonation and residual acids in the acidifi-
cation of the solution, the pH of water equilibrated with different sorbents was measured without ion
exchange. The results are presented in Table 4.8. Deprotonation of surface hydroxyl groups led to
acidification of the surrounding solution. A lower pH, therefore, indicated more extensive deprotona-
tion, typically associated with higher surface area and greater surface reactivity. According to literature
[39, 69], only the hydroxyl groups at the outer surface deprotonate, while those located between crystal
layers remain stabilised by water, making only the outer hydroxyl groups reactive.

Table 4.8: Average pH and standard deviation of measured samples.

Sorbent pPHto (n=23)
TiP-I 3.51+0.01
TiP-II 3.61+0.02

TiP-IllI-1:2.4 2.95+0.01
TiP-11l-1:2.4-ex 3.28 + 0.01
TiP-111-1:10-ex  3.27 £+ 0.01
MilliQ water 5.78 £ 0.06

The amorphous material TiP-lllI-1:2.4 showed the lowest pH value, indicating the highest degree of
deprotonation. This result was consistent with its disordered structure, which likely resulted in a higher
accessible surface area compared to the more crystalline samples. In contrast, the crystalline TiP-IlI
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forms (TiP-IlI-1:2.4-ex and TiP-11I-1:10-ex) exhibited higher pH values, suggesting reduced deprotona-
tion. Given that pH is a logarithmic scale, this difference implied a substantially lower proton release,
supporting the hypothesis that deprotonation is restricted to accessible surface hydroxyl groups.

These observations aligned with the behaviour of TiP-I and TiP-Il, both of which had larger crystallites
and consequently lower surface areas. As expected, they induced less acidification of the surrounding
solution. The overall trend confirmed that the extent of deprotonation was strongly surface-area de-
pendent and therefore influenced by crystallinity and particle size. This highlighted the role of surface
accessibility in controlling the ion exchange capacity and reactivity of the sorbents.

Residual acid from synthesis likely also contributed to the acidification of the system. While surface
deprotonation is expected to be the dominant cause of pH reduction, trace amounts of phosphoric or
sulphuric acid trapped within the sorbent structure could lower the measured pH, as discussed in Sec-
tion 4.2.1 [106].

Notably, the higher pH values in Table 4.8 compared to those in Section C.1 suggested that an ad-
ditional factor contributed to acidification beyond surface deprotonation and residual acids. This was
likely induced by the adsorption of Ba** and La>", consistent with proton displacement during ion ex-
change as discussed in Section 2.3.2 and Section 4.3.1.

4.2.6. Conclusion adsorption experiments

The adsorption experiments demonstrated that ion exchange on a-TiP is dominated by surface adsorp-
tion, fast kinetics and ion competition effects. The sorbents consistently exhibited a preference for La®*
over Ba®*. Adsorption capacity and selectivity depended on the morphology of the synthesised a-TiP,
highlighting the importance of structural optimisation. To further interpret these findings, the following
section explores the underlying ion exchange mechanisms, thermodynamics and adsorption modelling
using the competitive Langmuir model.

4.3. Ion exchange of o-TiP

To understand the experimentally observed differences in adsorption behaviour between Ba’* and La*",
this section uses the mechanistic framework provided in Section 2.3.2 that supports and explains the
results presented in Section 4.2. Section 4.3.1 outlines the surface chemistry of o-TiP and the proton—
cation exchange mechanism that supports the selective uptake of multivalent cations. In Section 4.3.2,
thermodynamic parameters from literature are used to further substantiate the observed trends. These
analyses revealed that the ion exchange process is surface-controlled, selective and strongly influ-
enced by cation concentration, ionic charge, ionic radius and hydration energy.

4.3.1. Mechanism

The adsorption behaviour of Ba?* and La®*" on o-TiP was primarily governed by a surface-controlled
proton—cation exchange mechanism. Experimental data presented in Section 4.2.5 revealed that the
acidification observed in the equilibrium solutions could not be fully attributed to either surface depro-
tonation or residual acid contamination, indicating the presence of an additional proton source. This
pointed to an additional source of proton release, which aligned with the proton displacement mecha-
nism proposed by Sahu et al. [35]. In this mechanism, cations displace protons from phosphate groups
exposed at the sorbent surface.

Sahu et al. [35] proposed for divalent Ba’* a straightforward cation exchange mechanism where two
protons are displaced from a single TiP unit, yielding a neutral framework and contributing two H" ions
to the solution:
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Ti(HPO4); - HoO + Bal, ) — TiBa(POy), - HoO 4+ 2H{,, (4.1)

In contrast, for trivalent La®*, a mechanism containing partial hydrolysis in solution due to its high
charge density was proposed [35, 107], forming LaOH?* (Equation 4.2). This species then binds to
phosphate groups on the TiP surface, displacing two protons (Equation 4.3). Because the hydrolysis
step contributes an additional H" ion, the overall reaction results in a release of three protons per La*
ion:

[La(Hy0)9)>T™ — [La(OH)(H,0)s)*™ + H' 4.2)
Ti(HPOy)s - HoO + [La(OH)(H0)g]*t — TiLa(OH)(PO4)s - 8H,O 4+ 2H™T (4.3)
Ti(HPOy)z - HyO + La(,,, — TiLa(OH)(POy)2 -8 Hy0 + 3Haq) " (4.4)

However, in contrast to the mechanism proposed by Sahu et al. [35], bulk hydrolysis of La" is thermo-
dynamically limited at pH < 4 [73], which reflects the entire equilibrium pH range in this study. Observa-
tions in Section 4.2.3, where increased La®*" concentrations did not decrease the pH of the equilibrium
solution, suggested no further release of protons. Moreover, subsequential addition of La>* in Sec-
tion 4.2.4, resulted in a small pH drop of 0.12 units, which can be attributed to the intrinsic acidity of the
La(NO3); stock solution and the larger number of occupied sites. A hydrolysis step would have pushed
the pH more than 0.4 units lower. As a result, the three-proton release proposed by Sahu et al. [35]
was not observed below pH 3 in this work.

Although the present data demonstrate that La** does not hydrolyse below pH 3, the exact surface com-
plex that forms on TiP has not been resolved. A plausible interpretation, consistent with the observed
pH and fast kinetics observed, is that La®* binds bidentately to two PO~ groups [39, 64, 69]:

Ti(HPO,); - HoO + La(}) — TiLa(PO4)2* - HoO + 2H{,, (4.5)

In this proposed mechanism, the residual +1 charge is externally balanced by a Stern layer. Future
spectroscopic work is required to confirm this mechanism. Both Ba?* and La®" interacted with TiP in a
theoretical 1:1 molar ratio, with one cation binding per Ti(HPO4), - H,O unit. However, the number of
protons released into solution did not correspond directly to the charge of the adsorbed ion, as Sahu
et al. [35] proposed.

4.3.1.1. Size exclusion

The experimental results in Section 4.2 supported a surface-dominated ion exchange process. As
shown in Figure 4.13, the amorphous material exhibited consistently higher uptake of both La** and
Ba®* at pH > 2, compared to the crystalline material. In particular, the crystalline sorbents showed
notably lower Ba** adsorption. This may suggested limited accessibility of binding sites. Furthermore,
the deprotonation and surface saturation experiments confirmed that larger exposed surfaces in amor-
phous material facilitated greater proton release. These findings were consistent with the interpretation
that larger surface area and unstructured structural morphology strongly enhance exchange capacity.
This surface-limited behaviour suggested that internal ion exchange sites located in interlayer regions
were not readily accessible to hydrated ions. To understand this restriction, structural insights from the
literature are necessary.

Clearfield [108] and Chakraborty et al. [109] indicated that hydrated Ba?*, due to its large ionic radius
(Table 2.2), is too big to diffuse into the interlayer spaces of layered phosphates. Similarly, studies
on «a-ZrP, using Fourier Transform Infrared Spectroscopy (FTIR) by Zhang [39] and later on «-TiP by
Shao et al. [69], demonstrate that La* adsorption occurs predominantly on the surface and not in the
interlayer spaces
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This surface-dominated exchange is attributed to the restricted access to the interlayer spaces. Llavona
[40] determined that the effective interlayer spacing in «a-ZrP allows only cations with diameters up to
2.61 A to diffuse into the structure, considering the space occupied by interlayer water molecules. Given
the structural similarities between «-ZrP and «-TiP, a comparable, or even narrower, size constraint is
expected for a-TiP. This excludes hydrated Ba®* (4.04 A) and La®* (4.52 A) from intercalating, restrict-
ing their exchange to accessible surface hydroxyl groups. This interpretation aligned with the findings
of Shao et al. [69], which report that crystalline o-TiP has the lowest ion exchange capacity for La*
among the tested titanium phosphate phases.

To summarise, the ion exchange process in crystalline o-TiP was surface-dominated, as limited inter-
layer accessibility restricted ion exchange to external hydroxyl groups. As a result, the ion exchange
capacity was strongly influenced by the surface area of the material. Smaller crystallites with a higher
surface-to-volume ratio exposed more reactive sites, leading to a higher exchange capacity. These
morphological differences may have affected equilibrium behaviour and increased apparent selectivity,
as a larger fraction of the material actively participated in ion exchange. Moreover, because only sur-
face sites were accessible, more than one TiP unit was effectively required per adsorbed ion, reducing
the number of available protons per unit and lowering the practical exchange capacity relative to the
theoretical stoichiometry.

4.3.1.2. Kinetics

The kinetics of ion exchange in a-TiP determined the rate at which Ba®* and La®*" are adsorbed, which
is a key parameter for practical separation applications. The equilibrium experiments (Section 4.2.2)
provided insight into time-dependent uptake, indicating rapid adsorption within a short timeframe for
the used concentrations in this study.

As shown in Figure 4.15a, TiP-I at pH = 3 exhibited fast uptake of Ba®* (35-40%) and La*" (>95%)
within 30 minutes. For La>*, this equilibrium was maintained over 48 hours (Figure 4.15b), confirming
rapid and sustained uptake. These results supported a surface-controlled ion exchange mechanism
(Section 4.3.1), where exposed PO~ groups on the a-TiP surface enabled immediate ion binding with-
out interlayer diffusion [69].

Shao et al. [69] reported similar fast kinetics for a-TiP at 1 mM La>", which followed a pseudo-second-
order model based on measurements within the first 30 minutes. In this study, kinetic modelling was not
performed due to the absence of sub-30-minute data. Nevertheless, the observed stabilisation within
30 minutes suggested similar adsorption kinetics over a broader pH range. While fast ion exchange
kinetics are favourable for practical application in continuous systems, differences in kinetic behaviour
between the lanthanum and barium ions could also be beneficial for optimal separation performance.
At the concentrations tested in this study, both La>* and Ba** appeared to reach adsorption equilibrium
within 30 minutes, indicating that fast kinetics were maintained for both ions under conditions relevant
to practical radionuclide separations.

4.3.2. Thermodynamics

Thermodynamic analysis of ion exchange in o-TiP clarifies the energetic driving forces behind Ba?* and
La% adsorption, complementing the experimental adsorption data. This section compares the partition
coefficients from the adsorption experiments of TiP-I and TiP-I1l-1:10-ex (Table 4.9) with the calorimet-
ric data from Airoldi and Nunes [72] (Table 4.10) to support the interpretation of the experimental results.

The experimental partition coefficients, visualised in Figure 4.14 for all sorbents and presented in Ta-
ble 4.9 for TiP-I and TiP-IlI-1:10-ex revealed a consistent trend. Partition coefficients increased with
pH, reflecting enhanced adsorption due to reduced proton competition. Moreover, the ratio between
the partition coefficients was consistently larger than 1, supporting a stronger affinity of a-TiP for La%".
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Table 4.9: Partition coefficients (K ) for La®>* and Ba®* (Cp,Baz+ = 1.5 mM) for different -TiP materials at varying pH.

Sorbent Coraz+  Kp paz+ Kp pas+ pHxo(n=3) Kp Ratio

TiP-I 25uyM 9104 392+12 3.08 £0.01 42+ 2
25uM 131 463+28  3.07£0.01 35+4
25uM 35041 27 £ 1 216 £ 0.01 78+04
25uyM 046003 08+02 1.08x0.01 1.7+£05
1.0mM 5804 24 +2 3.07 £0.01 4105

TiP-Ill-1:10-ex 25uM 132+03 676+23 2.90%0.01 51+2
25uM 11 £1 604 +£39 294+0.04 54+ 6
25uM 48+0.2 758104 2.17+0.01 15.8+0.8
25uM 050x+0.07 1.2%0.1 1.080 2504

1.0mM 556+0.02 422+09 292+0.02 76+0.2

This observation aligned with the thermodynamic data reported by Airoldi and Nunes [72], which showed
a more negative AG and higher K;p.,mo for La®" than for Ba®* exchange. The study reported thermo-
dynamic parameters for the individual ion exchange of Ba®* and La** in o-TiP (denoted in their study
as TPH), presented in Table 4.10.

It is important to distinguish between Kp and Kyjermo, as they represent fundamentally different con-
cepts. The partition coefficient K is an experimental parameter that quantifies how ions partition
between the solid and liquid phases under specific experimental conditions, such as pH, concentration
and the presence of competing ions. In contrast, K;jermo IS @ thermodynamic equilibrium constant
derived from the Gibbs free energy change, representing the intrinsic ion exchange favourability under
standard-state conditions. Although their absolute values are not directly comparable, the consistent
trends confirmed that experimental observations were qualitatively consistent with thermodynamic pre-
dictions.

Using the thermodynamic data, the equilibrium constants Kipermo, o @Nd Kipermo, Lo Were calculated
from Equation 2.1 to be 2,040 and 617,208, respectively, at ambient temperature (298.15 K). The
much larger Kipermo for La®* supported its stronger binding affinity to «-TiP, in agreement with the
experimental adsorption data.

Table 4.10: Calculated calorimetric data of «-TiP during ion exchange with Ba®* and La®* at 298.15 K [72].

Cation A..,H[kJmol] —AG [kdmolT AS [ mol" KT Kinermo
Ba®* 1.51+0.09 18.89 + 0.05 68 + 1 2040
La%* 7.0+0.1 33.1£0.3 134 + 1 617208

The results indicated that both ion exchange processes are endothermic, as shown by the positive
values of A H (1.51 kJ mol~! for Ba?* and 7.00 kJ mol~! for La3+). This indicates that energy is
required to facilitate the binding of the cations to the exchanger, due to the disruption of hydrogen
bonding or deprotonation of hydroxyl groups. The higher enthalpy for La%* reflects its stronger bound
hydration shell, which demands more energy to break during exchange.

Despite this energetic input, the process is compensated by a significant entropy gain, as reflected in
the positive AS values (68 and 134 J mol~! K—! for Ba®*" and La*>* respectively). The positive AS val-
ues reflect partial dehydration of the ions, with water release increasing disorder. The higher entropy
gain for La>* arises from its stronger hydration shell due to its higher charge density.

The Gibbs free energy change (AG) for both Ba** (-18.89 kJ mol~!) and La% (—-33.05 kJ mol~1) is
substantially negative, confirming that ion exchange is spontaneous under the studied conditions. The
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greater magnitude of AG and AS for La** indicates a more favourable, entropy-driven exchange pro-
cess. Overall, the thermodynamic parameters highlight how the balance between enthalpy and entropy
governs the selectivity of a-TiP for La®* over Ba**.

This thermodynamic preference was further supported by the adsorption results at elevated La®* con-
centrations (Section 4.2.3). When La®* was present at 1.0 mM, comparable to the 1.5 mM Ba?*, its
partition coefficient remained higher, as shown in Table 4.9. This indicated that even under competitive
conditions, the intrinsic selectivity of a-TiP for La* prevails, in line with its lower AG and larger Kinermo-

4.3.2.1. Validity of reference thermodynamic data

The thermodynamic data reported by Airoldi and Nunes [72] were obtained at 298.15 K using isothermal
microcalorimetry. Since the adsorption experiments in this study were also conducted under isothermal
ambient conditions, their values were applicable. Minor temperature differences were not expected to
introduce significant discrepancies.

The calorimetric parameters were derived from single-ion systems, where only Ba?* orLa** was present.
In contrast, this study investigates competitive conditions, with both ions present simultaneously. While
the calorimetric data could not predict absolute adsorption behaviour under such conditions, they re-
mained valuable for interpreting relative trends in selectivity, binding strength and thermodynamic driv-
ing forces. The substantial differences in AG and AS between Ba*" and La®* explained the experi-
mentally observed preference for multivalent ion uptake.

The calorimetric titrations were performed over a concentration range of 1.0 x 1073 to 0.20 mol/L. The
Ba** concentration used in this study (1.5 mM) lay within this range, which made the data directly appli-
cable. Although the La®* concentration (2.5 pM) was below the reported range, the calorimetric results
still offer qualitative insight. At very low concentrations, deviations from average thermodynamic be-
haviour may have occurred due to partial site occupancy or reduced ion-ion interactions. Nonetheless,
because the reported parameters represent equilibrium-averaged values across a broad concentration
range, they remained valid for comparative purposes.

In a competitive system like the one used in this study, with a high excess of Ba?* (1.5 mM) and a low
concentration of La®* (2.5 uM), both ions were expected to compete for the same exchange sites on the
TiP surface, as discussed in Section 4.2.4. Despite the lower concentration of La, its higher charge
and more favourable overall Gibbs free energy of exchange contributed to its selective uptake. While
the excess Ba®" could have limited available sites, the thermodynamic preference for La* appeared
strong enough to enable substantial adsorption, as observed experimentally. This reflected a balance
between concentration-driven site competition and intrinsic affinity differences between the ions.

It is important to note that the calorimetric data from Airoldi and Nunes [72] were obtained at a different
pH (3-4.5), which might not have matched the pH conditions in the adsorption experiments of this
study. Since proton concentration directly affects ion exchange equilibria in proton—cation systems,
deviations in pH could lead to significant differences in observed adsorption behaviour. While the
reported thermodynamic parameters reflect unspecified pH conditions and were useful for indicating
general trends in ion affinity, they could not be directly extrapolated across all pH values. Nonetheless,
the observed preferential uptake of La®*" in this study remained consistent with its more favourable
thermodynamic profile.

4.3.3. Langmuir adsorption model

As discussed in Section D.1, Appendix D, and demonstrated by Shao et al. [69], the adsorption of Ba?*
and La** could be described by the Langmuir adsorption model. The dataset obtained in this study for
the various TiP materials contained data points for varying pH at a fixed Cy, while for fitting a Langmuir
isotherm, results for varying C, were needed at a fixed pH. Thus, accurate fitting of Equation D.1 was
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not possible. As a result, the Langmuir equilibrium constant (K ang) for individual ions could not be
reliably determined.

Furthermore, the experimental conditions in this study involved a competitive adsorption system, as
described in Section D.1.1, in which Ba®*, La®" and H" ions compete for the same binding sites on
the sorbent surface. In such systems, the single-component Langmuir model is no longer sufficient.
Instead, a multicomponent extension of the Langmuir model is applicable, in which each species has
its affinity constant (K 5,) and the fractional site occupancy (g¢,,) depends on the relative concentrations
and binding affinities of all ions present.

The fitting of this Langmuir model (Equation D.2) did, in the case of a proton competition system, need
experimental data at varying concentrations and pH (to vary H" concentration). Although measure-
ments at elevated La>* concentrations and varying pH were performed, the dataset remained limited.
The fitting, therefore, should be interpreted with caution since the system was under-defined due to the
limited data points. This means that there were insufficient constraints (data points) to fit a unique set
of model parameters (K;; and ¢,,) outcomes. Consequently, the non-linear system yielded multiple
solutions, as multiple parameter sets adequately fit the input data. These non-unique solutions pre-
vented validation of the results and therefore could not be used as quantitative evidence for ion affinity
or sorption capacity in this study. The results of the fitting are presented and analysed in Section D.2,
Appendix D.

4.4. Comparison with literature

To assess the performance and reproducibility of the synthesised materials, the results of this study
were compared to studies by Spruit [38] and Brown [27] in Section 4.4.1 and Section 4.4.2 respectively.
These comparisons help to evaluate the performance of TiP against other sorbents.

4.4.1. Comparison with Spruit

The selectivity and adsorption performance of the synthesised TiP materials were compared with results
reported by Spruit [38], who studied pH-dependent adsorption of Ba?* and La*" on o-TiP and a-ZrP.
A direct comparison of the adsorption results was justified because the experimental conditions used in
both studies were nearly identical. Most importantly, both experiments employed the same ion concen-
trations for the Ba/La mixture and used an equal mass of sorbent (0.05 g). Additionally, the experimental
procedures, including contact time and measurement methods using the Wallac gamma counter, were
consistently applied. This alignment ensured that any observed differences in adsorption behaviour
can be attributed to material properties rather than experimental variability, making the results valid for
direct comparison of the selectivity and performance of the TiP materials investigated in this study.

4.4.11. o-TiP comparison

Spruit [38] synthesised a-TiP according to method I. The synthesis yielded crystalline, hexagonal, flat
crystallites ranging from 1 to 5 ym, consistent with the results in this study. Analysis using Highscore
determined a small TiO, contamination of 4%, similar to the 6% in this study. The results of the ad-
sorption experiment were plotted in Figure 4.16a, together with the adsorption results for TiP-l and
TiP-111-1:10-ex.

The results showed similar performance regarding the adsorption of La* ions. However, the TiP syn-
thesised by Spruit (referred to as TiP-S) had slightly lower adsorption for Ba®* ions. This suggested the
material synthesised by Spruit demonstrated slightly better selectivity at pH = 3 by a greater separation
window. Given that the goal of this separation process was to selectively remove La®* while leaving
Ba?* in solution, the relative uptake of both ions was a critical factor.

Nonetheless, the observed differences in Ba®* uptake were relatively small and could also be attributed
to differences in batch properties between the synthesised TiP materials, influencing the crystallite size.
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Considering the close agreement in overall trends and data points, it is reasonable to conclude that
the materials exhibit largely comparable adsorption behaviour under the tested conditions. Given the
strong agreement, the reproducibility of the synthesis method | and the «-TiP adsorption behaviour
across different studies can be confirmed.
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Figure 4.16: Effect of equilibrium pH on Ba?* (Co = 1.5 mM) and La* (Cy = 2.5 uM) uptake on TiP-I, TiP-ll-1:10-ex and the
materials synthesised by Spruit [38] (batch tests, 0.05 g sorbent, 20 °C).

4.41.2. o-ZrP comparison

As discussed in Section 2.3.1, o-TiP is isostructural with a-ZrP. Spruit [38] successfully synthesised a-
ZrP (from here ZrP-S) according to Alberti and Torracca [110]. This synthesis yielded highly crystalline
crystallites in the 10 to 50 uym range, with a measurable thickness between 1 and 5 ym. Since ZrP-S
crystallites are larger crystallites with measurable thickness, their surface-to-volume ratio is smaller.
This, and to a lesser extent the higher molecular weight of ZrP (301 vs. 258 g/mol), results in signifi-
cantly fewer accessible hydroxyl groups per sorbent mass.

The results of the adsorption experiment are plotted in Figure 4.16b, together with the adsorption results
for TiP-I and TiP-Ill-1:10-ex of this study. The most notable difference was the different pH behaviour.
While the pH in the adsorption experiments of this study shifted toward pH 3, the systems using ZrP-S
shifted toward pH 4. In this range, ZrP maintains a high uptake of La>* while exhibiting a remarkably
low uptake of Ba?* ions. This distinct adsorption behaviour indicated a significantly better selectivity
performance of ZrP-S than both for TiP materials tested in this study. Since separation was the primary
objective, the ability of the ZrP-S to strongly favour La® adsorption while excluding Ba?* is a critical
advantage.

However, the advantage may have stemmed from the larger crystallite size and the associated re-
duction in accessible surface hydroxyl groups. Nonetheless, differences in intrinsic cation affinity or
ion exchange kinetics, as Spruit did not confirm equilibrium, between ZrP and TiP could also have con-
tributed to the enhanced selectivity. The shiftin pH towards 4 instead of 3 was likely caused by reduced
deprotonation, as fewer hydroxyl groups were present on the surface due to a lower surface-to-volume
ratio. This suggested that fewer adsorption sites were available.

Supporting this, Spruit [38] conducted a surface saturation experiment using ZrP-S, where the La®
concentrations were elevated from 2.5 yM to 1.0 mM, similarly to the surface saturation experiments
in this study. In these experiments, conducted at pH = 4, the Ba** and La®" uptake was 2.0 + 0.4%
and 9 £ 2% respectively. In the study of Spruit, La®* adsorption remained stable for 48 hours, and Ba?*
adsorption was stable for at least 6 hours before becoming unmeasurable due to the short half-life of
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139Ba, supporting the assumption that adsorption equilibrium had been reached in the experiment at
elevated La** concentration.

This adsorption is significantly lower than the 54 + 2% and 67.9 + 0.2% for La®* and 22 + 1% and 21.8
+ 0.2% for Ba* to TiP-I and TiP-Ill-1:10-ex respectively, as presented in Table 4.6. This low uptake
indicated further that the uptake is limited due to less accessible PO~ groups of ZrP-S. Given that o-TiP
and «-ZrP are isostructural and possess nearly identical phosphate chemistry, the markedly different
uptake behaviour could have stemmed more from morphological differences than from intrinsic chemi-
cal affinity.

In summary, although ZrP-S exhibited better separation of Ba?* and La**, its significantly lower uptake
capacity suggested that this advantage was not caused by superior sorbent chemistry, but from a
reduced number of accessible surface exchange sites due to its larger particle size and lower surface-
to-volume ratio. The lower degree of deprotonation and reduced availability of PO~ groups at the
surface were consistent with this interpretation, although further investigation would be required to
confirm whether morphology rather than chemistry drives the observed selectivity.

4.4.2. Comparison with Brown

To place the performance of the TiP and ZrP materials in a broader context, results were compared
with those reported by Brown [27], who investigated the separation behaviour of metal oxide sorbents
using Ba and La as analogues for Ra and Ac. In that study, partition coefficients were determined for
alumina, titania and zirconia over a pH range of 3 to 7. While these metal oxides differ structurally
from layered phosphates, their reported K trends provided a relevant comparison for the separation
performance.

To enable a direct qualitative comparison, the results of the present study have also been expressed
in terms of the partition coefficient and are plotted alongside data by Brown in Figure 4.17.
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Figure 4.17: Partition coefficients (K p) for Ba®* (Co = 0.9 mM) and La®* (Cj, = 0.5 mM) adsorption on alumina, titania and
zirconia as reported by Brown [27] Ba* (left) and partition coefficients for Ba?* (Cy = 1.5 mM) and La%* (Cp = 2.5 uM)
adsorption on TiP-I, TiP-Ill-1:10-ex and ZrP-S at varying equilibrium pH values (right).

Several limitations must be considered when comparing the results of this study with those reported
by Brown [27]. First, the experimental conditions varied significantly. This study focuses on highly
acidic environments with pH values between 1 and 3, while the experiments by Brown were conducted
in neutral to mildly acidic conditions between pH 3 and 7. In that study, mildly acidic conditions were
maintained using an acetate buffer system, stabilising the pH. Second, the La®* concentration used by
Brown was 0.5 mM, which is substantially higher than the 2.5 uM used in this study. This difference
may have shifted the adsorption equilibrium and influenced the kinetics of ion uptake. Third, Brown
provided surface area for the sorbents used, which were 205, 100 and 30 m?/g for alumina, titania and
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zirconia, respectively. In contrast, no surface area or site capacity measurements were performed in
this study, which limits the ability to assess the density of reactive sites available for ion exchange.

Because site capacity and ion concentration were identified in this study as key factors influencing ad-
sorption, a direct comparison with the results of Brown was not valid. The comparison should therefore
be considered qualitative rather than quantitative.

Despite the differences in methodology, both studies presented comparable trends. Both the metal
oxides and layered phosphates had a higher affinity with La®* than Ba?* across the entire pH range.
Additionally, for both systems, the ions competed with protons. Notably, the pH-dependent adsorption
slopes over the pH range were steeper for both Ba** and La®" on titania and TiP compared to zirconia
and ZrP. This suggested that a chemical difference between titanium- and zirconium-based materials
influences their ion adsorption behaviour. However, as in this study, the surface-to-volume ratios of
the materials investigated by Brown also differed significantly, which complicated direct quantitative
comparisons. This made it unclear whether the observed differences were due to chemical properties
or to morphological factors such as active surface sites.

Further research under comparable ion concentrations, surface-to-volume ratios, and standardised
conditions would be necessary to confirm whether the observed differences in adsorption behaviour
are indeed attributable to the chemical nature of titanium versus zirconium, rather than differences in
surface area or experimental setup.

4.5. Practical application

This study has provided a detailed characterisation of the ion exchange behaviour of «-TiP. To explore
the practical relevance of these findings, this section introduces a clinical scenario involving the sepa-
ration of medically relevant actinium-225 from radium-226 in Section 4.5.1, followed by an evaluation
of the material design criteria required for successful implementation in Section 4.5.2.

4.5.1. Large-scale separation scenarios

As introduced in Chapter 1, this study was initially intended to evaluate whether o-TiP is a suitable
material for separating actinium, produced via the 226Ra(p, 2n)225Ac reaction, from radium. The exper-
iments were designed to mimic an production scenario in which 10 mg of solid 22%Ra is irradiated to
approximately 1 Ci (37 GBQq) of 2°Ac [27], an sufficient amount for 2000-5000 patient doses [111, 112].

In this production route, a cyclotron accelerates protons to 15-20 MeV at a current of 500 pA. These
protons are directed onto a thin, actively cooled 22°Ra target. After irradiation, the target is dissolved
in an acidic solution, releasing both the unconverted 226Ra and the newly formed 225pc. At the activity
level described above, the concentration of 2?°Ac is in the micromolar range, meaning it is present only
in trace amounts compared to the millimolar concentrations of unconverted 226Ra. In this study, the
analogue concentrations were set to 2.5 yM La** and 1.5 mM Ba?", resulting in a La:Ba ratio of 1:600.
The chosen 2.5 uM La*" lies within the low-micromolar range expected for 22Ac in a 10-100 mL disso-
lution volume and is high enough for reliable detection, while reflecting a realistic Ra/Ac ion-competition
environment. The trace amounts of actinium-225 highlight the need for sorbents with high selectivity,
rather than high capacity to efficiently isolate 225A¢ from a bulk of chemically similar radium ions [113].

The materials investigated in this study showed promising results for the separation of La>* and Ba",
and are therefore of interest for further investigation as sorbents for the separation of 22°Ac from **°Ra
in cyclotron-based production routes. Given that 25M¢ is present only in trace amounts while 226Ra
remains in significant excess, high selectivity is essential. The selectivity of a-TiP was demonstrated by
differences in adsorption percentages in both the standard experiments and those using elevated La>
concentrations. The following section discusses the material and system criteria required for effective
implementation at clinical scale.
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4.5.2. Design criteria

This section outlines the design criteria for separating *°>Ac and ??°Ra in medical radionuclide produc-
tion, focusing on the suitability of the materials examined in this study.

4.5.2.1. General material properties

The primary requirement for the separation material is a strong selectivity for 22Ac over #*°Ra, achieved
through a clear affinity difference. In this study, a-TiP demonstrated such behaviour under acidic con-
ditions, showing high uptake of La®* (a chemical analogue for 225Ac) and significantly lower uptake of
Ba?* (representing 2?°Ra). The ion-specific preference for this ion pair and results from other studies
[35, 39, 40] reflected the ability of the material to discriminate between cation valences and is essential
for achieving efficient separation.

Equally important is reversibility, the ability to recover 225p¢ from the sorbent using an acidic eluent.
While this study shows that low pH promotes competition between protons and metal ions, facilitating
ion release, the efficiency of 255 recovery was not investigated. Future research should quantify
recovery rates to determine whether the material enables practical radionuclide isolation for medical
applications. The suppressed adsorption of La>* and Ba®" observed at pH = 1 suggests that proton
competition at low pH may facilitate desorption, supporting the potential reversibility of the ion exchange
process.

For clinical application, the sorbent must maintain structural integrity under high radiation doses and
prolonged exposure to acidic media. This study did not evaluate the chemical or radiation stability of
the materials. Although previous research reports promising performance under such conditions [30,
37, 38, 39, 91], these findings require validation for the specific case of a-particle irradiation. In contrast
to the gamma-emitting isotopes used in this study (*°La and "*°Ba), both #°Ac and ?*°Ra emit alpha
particles, which are more likely to induce radiolysis and degrade material over time. Experimental
testing under alpha-emitting conditions is therefore essential to confirm long-term stability and practical
feasibility.

45.2.2. System and column design

This study evaluated sorption performance in batch systems using La** and Ba®" as chemical ana-
logues for 225Ac¢ and ?%Ra, respectively. To determine the applicability of these findings to large-scale
separations, future work must first verify that 225A¢ and ?%Ra exhibit comparable adsorption behaviour
on the synthesised materials. If this is confirmed, dynamic column experiments are required to evalu-
ate sorbent performance under flow conditions, which better represent large-scale use.

Although both TiP and ZrP exhibited selective ion exchange, achieving the high purity standards re-
quired for medical applications likely demands a multi-stage separation process. This study showed
that ion concentrations and the number of accessible surface phosphate groups strongly influence
separation performance. Therefore, a single sorbent system may not achieve sufficient discrimination
under all process conditions. Connecting multiple columns with the same sorbent, but with distinct par-
ticle sizes, could exploit the differences in available hydroxyl sites by progressively enhancing purity
across stages. To design such a system, broader studies must be conducted to map how concentration-
dependent behaviour and surface accessibility influence performance.

This study and literature [69] demonstrated fast ion exchange kinetics for TiP, with equilibrium reached
within 30 minutes. Comparable behaviour is reported for ZrP in previous studies [38, 39], supporting
their potential suitability for dynamic column systems. If similar kinetic profiles are confirmed for 25p¢
and ??°Ra, short residence times would still allow effective separation, facilitating higher throughput in
dynamic systems. Fast ion exchange kinetics reduce the sensitivity to particle size, allowing the use of
larger sorbent particles to lower pressure drop while maintaining acceptable adsorption performance.
As discussed in Section 4.4.1, larger particles (10-50 ym) were associated with improved selectivity at
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the tested concentrations, although this may vary across the concentration range. The rapid adsorp-
tion kinetics observed here suggest minimal kinetic limitations, allowing trade-offs to prioritise selectivity
and hydraulic performance.

In this study, it was tried to increase the crystallite size of o-TiP by extending the refluxing time (72
hours and 14 days) and increasing the synthesis temperature (170°C) of the synthesis method Il. Pro-
longed synthesis time, however, did not result in larger crystallites compared to the standard method.
Increasing the temperature led to the formation of 4-TiP, having a less ordered morphology, rather than
promoting crystallite growth of the desired a-phase. These outcomes highlight the limitations of con-
ventional hydrothermal tuning for size control in this method. Future research into controlled crystallite
growth of phase-pure «-TiP would benefit its applicability in column systems.

45.2.3. Ion exchange material

Until further research proposed in this section is conducted, the ZrP-S, synthesised and tested by Spruit
[38] is the most suitable candidate for the separation of 225Ac and *°Ra, provided that its adsorption
behaviour towards actinium and radium mirrors that observed for lanthanum and barium.

This was concluded based on two main findings. First, its high selectivity in the relevant pH window
for La>* over Ba®" enables efficient separation of these ions under weakly acidic conditions. This was
confirmed by high La® uptake, while Ba®* uptake remained sub 10% at pH = 4. In a practical separa-
tion context, this reduces the number of downstream purification steps or sequential columns required
to meet high-purity standards. Under dynamic column conditions, this high selectivity could lead to
sharper elution profiles, as Ba?* would elute early with minimal retention, while La>* would be strongly
retained and elute in a narrower, well-defined peak. This improves resolution and reduces overlap,
enhancing overall process efficiency.

Second, the large crystallite size of ZrP-S (10-50 um) offers clear advantages for packed column op-
eration. Larger particles reduce the hydraulic resistance of the columns, allowing higher flow rates at
lower pressure drops. In this study and in related work [38, 39, 69], ion exchange was shown to be
surface-controlled, with fast kinetics and no apparent diffusion limitations. Therefore, using larger par-
ticles would not significantly compromise adsorption performance, enabling efficient separation even
under short residence times in dynamic column systems.

However, a fair comparison between TiP and ZrP can only be made when both materials are synthe-
sised with similar properties. As demonstrated in this study, ion exchange performance is dominated
by surface accessibility and the total number of available phosphate groups. Differences in uptake and
selectivity may therefore arise not from the chemical nature of titanium versus zirconium, but from dis-
parities in surface area and active site density. To determine whether intrinsic affinity plays a meaningful
role, future studies must disconnect morphological effects from chemical properties through carefully
controlled conditions and quantification of site accessibility.
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Conclusion

This study investigated the suitability of a-Ti(HPO4), - H2O (a-TiP) as a selective ion exchanger for the
separation of lanthanum and barium as analogues for actinium and radium. Three synthesis meth-
ods were developed, and the resulting materials were characterised and evaluated for their separation
performance. Batch adsorption experiments were conducted to assess ion uptake behaviour. The ex-
perimental results are consistent with the theoretical adsorption mechanism, providing a basis for the
observed selectivity and separation efficiency.

The three synthesis methods employed titanium oxide (method I), titanium powder (method IlI), and
titanyl sulfate (method Ill) as precursors. Method | produced highly crystalline a-TiP with 1-5 ym
crystallites but suffered from residual TiO, precursor contamination. Method Il yielded purer «o-TiP
with similar crystallite size and morphology. Method Il initially formed amorphous titanium phosphate,
which crystallised into nanoscale (200-500 nm) o-TiP upon extended refluxing. XRD, SEM and EDS
analyses confirmed the crystallinity, morphology and compositional homogeneity of all materials.

Batch adsorption experiments using application-relevant concentrations ([La3+] =2.5uM and [Ba2+] =
1.0 mM) revealed that o-TiP preferentially binds La®" over Ba" across the pH range of 1 to 3. La*"
uptake exceeded 95%, while Ba?* uptake remained between 35% and 40% at pH = 3. The selectiv-
ity persisted even at elevated La®*" concentrations (1.0 mM), confirming that a-TiP can discriminate
effectively between trivalent lanthanum and divalent barium cations. Moreover, o-TiP showed fast ion
exchange kinetics and reproducible and effective synthesis, validating its potential as a viable candi-
date for isolating actinium from a radium matrix.

Analysis of the ion exchange mechanism indicated that differences in accessible surface binding sites
originating from different surface-to-volume ratios are inherently linked to separation performance.

Comparative analysis with isostructural a-Zr(HPO4), - HoO (a-ZrP) showed that ZrP exhibited higher
selectivity under similar conditions. However, this difference is likely to be attributed to variations in
surface area and particle morphology rather than intrinsic chemical affinity of TiP versus ZrP.

In summary, this study demonstrated that «-TiP can be synthesised with tunable morphologies using
different precursors and exhibits strong selectivity toward lanthanum over barium ions in acidic environ-
ments. These findings support its use as a potential separation medium for actinium—-radium systems.
However, further optimisation and experimental validation are necessary to confirm its clinical applica-
bility.
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Recommendations

Based on the findings and limitations discussed in this study, several recommendations can be made
to improve the understanding, validation and practical application of «-TiP as a separation material
for radionuclides. The following suggestions aim to guide future research efforts toward optimising
material performance, validating selectivity with >Ac and ?*°Ra and transitioning from laboratory-scale
experiments to clinical implementation.

To determine whether the differences in selectivity between o-TiP and «-ZrP are due to chemical
composition rather than morphology, adsorption experiments should be repeated using samples
with a similar amount of accessible surface binding sites and crystallite size. Quantifying site
capacities under these controlled conditions will allow a direct comparison of their intrinsic ion
exchange properties.

To accurately determine site capacity and enable proper Langmuir model fitting, further adsorp-
tior31 experiments should be performed across a broader concentration range for both Ba’* and
La®" ions.

Future work should confirm whether the observed selectivity of a-TiP for La** over Ba®* holds
for the actual separation of 225Ac and ?**Ra. Experiments with the latter isotopes are necessary
to verify that the analogues used in this study provide an accurate representation of separation
behaviour.

Although this study assumes chemical and radiological stability of a-TiP, these properties have
not been experimentally validated. The performance of a-TiP should be assessed after exposure
to 2**Ac and **°Ra, as well as under highly acidic conditions, to evaluate potential degradation or
loss in capacity. To test radiochemical stability, a-TiP should be suspended in 1 M HCI and irra-
diated with 10 MeV electron beams up to 2 MGy, followed by XRD and SEM analysis to identify
structural or morphological changes [56]. To test chemical stability, elemental leaching can be
quantified by ICP-MS.

As all experiments in this study were conducted in batch mode, dynamic column experiments are
needed to translate the findings into a scalable process. Breakthrough curve analysis should be
conducted by continuously flowing a feed solution through a fixed-bed column and monitoring the
effluent concentration over time to determine dynamic capacity and selectivity. Flow rate optimi-
sation involves varying the velocity to assess mass transfer limitations and prevent channelling.
Multi-stage separation should be simulated using serially connected columns to replicate clinical
purification systems and evaluate performance under realistic loading and elution conditions.

Further optimisation of the synthesis process is advised to control particle morphology and grow
crystallites to dimensions suitable for column operation. Lowering precursor concentrations and
adjusting pH may reduce nucleation rates, allowing for slower, uniform growth. Potentially pro-
ducing larger and monodisperse particles.
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Supportive results synthesis
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30 minutes
100°C

Figure A.1: Color change observed during the dissolution of Ti powder in H3PO4. The solution turns purple due to the
formation of Ti®* ions, as part of the synthesis of method IL.

Table A.1: Quantitative elemental composition of TiP2Og.

TiP,0g
Element | Mass (%) Atom (%)
¢} 57 75
P 24 17
Ti 19 8

60
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Figure A.2: Powder XRD pattern of TiP-ll material, dried in an oven and to air (top), compared to those synthesised by
Amghouz et al. [44] (bottom) for comparison.
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Figure A.3: Powder XRD pattern of TiP-IlI-1:0.42 and TiP-I1I-1:0.5 materials using a fixed slit (top) compared to those
synthesised by Amghouz et al. [44] (bottom) for comparison.
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Figure A.4: Powder XRD pattern of TiP-Ill-1:2.4 materials using a fixed slit (top) compared to those synthesised by Amghouz
et al. [44] (bottom) for comparison.
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Figure A.5: Powder XRD pattern of TiP-11I-1:10 materials using a fixed slit (top) compared to those synthesised by Amghouz et
al. [44] (bottom) for comparison.
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A.l. Slit experiment

To determine the origin of the X-rays detected at low angles, A slit experiment was designed. A sample
of TiP-l was measured using XRD with both variable and fixed slit configurations. The results, presented
in Figure A.6, revealed that the use of a variable slit completely eliminates the low-angle X-rays detected
with the fixed slit. This confirmed that the low-angle signal was primarily caused by air scattering.

—— TiP-I Variable slit

Intensity [a.u.]

S PRI VN

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

—— TiP-I Fixed slit

Intensity [a.u.]

RN VU S
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26 [°]

Figure A.6: XRD of TiP-l material using fixed slit (top) and varying slit configuration (bottom).

In X-ray diffraction (XRD) experiments, the choice between a variable slit and a fixed slit configuration
has significant implications for the intensity of diffraction peaks across the angular range. A variable
slit adjusts its width depending on the angle of incidence. At low angles, the slit is narrow to match the
reduced sample surface, minimising air scattering and therefore ensuring higher signal-to-noise ratios.
However, at larger angles, the slit opens wider, increasing the sample area exposed to the X-ray beam.
This dynamic adjustment leads to relatively higher peak intensities at larger angles compared to those
obtained using a fixed slit.
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Table A.2: Effect of synthesis conditions on TiP-II crystallite formation.
Description Ref. time (h) Temp. (°C) Stir. speed Specifics Crystallite Product
(rpm) size (um)

Original 24 100 200 - 1-5 a-TiP

Repetition 24 100 200 - 1-5 a-TiP

72h 72 100 200 - 1-5 a-TiP

14d 336 100 200 - 1-5 a-TiP

170 °C 24 170 200 - 1-5 Mixture of
~-TiP and
a-TiP

No stirring 24 100 0 0.02gTi - No precipitate

powder

formed
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SEM analysis and EDS mapping TiP-III

B.1. TiP-1II-1:0.42
B.1.0.1. SEM analysis
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. rs
SED 10.0kVWD12mmP.C.46 HV  x2,500 10um SED 15.0kVWD12mmP.C.38 HV  x5,000

Figure B.1: SEM images of the TiP-I11-1:0.42 material, imaged at magnifications of 2,500x (left) and 5,000x (right).

B.1.0.2. EDS mapping

K o

Figure B.2: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-IlI-1:0.42
material (2,700x).

65



B.2. TiP-1II-1.0.5 66

B.2. TiP-III-1:0.5
B.2.0.1. SEM analysis

Table B.1: Quantitative elemental composition of TiP-111-0.5

material.
TiP-1l1-1:0.5
Element | Mass (%) Atom (%)
O 53 74
P 16 11
S 1.42 0.98
Ti 29 14

Dec 11, 2024

Figure B.3: SEM image of the TiP-Il-1:0.5 material, imaged
at magnifications of 2,500x.

B.2.0.2. EDS mapping

> 0pm

Figure B.4: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-1I-1:0.5 material
(3,300x).
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B.3. TiP-III-1:2.4
B.3.0.1. SEM analysis

SED 10.0kVWD13mmP.C.556 HV  x500 S50um  e—
Jan 07, 2025

Figure B.5: SEM image of the TiP-Ill-1:2.4 material, imaged at magnifications of 500x.

B.3.0.2. EDS mapping

_———————m O

Figure B.6: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-1lI-1:2.4 material
(3,300x).
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B.4. TiP-III-1:10
B.4.0.1. SEM analysis

»
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Figure B.7: SEM images of the TiP-Il-1:10 material, imaged at magnifications of 2,200x.

B.4.0.2. EDS mapping

20pm

Figure B.8: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-1lI-1:10 material
(2,200x).
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B.5. TiP-III-1:0.42-ex
B.5.0.1. SEM analysis
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Figure B.9: SEM image of the TiP-Ill-1:0.42-ex crystallites, imaged at magnifications of 5,000x.

B.5.0.2. EDS mapping

T0pm

Figure B.10: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-11l-1:0.42-ex
crystallites (5,500x).
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B.6. TiP-III-1:2.4-ex
B.6.0.1. SEM analysis
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Figure B.11: SEM image of the TiP-Ill-1:2.4-ex crystallites, imaged at magnifications of 3,000x.

B.6.0.2. EDS mapping

Topm

Figure B.12: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-Ill-1:2.4-ex
crystallites (3,000x).
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B.7. TiP-III-1:10-ex
B.7.0.1. SEM analysis
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Figure B.13: SEM image of the TiP-IlI-1:10-ex crystallites, imaged at magnifications of 550x.

B.7.0.2. EDS mapping

———

Figure B.14: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the imaged (a) TiP-Ill-1:2.4-ex
crystallites (3,700x).
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B.8. Results initial EDS analysis TiP-III-1:0.42

Figure B.15: EDS mapping of the spatial distribution of O (b), P (c) and Ti (d) atoms across the TiP-l11-1:0.42 material (2,500x)
(initial measurement).

Table B.2: Quantitative elemental composition of TiP-111-0.42 material (initial measurement).

TiP-111-1:0.42-ex
Element | Mass (%) Atom (%)

O 39 63
P 16 13
S 0.24 0.19

Ti 45 24
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Figure C.1: Adsorption (%) of Ba®* (C = 1.5 mM) and La®* (Cj = 2.5 uM) for TiP materials at varying equilibrium pH values

(batch tests, 0.05 g sorbent, 20 °C).
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Figure C.2: Partition coefficients (K p) of Ba®* (Cp = 1.5 mM) and La®* (Cy = 2.5 uM) for TiP materials at varying equilibrium

pH values(batch tests, 0.05 g sorbent, 20 °C).

C.1. Adsorption experiment specifics
The sample codes in the tables below represent individual samples. The first element of the code
indicates the experiment, the second element corresponds to the intended pH and the third element
identifies the material used, as shown in Table C.1. The final element, X, Y or Z, distinguishes the

triplicates.

Table C.1: Explanation of the third element of sample codes.

Code Material
1 TiP-I
2 TiP-II
3 TiP-111-1:0.42-ex
4 TiP-IlI-1:2.4
5 TiP-111-1:2.4-ex
6 TiP-IlI-1:10-ex
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Table C.2: Specifics of Experiment A.

Vial Ads. Ba® [%] Ads. La** [%] KpBa[mL/g] KplLa[mL/g] Ex.time Weight[g] pH
A71X 32.05 95.16 9.53 397.33 03:50 0.04948 3.08
A7T1Y 31.62 95.04 9.14 378.73 03:50 0.05062 3.07
A71Z 30.51 95.28 8.75 402.05 03:50 0.05019 3.09
A72X 36.32 93.42 11.41 283.79 03:30 0.04999 3.08
A72Y 36.66 94.21 11.75 330.38 03:30 0.04923 3.16
A72Z 36.18 93.82 11.19 299.62 03:30 0.05067 3.07
A73X 55.24 97.64 24.69 828.71 03:30 0.05000 2.80
A73Y 55.78 97.44 2515 760.26 03:30 0.05015 2.80
A73Z 53.05 97.20 22.58 693.25 03:30 0.05005 2.81
A74X 91.64 99.63 217.69 5381.94 03:10 0.05033 2.56
A74Y 90.69 99.42 196.21 3479.97 03:10 0.04967 2.55
A747 91.36 99.58 211.63 4736.66 03:10 0.04996 2.56
A75X 41.58 96.61 14.13 565.44 03:10 0.05037 2.93
A75Y 41.46 96.54 14.10 556.39 03:10 0.05022 291
A75Z 40.44 96.67 13.62 581.71 03:10 0.04985 292
A76X 40.12 97.18 13.34 685.78 03:10 0.05024 2.90
A76Y 39.44 97.04 12.90 650.19 03:10 0.05047 2.90
A76Z 39.83 97.18 13.33 693.41 03:10 0.04967 2.89
AS7X - - - - - - 5.68
AS7Y - - - - - - 5.73
AS7Z - - - - - - 5.73

Table C.3: Specifics of Experiment B.

Vial Ads. Ba® [%] Ads. La>* [%] KpBa[mL/g] KplLa[mL/g] Ex.time Weight[g] pH
B51X 41.99 95.74 14.41 448.02 05:00 0.05022 3.08
B51Y 40.39 96.16 13.42 496.54 05:00 0.05047 3.07
B51Z 37.92 95.73 12.18 447.03 05:00 0.05018 3.07
B52X 45.59 94.61 16.91 354.35 05:00 0.04955 3.03
B52Y 48.16 95.22 18.52 396.95 05:00 0.05016 3.02
B527 45.02 94.76 16.31 360.08 05:00 0.05019 3.02
B53X 58.05 98.02 27.95 1000.32 05:00 0.04952 2.80
B53Y 59.86 97.80 29.69 884.29 05:00 0.05023 2.79
B53Z 60.82 97.44 30.88 758.61 05:00 0.05027 2.80
B54X 92.96 99.85 266.58 13351.12 04:45 0.04950 2.57
B54Y 93.33 99.97 281.25 66144.67 04:45 0.04975 2.58
B547 92.22 99.80 239.24 10184.90 04:45 0.04955 2.57
B55X 42.66 95.99 14.95 481.93 04:45 0.04977 2.95
B55Y 40.15 96.60 13.40 567.54 04:45 0.05005 2.95
B55Z 43.78 97.02 15.59 650.92 04:45 0.04995 2.94
B56X 33.67 96.73 10.21 595.40 04:45 0.04973 2.96
B56Y 35.77 96.64 11.05 570.21 04:45 0.05040 2.97
B56Z 37.93 96.99 12.26 647.36 04:45 0.04986 2.90
BS5X - - - - - - 5.32
BS5Y - - - - - - 5.34
BS5Z - - - - - - 5.55
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Table C.4: Specifics of Experiment C.

Vial Ads. Ba® [%] Ads. La>* [%] KpBa[mL/g] KplLa[mL/g] Ex.time Weight[g] pH
C31X 51.60 95.72 21.18 444 .42 05:00 0.05033 2.81
C31Y 49.04 95.49 19.29 42418 05:00 0.04990 2.83
C31z 47.77 95.74 18.26 448.58 05:00 0.05010 2.83
C32X 54.80 94.75 24.05 357.76 05:00 0.05041 2.81
Cc32y 54.19 95.10 23.89 391.75 05:00 0.04952 2.81
C32z 55.32 95.01 24.79 381.03 05:00 0.04994 2.81
C33X 73.33 98.52 54.72 1320.98 05:00 0.05024 2.64
C33Y 76.20 98.87 63.74 1736.84 05:00 0.05022 2.66
C33z 76.82 98.88 66.15 1768.43 05:00 0.05011 2.66
C34X 93.66 99.78 298.33 9039.01 04:45 0.04955  2.52
C34Y - - - - - - -
C34z 92.36 99.78 242.65 9228.31 04:45 0.04984 2.51
C35X 24.08 95.88 6.33 464.45 04:45 0.05010 2.75
C35Y 50.36 96.37 20.42 534.89 04:45 0.04969 2.76
C35zZ 50.16 97.95 2017 957.53 04:45 0.04974 2.75
C36X -2.11 80.72 -13.64 84.19 04:45 0.04990 2.72
C36Y -0.63 94.35 -7.66 332.53 04:45 0.05026 2.70
C36Z -0.47 95.18 -6.42 394.65 04:45 0.05003 2.70
S3X - - - - - - 3.13
S3Y - - - - - - 3.12
S3zZ - - - - - - 3.12
Table C.5: Specifics of Experiment D.

Vial Ads. Ba®* [%] Ads. La* [%] KpBa[mL/g] KplLa[mL/g] Ex.time Weight[g] pH
D11X 2.38 2.70 0.49 0.55 05:00 0.04997 1.08
D11Y 2.11 4.67 0.43 0.98 05:00 0.05014 1.08
D11z 2.21 4.21 0.46 0.89 05:00 0.04953 1.07
D12X 3.88 5.53 0.80 1.16 05:00 0.05049 1.07
D12y 2.39 6.51 0.49 1.39 05:00 0.05017 1.08
D127 2.64 7.54 0.55 1.65 05:00 0.04952 1.08
D13X 4.82 24.05 1.00 6.27 05:00 0.05053 1.08
D13Y 7.29 22.69 1.59 5.93 05:00 0.04952 1.09
D13Z 5.70 22.83 1.21 5.93 05:00 0.04988 1.08
D14X 16.98 17.82 410 4.35 04:50 0.04986 1.09
D14Y 18.01 16.39 4.39 3.92 04:50 0.05000 1.08
D14z 17.97 17.05 4.34 4.08 04:50 0.05045 1.09
D15X 2.29 8.21 0.47 1.79 04:50 0.04986 1.08
D15Y 4.29 7.82 0.90 1.71 04:50 0.04952 1.08
D15Z 3.61 8.64 0.75 1.89 04:50 0.05000 1.08
D16X 2.73 5.41 0.56 1.15 04:50 0.04997 1.08
D16eY 2.09 5.59 0.43 1.20 04:50 0.04951 1.08
D16Z 2.44 6.28 0.50 1.33 04:50 0.05037 1.08
DS1X - - - - - - 1.08
DS1Y - - - - - - 1.08
DS1z - - - - - - 1.08
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Table C.6: Specifics of Experiment E.

Vial Ads. Ba® [%] Ads. La** [%] KpBa[mL/g] KplLa[mL/g] Ex.time Weight[g] pH
E21X 15.39 58.01 3.67 27.84 05:05 0.04962  2.16
E21Y 14.68 57.17 3.42 26.54 05:05 0.05028 2.16
E21Z 14.72 58.74 3.44 28.39 05:05 0.05013  2.17
E22X 18.14 61.45 4.45 32.03 05:05 0.04976  2.18
E22Y 19.71 63.12 4.93 34.39 05:05 0.04977 217
E227 19.72 62.37 4.90 33.10 05:05 0.05008 2.17
E23X 33.18 86.28 10.00 126.66 05:05 0.04967  2.17
E23Y 29.50 86.54 10.25 157.54 05:05 0.04081 2.17
E23Z - - - - - - -

E24X 70.68 97.22 48.36 702.20 04:45 0.04986 2.1
E24Y 70.78 97.06 48.46 660.29 04:45 0.04998 2.1
E24Z 70.79 97.04 48.95 661.94 04:45 0.04951 212
E25X 25.49 77.79 6.87 70.34 04:45 0.04981 2.16
E25Y 23.21 77.62 6.00 68.91 04:45 0.05034 2.17
E25Z 21.49 75.81 5.52 63.16 04:45 0.04961 2.16
E26X 19.11 79.27 4.70 76.01 04:45 0.05030 2.17
E26Y 20.39 79.20 5.07 75.39 04:45 0.05050 2.17
E26Z 18.82 79.16 4.64 75.99 04:45 0.05000 2.18
ES2X - - - - - - 2.21
ES2Y - - - - - - 2.22
ES2Z - - - - - - 2.22
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Table C.7: Specifics of Experiment F.

Vial Ads. Ba®* [%] Ads. La> [%] Ex. time Weight[g] pH

F7X 36.67 95.66 00:30 0.04981 3.27
FrY 37.11 95.83 00:30 0.05002  3.26
F7z 36.63 95.80 00:30 0.05001 3.26
F7X 36.94 96.01 01:00 0.04982  3.24
FrY 36.94 96.02 01:00 0.04990  3.29
F7z 36.28 96.26 01:00 0.04993 3.25
F7X 37.81 96.26 01:30 0.05001 3.27
FrY 37.97 96.09 01:30 0.04983  3.26
F7z 37.69 96.42 01:30 0.04984  3.25
F7X 37.90 96.60 02:00 0.04983  3.25
F7Y 37.01 96.17 02:00 0.05024  3.24
F7z 37.51 96.24 02:00 0.05001 3.25
F7X 39.07 96.44 03:00 0.05007  3.26
FrY 39.42 96.51 03:00 0.05035  3.22
F7z 38.53 96.64 03:00 0.05009  3.23
F7X 38.04 96.33 04:00 0.05020  3.23
F7Y 39.54 96.77 04:00 0.04984  3.21
F7z 39.09 96.78 04:00 0.04964  3.21
F7X 39.97 97.03 06:00 0.04987  3.24
FrY 39.48 97.13 06:00 0.04987  3.23
F7z 39.11 96.85 06:00 0.04994  3.23
F7X - 97.42 24:00 0.04995 -

FrY - 97.70 24:00 0.04995 -

F7z - 97.68 24:00 0.04996 -

F7X - 97.07 48:00 0.05008  3.17
FrY - 97.11 48:00 0.04974  3.18

F7Z - 97.48 48:00 0.05014  3.17




D

Multicomponent Langmuir fitting

D.1. Theoretical background Langmuir adsorption model

The Langmuir adsorption model offers a fundamental model for describing the adsorption of species
onto a solid surface. It was developed to characterise gas adsorption on homogeneous surfaces, but
its principles apply to ion exchange by treating the exchange sites on a sorbent as homogeneous with
discrete locations where ions from a solution can bind reversibly. In the context of ion exchange, first,
the theory assumes that a fixed and therefore finite number of identical exchange sites exist on the ion
exchanger, each capable of binding one ion, leading to a monolayer coverage at saturation. Second,
the exchange process is reversible, creating a dynamic equilibrium between adsorption and desorption.
Third, the binding energy of the ions is constant across all sites and independent of coverage [35, 72,
114, 115].

These assumptions lead to the equation of the Langmuir isotherm (Equation D.1), which quantifies the
fractional occupancy of exchange sites as a function of ion concentration in the solution:

0 q KLangCeq

_ 4 _ _ D.A1
qm 1+ KLangCeq ( )

Where:

* 0 is the fractional coverage,

* g is the amount of ion adsorbed [mol/g],

* ¢ is the maximum adsorption capacity [mol/g],

* C,, is the equilibrium ion concentration [mol/L],

* Kpang is the Langmuir equilibrium constant [L/mol].

Unlike the Langmuir model, the Freundlich model describes adsorption on heterogeneous surfaces
using a power-law relationship. Because it lacks a saturation limit, it is less suitable for systems with
a finite number of exchange sites, such as ion exchange processes in this study [116]. The Brunauer-
Emmett-Teller (BET) theory, extends the framework of Langmuir to multilayer adsorption, often applied
in gas-solid systems, where molecules can stack beyond a monolayer. Such multilayer adsorption is
less applicable to liquid-solid ion exchange systems, where site-specific binding dominates [117].

D.1.1. Multicomponent system

This study investigates a competitive multicomponent ion exchange system involving Ba?*, La®*" and
H" ions. Such systems deviate from the assumptions of the standard Langmuir model, which considers
single-species adsorption and uniform binding energies. The competition for exchange sites introduces
varying affinities driven by charge, ionic size and electrostatic interactions, violating the uniform binding
energy assumption. To account for this, a generalised competitive Langmuir isotherm is presented in
Equation D.2. This equation quantifies the fractional coverage of the ion of interest (A1) as a function
of the concentration of all species combined in a solution [72, 73]:
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am KyCy
Oy = — = D.2
M dm 1+KBaCBa+KLaCLa+KHCH ( )

Where:

* 0, is the fractional coverage of the ion of interest M,

* g is the amount of ion M adsorbed [mol/g],

* g is the total site capacity [mol/g],

* Cha, CLa and Cy are the equilibrium concentrations of Ba?*, La®* and H" [mol/L],
* Kp4, K1, and Ky are their specific respective equilibrium constants [L/mol],

* () is the equilibrium concentration of ion M [mol/L],

* Ky is the equilibrium constant of ion M [L/mol].

It is important to note that the model assumes independent site occupation, meaning it neglects interac-
tions between adsorbed ions. Therefore, it does not account for cooperative effects such as interactions
between ions or structural changes in the sorbent during exchange.

While thermodynamic modelling defines the thermodynamic equilibrium constant K¢ mo in Equa-
tion 2.1 in terms of chemical activities, yielding a dimensionless quantity, the Langmuir binding constant
Krang in Equation D.1, is based on concentrations and therefore carries units mol/L. This reflects the
affinity of an ion for the surface of a sorbent. Similarly, K, in Equation D.2 is the equilibrium constant
for a specific ion M, like the Kr,q,4, but in @ multi-component system, carrying the same units.

D.2. Multicomponent Langmuir fitting

The competitive Langmuir model was fitted to the experimental adsorption data by minimising the resid-
uals between the measured and predicted adsorbed ions ¢,, for each species, using non-linear least
squares optimisation. The input data were derived from both adsorption and surface saturation experi-
ments. This fitting procedure yields four parameters, the affinity constants K7, Kg, and Ky, and the
maximum sorption capacity ¢, .

To reduce convergence on local minima and improve fit robustness, 100 initial guesses were employed
for each material. Only parameter sets that yielded physically meaningful values (positive K,; and g,,
values) were presented. The results are reported in Table D.2 and Table D.2.

A consistent trend across the fitted models was the convergence of ¢,,, to approximately 1.0 -10~° mol/g
for TiP-land 1.3 -10~° mol/g for TiP-llI-1:10-ex, with minor deviations observed. This convergence sug-
gested that ¢, is not a sensitive parameter in the model. The order of magnitude of the values was
consistent with reported sorption capacities in literature for o-TiP [69] (4.89e-5 at pH 4.86 for 500 nm
crystallites). Furthermore, the slightly bigger surface capacity for TiP-111-1:10-ex was consistent with
the results of the adsorption experiments (Section 4.2).

In cases where deviations of ¢,, occurred (Run 63 for TiP-l and 42, 62, 84 for TiP-lll-1:10-ex), the
graphical interpretation of the parity plots indicates poor fitting, as could be observed for Run 63 of
TiP-1 (Figure D.1b) and Run 61 of TiP-lll-1:10-ex (Figure D.1d). In contrast, fits such as Run 17 (Fig-
ure D.1a) and Run 79 (Figure D.1c) demonstrated accurate and consistent model behaviour.

Furthermore, in all fits that yielded positive K, and ¢, values, the affinity constant K1,, was at least
one order of magnitude higher than Kg,, indicating a significantly higher preference of the sorbent for
La®* that Ba®". This was consistent with the thermodynamic behaviour (Section 4.3.2) and the results
of the adsorption experiments (Section 4.2).
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Although consistent trends were observed, no definitive conclusions can be drawn from the fitting due
to the underdefined nature of the system. Additional data points with varying initial concentrations are
required to add more constraints to the model and validate the reliability of the fitted parameters.

s Langmuir it - TiP4 (Guess 17) s Langmuir Fit - T (Guess 63) Langmuir Fit - TIPA1-1:10-ex (Guess 70) Langmuir Fit - TP-I1-110-ex (Guess 61)

[ o o ) T4 % ) o

e T 3 ] 3 T T
Weasures glmoll] Wesures qlmollg] = Messured a[mol et Measired (o]

(a) Run 17, TiP-I (b) Run 63, TiP-I (¢) Run 79, TiP-1ll-1:10-ex (d) Run 61, TiP-I1I-1:10-ex

Figure D.1: Parity plots of measured versus predicted adsorption capacities g, for Ba?* and La®* on TiP-l and TiP-Ill-1:10-ex,
using the competitive Langmuir model.
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