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Abstract

With the possible upscaling of nuclear energy into a sustainable society, the treatment of radioactive
waste is a growing concern. The immobilization of waste into a matrix is a possibility for safe storage.
NZP type ceramics are promising materials for this immobilization of radioactive waste. In this thesis
the characterization and phase analysis of these NZP type phosphates containing fission products ce-
sium and strontium was done, and subsequently the synthesis of these ceramics containing cerium as a
model for radioactive actinides was studied. To this end three series of cesium and strontium containing
NZP type ceramics were synthesized using the mechanochemical method of synthesis and character-
ized via X-ray diffraction and IR spectroscopy. Further characterization on samples representing the
cesium and strontium waste stream were done by leaching testing, differential thermal analysis and
thermogravimetric analysis. Cerium containing NZP type ceramics were attempted to be synthesised
using a similar mechanochemical method. In the series of cesium and strontium containing NZP type
ceramics we saw the formation of two individual NZP phases, one Cs and one Sr-rich, except for the
series of Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ] which formed a solid solution. IR spectra proved the presence
of orthophopshates and the space groups of the end members Cs[Zrኼ(POኾ)ኽ] and Srኺ.኿[Zrኼ(POኾ)ኽ] of
R3̄c and R3̄ respetively while leaving the structure of Sr[ZrFe(POኾ)ኽ] unclear. Leaching rates for stron-
tium in NZP phases were found to be 131

mg
mኼday and 12.4

mg
mgኼday for Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ] and

Csኺ.ኾSrኺ.ኽ[Zrኼ(POኾ)ኽ] respectively after Soxhlet leaching of 21 days. Temperatures of crystallization
and decomposition were found to be approximately 600 and 1300 ∘C respectively. Lastly the formation
of tetravalent cerium in NZP was successful albeit with low crystallinity whilst the synthesis of trivalent
cerium in NZP was not successful.
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1
Introduction

We live in a society where electricity seems a given fact, we would be completely lost without it. It’s
therefore strange to imagine that one day our fossil fuels will run out leading to a massive shortage of
power for everyone. To make sure this doesn’t happen we need other energy sources, the advance-
ments in solar cells, windmills and other durable energy are still too little to make up for our fossil fuel
demand. To span this gap from our fossil fuel economy to a durable society we need nuclear energy.
Nuclear energy has been put in a bad daylight by events such as Chernobyl and Fukushima, yet it isn’t
as dangerous as everyone makes it out to be as shown by the world nuclear association [1]. Nuclear
waste requires a reliable means of immobilization and if the world’s nuclear energy production is going
to be increased advancements in this field need to be made. As of now approximately 10,000 𝑚ኽ of
high-level waste (HLW) is produced every year [2]. This HLW makes up for 95 % of all radio-toxicity
that is generated through nuclear energy and consists of long lived actinides and shorter lived fission
products.

1.1. High Level Waste
High level nuclear waste consists of fission products and various actinides. And whilst the quantity is
rather low the radio-toxicity is high and lasts long as can be seen in figure 1.1.

Figure 1.1: The radio toxicity of the high level waste products against the time after discharge.[3]

In this figure we see that the fission products are relatively short lived at 300 years compared to the
actinides which take about 10.000 years to decay to a tolerable level. Therefore there would be much
to gain by immobilizing these products separately until they are decayed to safe level.
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1.1.1. Fission products cesium and strontium

Of all fission products Cs-137 and Sr-90 are the biggest heat emitters present in HLW with respective
specific power of 0.097 W.gዅኻ and 0.142 W.gዅኻ [4]. The half lives of these isotopes are rather similar
30 years for Cs-137 and 28.8 years for Sr-90. If these two isotopes can be packed simultaneously
into a stable waste form this would reduce the volume of radioactive waste by removing these high
heat emitting isotopes more radioactive waste can be immobilised at once without reaching too high
temperatures in the repository. This however would require simultaneous extraction of these two
isotopes, luckily various schemes have been developed and demonstrated to do just that [4]. These
processes have even proven to be extremely efficient and result in a process stream of 59.2 mole%
caesium and 40.8 mole% strontium [4].

1.1.2. Actinides
As seen in figure 1.1 actinides have a high radio-toxicity for approximately 10.000 years. This long
decay period is a result of the nuclear chain decay an example of such a chain is shown in figure 1.2.

Figure 1.2: Decay chain of the Neptunium series, shown are the decay product with their half lives

The actinides show a wide variety in chemical behaviour and oxidation states, however most actinides
are either tri- or tetravalent. To avoid working with highly radioactive isotopes of these elements we
can use their non-radioactive chemical analogues. This can be achieved by using lanthanides such as
cerium.

1.2. Ceramic waste forms
The current technology for immobilisation of HLW is solidifcation of the entire content into a glass
matrix, the most often used glass is borosilicate glass which is mainly used in France and the UK
[5]. These glasses however have some disadvantages in the form of devitrification, the crystallization
of amorphous glass which happens in the presence of water, and also thermodynamic instability as
demonstrated by Montel et al. [6]. Ceramic materials based on natural minerals draw attention due to
their desireable properties with regard to chemical, thermal and even radiation stability [6]. There are
various possible ceramic waste forms based on a wide variety of natural minerals as shown in table 1.1
this is a table of some ceramic materials which can be used as waste forms [7].
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Table 1.1: Table showing various different ceramic materials and the radionuclides they could capture [7].

Phase Radionuclide
Pollucite, CsAlSiኼOዀ Cs
Hollandite, (Cs,Sr,Ba,Rb)ኻ.ኻኾ(Al,Tiኽዄ,Fe)ኼ.ኼዂTiOኻዀ Cs, Rb, Sr, Ba
Feldspar, CaAlኼSiኼOዂ Sr,Ba
Apatite, Caኻኺ([P,Si]Oኾ)ዀ(OH,F,Cl)ኼ RE, An, Sr, Ba
NZP, (Na,Caኺ.኿(Zr,Ti)ኼ(POኾ)ኽ Many
Monazite, REPOኾ RE,An
Garnet, Caኻ.኿GdThኺ.኿FeFeኽSiOኻኼ RE, An
Zircon, ZrSiOኾ RE, An
Xenotime, YPOኾ RE, An
Zirconolite, CaZrTiኼO዁ RE, An
Perovskite, CaTiOኽ Sr, RE, Tc, An
Fluorite, (RE,An)Oኼ RE, An
Pyrochlore, REኼTiኼO዁ RE, Zr, An
Titanite, CaTiSiO኿ RE, An, Sr
Rutile, TiOኼ Tc
Sodalite, NaኾAlኽSiኽOኻኼI I
RE: Rare Earth, An: Actinide, NZP: sodium zirconium phosphate

Many of these ceramics have been extensively studied for the possible immobilisation of various ra-
dioactive isotopes. For example cesium has been found to be quite stable in the pollucite structure
whilst strontium has been studied in the feldspar type [8]. However these structure types do not allow
for co-packing of these two elements. That is why in this thesis we will focus on the structure type
of NaZrኼ(POኾ)ኽ abbreviated as NZP, because it can contain a lot of different radioactive isotopes, and
furthermore shows promising properties [9]. Subsequently, phosphate groups are present in the waste
stream as a result of UREX extraction in the form of tri-butyl phosphate and zirconium is also found in
this stream as it is used in various parts of a reactor giving us the possibility to leave no waste unused.

1.2.1. NZP type ceramics

NZP type ceramics are based on the natural minerals kosnarite, KZrኼ(POኾ)ኽ, the simplest NZP is also
its synthetic analogue sodium zirconium phosphate or Na[Zrኼ(POኾ)ኽ].

The NZP structure was first determined by Hagman et al. [10].They found that NZP crystallizes in
a trigonal crystal system, with lattice hexagonal and space group R3̄c. A hexagonal unit cell is shown
in figure 1.3, this particular lattice has sides a=b≠c and angles 𝛼=𝛽=90∘, 𝛾=120∘.

Figure 1.3: A hexagonal unit cell.

Each zirconium forms a ZrOዀ octahedron, which is surrounded by six POኾ tetrahedra which are sur-
rounded by four ZrOዀ octahedra by sharing the terminal oxygen. These polyhedra form the framework
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of the unit cell. The crystal chemical formula for the NZP type structure is (M1)(M2)[Lኼ(POኾ)ኽ], here
M1 and M2 are void cations that fill the cavities in the framework, whilst L cations fill the framework. In
the case of sodium zirconium phosphate only the M1 cavities are filled. We find these cavities between
two framework octahedra, causing the sodium to form an antiprism by sharing six oxygen atoms with
these framework octahedra [11]. This structure is shown in figure 1.4.

Figure 1.4: The NZP unit cell, here sodium is represented as yellow, zirconium as green, phosphorus as purple and oxygen as
red. Where applicable the polyhedra are shown. This figure was produced using Vesta [12]

Isomorphism
The NZP structure type has been found to be able to accommodate a wide variety of cations in its
structure [13]. These cations can fill the two void slots as mentioned before. The M1 position can for
example hold small cations such as lithium and sodium but also much bigger cations as cesium and
strontium. The M2 positions is more limited in this respect as it can only hold small cations such as
lithium and sodium. In the framework of the structure, the L position, small cations can be held but
also actinides such as uranium and plutonium as will be shown later.
This high isomorphic capacity is a great feature for immobilizing radioactive waste because it means
we can synthesize various NZP type phosphates with different cation stoichiometry. As shown by
Hawkins et al. [14] uranium can be accommodated in the framework cation position L in the form of
KZrኼዅ፱U፱(POኾ)ኽ. As shown by Bohre and Shrivastava, cesium and strontium can be loaded simultane-
ously unto the NZP structure [15] as Naኻዅ፱(Csኻ.ኽኽSr)፱Zrኼ(POኾ)ኽ. The packing of trivalent lanthanides,
as Laኺ.ኽኽZrኼ(POኾ)ኽ, has also been studied by Bykov et al. [16]. Only little research was done on the
possible accommodation of tri- and tetravalent actinides into the M1 position.

Thermal properties
Due to its wide variety of possible applications there has been extensive research done into the proper-
ties of the NZP structure type [17]. Good thermal properties are desirable for immobilizing radioactive
waste as the structure needs to withstand the heat from both the repository and more importantly the
emitted heat from the radioactive isotopes.
Sodium zirconium phosphate was found to have a thermal expansion coefficient of only 10ዅዀ ∘Cዅኻ [18]
which is comparable to the presently used borosilicate glass [19] meaning the ceramic could safely be
stored without fear of cracking due to the cell’s expansion. Additionally temperature of decomposition
was found to be as high as 1700 ∘C for sodium zirconium phosphate, when the chemical formula is
changed the decomposition temperatures tend to decrease for example Srኺ.኿[Zrኼ(POኾ)ኽ] was found to
have a decomposition temperature of 1650 ∘C.

Leaching rates
Leachability of cesium and strontium containing NZP compounds have also been studied. The leaching
rate of Cs[Zrኼ(POኾ)ኽ] for example was measured to be 0.04

ዱያ
ዱᎴየዥዽ in deionised water after 7 days of

leaching at 90 ∘C [20]. Additionally the leaching rate of Sr[ZrFe(POኾ)ኽ] was found to be 0.22
ዱያ

ዱᎴየዥዽ in
deionised water after 16 days at 90 ∘C [21]. Both these rates out perform other structure types such
as hollandite which were 3 and 4 ዱያ

ዱᎴየዥዽ for Cs and Sr respectively [22].
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Solid solutions
In the work of Bohre et al [15] the series of Naኻዅ፱(Csኻ.ኽኽSr)፱Zrኼ(POኾ)ኽ was studied, this solid solution
was synthesized via the conventional solid state reaction method. They found that for weight per-
centages below approximately 14.46 and 7.16 for cesium and strontium respectively phase pure NZP
was synthesized but for higher percentages traces of a secondary phase of cesium strontium zirconium
phosphate started to form along with the solid solution. Through analytical evidence they were able
to determine that cesium and strontium were crystallochemically fixed in the ceramic matrix.
Naik et al. [20] synthesized a NZP phase with small percentages of cesium and strontium, both 1%
into the matrix. For this purpose they used low temperature microwave assisted synthesis. They found
very low leaching values and that doping the matrix with additional cesium and strontium would reduce
leaching even further.
In the bachelor’s thesis of Priya Jagai [23] the formation of a solid solution in the series of
Cs፱Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ] with the additional formation of addmixtures in the form of zirconium
pyrophosphate and iron oxide was reported. This solid solution was synthesized via the mechanochem-
ical synthesis route. As this synthesis method was found to produce the most crystalline samples this
method will also be used in the present work. Not much characterization was done on these samples
but the author found a low leaching rate for one of the end members.

1.3. Goal
The goal of this thesis is twofold. Firstly we want to synthesize a NZP-type ceramic that contains
both cesium and strontium using the mechanochemical synthesis method, even though Goldschmidt’s
rule states the difference between ions can not exceed 15%, which is the case for Cs and Sr, there
have already been many exceptions to this empirical rule [24]. Furthermore we want to characterize
these NZP structures via X-ray diffraction, phase formation studies, leaching tests, DTA/TG and IR-
spectroscopy.
Secondly we want to optimise the possible synthesis of NZP type ceramics containing minor actinides
by using the inactive analogue cerium as a model.





2
Experimental

2.1. Synthesis of NZP-type ceramics

2.1.1. Cesium and Strontium containing NZP-type ceramics

In order to obtain a solid solution of NZP-type ceramics containing both cesium and strontium, we in-
vestigated three different compositions as shown in figure 2.1. The end members of these compositions
are known to crystallize in an NZP-type.

Figure 2.1: A representation of the three different NZP compositions that contain cesium and/or strontium

These three compositions can be represented as followed:

1. Cs፱Sr(ኻዅ፱)/ኼ[Zrኼ(POኾ)ኽ]

2. Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ]

3. Cs፱Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ]

(With x=0, 0.2, 0.4, 0.6, 0.8 and 1.) As shown by Jagai [23] the preferred synthesis method of these
compounds is mechanochemical synthesis. This particular synthesis method is shown in figure 2.2

7
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Mechanochemical synthesis

This synthesis method uses ball milling as a means of homogenization and synthesizing an amorphous
product as was shown by Rojac and Kosac [25]. Ball milling employs balls inside the jars, loaded with
powder, which are placed into a rotary mill. As a result of the rotation, the balls will grind the powder
with high energy resulting in mixing and possible synthesis of intermediate products.

Figure 2.2: Schematic representation of the mechanochemical synthesis method.

Important parameters for this synthesis are the RPM and length of ball milling, the temperature of
crystallization and stoichiometry of the initial powders. In this thesis the planetary ball mill of Retch
PM400 was used, with jars and balls made of tungsten carbide. A rotational speed of 400 RPM was
chosen and a length of milling of 4 hours, this is including ten minute breaks in a ten minute interval.
Temperatures of subsequent heat treatments were varied between 600 and a 1000 ∘C, or combination
of multiple heating steps within this range. Most samples were first heated at 600 followed by crys-
tallization at 1000 ∘C, but this last temperature was also lowered to 800 ∘C or 850 ∘C for some of the
samples.
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Pechini method

Another synthesis method was applied, namely the Pechini method. This method involves polyesteri-
fication using citric acid and ethylene glycol, as shown in figure 2.3. For a high temperature synthesis
that is diffusion limited using this method should increase efficiency as it immobilizes the cations dur-
ing gell formation leading to a homogeneous mixture at high temperatures increasing the chances of
reaction.

Figure 2.3: Chemical representation of the organic chemistry in the pechini method of synthesis. A metal cation is immobilized
by one of the acid groups of citric acid which subsequently forms a polyester with ethylene glycol with the remaining two acid
groups [26].

This method has also been proven to work for the synthesis of NZP-type ceramics with the composition
Laኻ/ኽZrኼ(POኾ)ኽ by Barre et al. [27], following the synthesis route schematically represented in figure
2.4.

Figure 2.4: Schematic representation of the full synthesis route to form NZP-type ceramics using the Pechini method based on
the work of Barre et al. [27]
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2.1.2. Cerium containing NZP-type ceramics

Cerium exhibits two oxidation states, +3 and +4. Both of these can be used to model radioactive
actinides because especially the highly radiotoxic minor actinides take either of these oxidation states.
Whilst cerium oxide allows for stable tetravalent cerium, in solution it would reduce to its trivalent state
similar to americium oxide. Due to this additional hurdle an alternative synthesis route was taken as
shown in figure 2.5. In an attempt to obtain trivalent cerium in our NZP-type ceramic we performed
crystallization in an argon atmosphere as Bregiroux et al. [28] showed that plutonium reduced in this
atmosphere by the presence of phosphate.

Figure 2.5: Schematic representation of the synthesis route used to obtain cerium containing NZP-type ceramics. Crystallization
was done in air for a tetravalent products whilst argon was used for trivalent.

2.2. Characterization of NZP-type ceramics

2.2.1. X-ray Diffraction

For characterization of the powders X-ray Diffraction was used. This particular measuring technique
is based on Bragg’s law which is shown in equation 2.1, this law expresses the diffraction angles of a
specific crystal.

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃) (2.1)

In this equation 𝑛 is an integer 1,2,3..., 𝜆 is the wavelength of the X-rays in 𝑛𝑚, 𝑑 constitutes the
interplanar distance between lattice planes in 𝑛𝑚 whilst 𝜃 is the incident angle. This equation shows
the conditions under which constructive interference occurs resulting in a highly intense bragg peak
of diffraction. These bragg peaks are characteristic to a lattice which makes it possible to determine
present phases but also cell parameters [29] using programs which will be explained further on. XRD
measurements were done at 45 kV, 40 mA in the 2𝜃 range of 5-80∘ using the instrument X’pert Pro MPD
DY2977. The 2𝜃 range of measurement is the array of angles the instrument checks for diffraction.
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Phase Analysis

To determine what crystalline phases were measured and thus present in our samples a phase analysis
must be performed. This means that we look to cover all experimental diffractions with theoretical
ones to see if they are indeed present. For this purpose Powdercell 2.2 [30] and Highscore suite [31]
were used. Powdercell plots theoretical diffractograms based on crystallographic data obtained from
in this work Pearson’s Crystal Data [32]. Highscore does not require the input of crystallographic data
as it uses a database of theoretical diffraction patterns.

Rietveld Refinement

The X-ray diffraction pattern gives an indication towards the cell parameters of the lattice. To determine
these parameters refinement procedures are useful, for this purpose Hugo Rietveld proposed a profile
refinement [33] which would come to carry his name. This refinement has become a go-to method in
the crystallographic field due to its reliable results. Rietveld refinement uses a least squares approach
to refine the theoretical profile to the experimental as shown by equation 2.2.

𝑀 =∑
።
𝑊።(𝑦፨፛፬። − 1𝑐 𝑦

፜ፚ፥፜
። ) (2.2)

The purpose of the refinement is to minimize function M which analyses the difference between a
calculated theoretical profile y፜ፚ፥፜ and the observed experimental one y፨፛፬, in this equation W። is the
statistical weight of point 𝑖 whereas 𝑐 is an overall scale factor. This function M is minimized by looking
at the peak shape, peak width and preferred orientation for this end a Gaussian distribution is used. For
further reading into this refinement I would recommend Rietveld Refinement guidelines by McCusker
et al. [34].
In the crystallographic field software has been developed to perform refinements on experimental
diffraction data, in this thesis the program Fullprof was used [35]. Subsequently in this thesis we will
limit ourselves to full profile structure refinement of the cell parameters, this means we start from
structure data found in Pearson’s Crystal Data [32] and solely refine the cell parameters and not the
atomic positions.

LeBail fit

A simpler way of calculating cell parameters from diffraction patterns is found in the Le Bail fitting
procedure [36]. Where the Rietveld refinement requires the input extensive variables such as the
atomic positions the Le Bail fitting procedure generates its pattern solely from the space group. This
means that whilst the procedure is limited in its possibilities it is very desirable when solely calculating
the cell parameters as it requires less input and is altogether less complicated. However the required
input files of this fit gave many issues during a long duration of this work so was not always used.
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2.2.2. Infrared spectroscopy

Infrared spectroscopy can be used to determine phosphates bonds and their orientation. [37]. To this
end we needed a reliable method to produce and measure our samples. For this purpose the Shimadzu
FTIR-8300 was used and samples were prepared by mixing with potassium bromide in a 0.1% ratio of
sodium zirconium phosphate (NZP) and pressing into pellets at 10 MPa using a hydraulic press. The
ratio was experimentally uncovered by multiple measurements at different ratios as shown in figure
2.6.

Figure 2.6: IR spectroscopy patterns of samples of sodium zirconium phosphate and potassium bromide in different ratios.

For all higher ratios than 0.1% oversaturation of the spectra was observed. At the concentration of
0.1% the IR spectra was obtained as shown in literature [38].

2.2.3. Leaching Testing
If any ceramic material is to be used as a waste matrix for radioactive isotopes we will need to be
sure of its chemical stability and durability. One of the important parameters is the leaching rate which
shows the leachability of the individual ions into a solution. This parameter needs to be as low as
possible to avoid the release of radionuclides.
To determine the leaching rate in our case we use the Soxhlet apparatus. In this method there is
a constant flow of fresh leachant, modelling a worst case scenario as the flooding of a facility. The
experimental set-up involves a round-bottom flask, a heater, a Soxhlet and cooler and is shown in figure
2.7.
The solution used is 250 mL of deionised water which is boiled by the heater and condensated in
the cooler making it accumulate in the Soxhlet, where the pellet is placed, until it reaches the max-
imum volume of the Soxhlet and flows out back into the round-bottom flask. Probes are taken from
the round-bottom flask every few days which are measured by ICP-OES (Inductively Coupled Plasma
Optical Emission Spectrometry) to determine ion concentrations. These measured concentrations can
thereafter be used to calculate the normalized mass loss and subsequently the leaching rate by the
formulas shown in equations 2.3 and 2.4.

𝑁𝐿። =
𝑐።𝑉
𝑓።𝑆𝐴

(2.3)

𝑅። =
𝑑𝑁𝐿።
𝑑𝑡 (2.4)

In these equations 𝑁𝐿። is the normalized mass loss of species 𝑖 in
mg
mኼ , 𝑐። is the concentration of species

𝑖 in 𝑚𝑔𝐿 , 𝑉 is the solution volume in 𝐿, 𝑓። is the mass fraction of element 𝑖 in the unleached solid, 𝑆𝐴

is the surface area of the solid in 𝑚ኼ and 𝑅። is the leaching rate in
mg
mኼd .
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Figure 2.7: Experimental set-up of the Soxhlet leaching test.

ICP-OES
Inductively coupled plasma optical emission spectrometry (ICP-OES) is an analytical technique that
can be used to determine trace mixtures of ions in a solution by using inductively coupled plasma that
creates excited atoms that emit characteristic wavelength electromagnetic radiation [39]. The machine
used in this work is Perkin Elmer Optima 4300 DV.
For the calculation of concentrations using this method the machine requires standards with know
concentrations to this end standards were made containing all ions to be tested: cesium, strontium,
zirconium, iron and phosphorus at concentrations of 1, 5, 10 and 20

mg
L .

2.2.4. Differential thermal analysis and thermogravimetric analysis

Differential thermal analysis (DTA) is a thermoanalytic technique that studies thermal cycles in a ma-
terial [40]. In DTA the material and a reference undergo the same thermal treatment, where the
reference is inert and does not change the material might for example crystallize or decompose lead-
ing to endo- or exothermal peaks that can be measured. These peaks give an insight in among other
things the thermal stability, and composition of the studied material. Simulatanously thermogravimetric
analysis (TGA) is done, this is a thermoananaltyic technique that measures the change of physical and
chemical properties with increasing temperature [41]. This technique is used to study the mass loss
as a function of temperature to study these physical and chemical changes. In this work the combined
measurement is done using the Setarom Setsys evo 1750.





3
Results and Discussion

3.1. Cesium and Strontium containing NZP-type ceramics

3.1.1. Phase formation in the series Cs፱Sr(ኻዅ፱)/ኼ[Zrኼ(POኾ)ኽ]

Five samples ranging from x=0 to x=1 of this series were synthesized, via the mechanochemical synthe-
sis route described in section 2.1.1 using consecutive heating at 600 and finally 1000 ∘C, and analysed.
The powder diffraction patterns are shown in figure 3.1.

Figure 3.1: Powder diffraction patterns of the samples in series CsᑩSr(ᎳᎽᑩ)/Ꮄ[ZrᎴ(POᎶ)Ꮅ].

In this series the two end members, Cs[Zrኼ(POኾ)ኽ] and Srኺ.኿[Zrኼ(POኾ)ኽ] are known to crystallize in the
NZP-type [42] with respective space groups R3̄c and R3̄. The calculations of the cell parameters of these
end members were performed using this published data obtained from Pearson’s Crystal Data [32] as
can be seen in figures 3.2 and 3.3. What can be seen most prominently is that Srኺ.኿[Zrኼ(POኾ)ኽ] shows
two additional peaks in the low 2𝜃 region with h=k=0 and l=1 that Cs[Zrኼ(POኾ)ኽ] does not. This is
explained by the difference in space groups between the two end members. Where Cs[Zrኼ(POኾ)ኽ] has
completely filled M1 positions and thus has a mirror plane in c, Srኺ.኿[Zrኼ(POኾ)ኽ] does not, as strontium
cations only fill half of the M1 positions. This decrease in symmetry gives Srኺ.኿[Zrኼ(POኾ)ኽ] the space
group R3̄ whilst Cs[Zrኼ(POኾ)ኽ] crystallizes in space group R3̄c. Furthermore in both end members an
admixture in the form of zirconium pyrophosphate is seen at 21∘ whilst this is clear in figure 3.2 in
figure 3.3 this peaks overlaps with an NZP peak but the presence of this admixture expresses itself at
31∘ by the small peak indicated by the asterisk.

15
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Figure 3.2: Part of the full profile fit of the sample of series CsᑩSr(ᎳᎽᑩ)/Ꮄ[ZrᎴ(POᎶ)Ꮅ] with x=0, the experiment data are shown
in red, theoretical data in black and the difference given in blue.

Figure 3.3: Part of the full profile fit of the sample of series CsᑩSr(ᎳᎽᑩ)/Ꮄ[ZrᎴ(POᎶ)Ꮅ] with x=1, shown are the experiment data
in red, theoretical data in red and the difference given in blue.
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Knowing NZP-phases were formed cell parameter calculations were done on the other samples of the
series, however when a single phase model is used on any of the intermediate samples the theoretical
fit mismatches some peaks as can be seen in the case of x=0.6 as shown in figure 3.4. For this model
the spacegroup of the cesium NZP phase was used, R3̄c, when refined using the LeBail fit we find these
mismatched peaks that belong to neither the NZP phase nor zirconium pyrophosphate.

Figure 3.4: Part of the single phase full profile fit of the sample of series CsᑩSr(ᎳᎽᑩ)/Ꮄ[ZrᎴ(POᎶ)Ꮅ] with x=0.6. The
experimental data is shown in red and the theoretical in black, the blue bars indicate the positions of the bragg peaks and the

blue curve shows the difference.

Due to the poor fit of this single phase model, a two phase model was used instead. This model is based
on the coexistence of two individual crystal phases of the end members, a similar mechanical mixture
was found by Bahl et al. [43] for Ca- and BaMoOኾ on borosilicate glass. Cell parameter calculations
done with this profile showed a better fit as can be seen in figure 3.5, a two phase full profile fitting
done on the sample with x=0.6.

Figure 3.5: Part of the two phase full profile fit of the sample of series CsᑩSr(ᎳᎽᑩ)/Ꮄ[ZrᎴ(POᎶ)Ꮅ] with x=0. The experimental
data is shown in red and the theoretical in black, bragg peaks of the phases are shown in blue and red bars for cesium and

strontium-rich phases respectively and the difference curve in blue.

A two phase full profile fitting procedure was done on every sample within this series, the resulting
cell parameters of these calculations are shown in table 3.1. Both phases are represented by their end
members, Cs[Zrኼ(POኾ)ኽ] for the Cs-rich phase and Srኺ.኿[Zrኼ(POኾ)ኽ] for the Sr-rich phase.
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Table 3.1: Resulting cell parameters from a full profile fitting procedure for the two phase model, a strontium-rich and cesium-rich
phase.

x 𝑎 Sr-rich phase (Å) 𝑐 Sr-rich phase (Å) 𝑎 Cs-rich phase (Å) 𝑐 Cs-rich phase (Å)
0 8.687 ± 0.005 23.38 ± 0.01 N.A. N.A.
0.2 8.678 ± 0.002 23.42 ± 0.01 8.588 ± 0.006 24.83 ± 0.03
0.4 8.675 ± 0.004 23.46 ± 0.02 8.600 ± 0.003 24.74 ± 0.02
0.6 8.679 ± 0.009 23.49 ± 0.04 8.598 ± 0.002 24.74 ± 0.01
0.8 8.71 ± 0.01 23.38 ± 0.07 8.591 ± 0.001 24.827 ± 0.008
1 N.A. N.A. 8.585 ± 0.002 24.914 ± 0.009

In order to look for a correlation or dependency the cell parameters of both phases have been plotted
against x shown in figure 3.6. Additionaly the volume of the two unit cells are shown in figure 3.7.

Figure 3.6: Cell parameters of both NZP phases plotted against the stoichiometric variable x, errors are plotted showing the
uncertainty of the calculations.

Figure 3.7: Volume of the unit cell of both Sr and Cs-rich phases plotted against the stoichiometric variable x, errors are plotted
showing the uncertainty of calculations

.

Vegard’s law states that the lattice parameters of a solid solution is equal to a rule of mixtures of the
individual lattice parameters [44], the formula is shown in equation 3.1. In this equation we discern
two species, A and B that are mixed in ratio x and have respective lattice parameters 𝑎ፀ and 𝑎ፁ.

𝑎ፀᎳᎽᑩፁᑩ = (1 − 𝑥)𝑎ፀ + 𝑥𝑎ፁ (3.1)

This equation dictates a linear relationship between the cell parameters and the ratio x. So in the case
of full miscibility we would get a straight line between x=0 and x=1, this however is not the case.
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What we find is that for the 𝑎 parameter there is a slight decrease for the strontium phase at the first
samples, x=0.2 and arguably x=0.4 hereafter however we see an increase in this parameter. For the
𝑐 parameter we see a slight increase for the samples x=0.2,0.4 and 0.6 before decreasing. A possible
explanation could be a slight solubility between the phases, cesium is a bigger cation than strontium,
at 1.67 Å and 1.18 Å respectively in our case of VI coordination, which means the cell would expand as
seen by the change of volume shown in figure 3.7. This however does not explain the sudden change in
relation at higher values of x, but this might be explained by the limited presence of strontium meaning
there is no solubility between the phases and causing strontium to return to its pure state as seen by
the cell parameters returning to the x=0 value. When we look at the other phase, of cesium, we find
a similar situation. When approaching the cesium phase from x=1, its pure form, a increases with
decreasing x up until x=0.4 at which point it returns to the original value. The opposite happens for
the 𝑐 parameter which decreases up to x=0.4 at which point it increases once again. Likely we are
dealing with the same situation, meaning some strontium is occupying cesium’s M1 positions causing,
due to strontium’s smaller size, the 𝑐 parameter to decrease and as a result 𝑎 parameter to increase.
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3.1.2. Phase formation in the series Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ]

The samples of this series followed the route of synthesis explained in section 2.1.1 with heating steps
of 600 and 1000 ∘C. Powder diffraction patterns of these samples are shown in figure 3.8.

Figure 3.8: Powder diffraction patterns of the series SrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ]

Similar to the series studied in section 3.1.1 there should be a loss of symmetry between the end mem-
ber Sr[ZrFe(POኾ)ኽ] and Srኺ.኿[Zrኼ(POኾ)ኽ] because both are known to crystallize in space groups R3̄c and
R3̄ respectively. For both end members cell parameters were calculated using their respective struc-
ture models found in Pearson’s Crystal Data [32] as shown in figure 3.9. Additionaly Srኺ.኿[Zrኼ(POኾ)ኽ]
was also an end member of the series described in section 3.1.1 and the refinement plot for this end
member can be found in that section.

Figure 3.9: Part of the full profile fit of the sample of series SrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ] with x=0. Experimental pattern is
shown in red whilst the black lines forms the theoretical diffraction pattern, the blue curve shows the difference between the

two.

Like the series described in section 3.1.1 a small admixture of zirconium pyrophosphate is present in
every sample, the amount is however very little meaning it hardly contributes to the pattern as can be
seen in the full profile fits by the small peak at approximately 21∘ indicated by the asterisk. When a
single phase full profile fit is used on the intermediate samples we get a good fit as shown by figure
3.10. The symmetry change in this series causes the end members to have different space groups
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meaning x=0 till x=0.6 were fitted using Sr[ZrFe(POኾ)ኽ]’s space group of R3̄c whilst x=0.8 and 1 were
done with the space group of Srኺ.኿[Zrኼ(POኾ)ኽ], R3̄, determined by the presence of the peaks around
10-15∘.

Figure 3.10: Part of the full profile fit of the sample of series SrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ] with x=0.6. Experimental diffraction
pattern is shown in red, the theoretical pattern in black and the difference of the two in blue

Unlike the series described in 3.1.1 all the NZP peaks belong to one structure described by two different
space groups giving us reason to belief there is in fact the formation of a solid solution. This is further
proven by full profile fits done on the other intermediates in this series. The resulting cell parameters
from these calculations are shown in table 3.2.

Table 3.2: Resulting cell parameters from a full profile fitting procedure for a single phase model.

x 𝑎 (Å) 𝑐 (Å)
0 8.598 ± 0.002 22.928 ± 0.008
0.2 8.611 ± 0.002 23.00 ± 0.01
0.4 8.644 ± 0.003 23.08 ± 0.01
0.6 8.661 ± 0.002 23.22 ± 0.01
0.8 8.675 ± 0.006 23.27 ± 0.02
1 8.687 ± 0.005 23.38 ± 0.01

Both cell parameters seem to follow a linear trend with regards to x, this linear trend is shown in figure
3.11. Additionally the volume of the unit cell calculated with these parameters is shown in figure 3.12.

Figure 3.11: Plot of the cell parameters against the stoichiometric x for samples of series SrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ]
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Figure 3.12: Plot of the unit cell volume against the stoichiometric x for samples of series SrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ]

This linear relation confirms the existence of a solid solution. With an increase in x, iron is replaced by
zirconium in the framework. Zirconium has a cationic radii of 0.72 Å whilst iron’s is 0.645 Å. Logically
when zirconium replaces iron the framework expands, as is shown by the change of volume in figure
3.12. Also with increasing x more M1 positions become vacant which would causing repulsion forces to
increase between the framework cations and anions negating the change from the removal of strontium.
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3.1.3. Phase formation in the series Cs፱Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ]

Samples of this series were first synthesized following the mechanochemical route explained in section
2.1.1 with heating temperatures of 600 and 1000 ∘C. The powder diffraction patterns of these samples
are shown in figure 3.13

Figure 3.13: Powder diffraction patterns of the series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ]

The end members of this series have already been analyzed as part of the series studied in sections
3.1.1 and 3.1.2, as seen in figure 3.9 for Sr[ZrFe(POኾ)ኽ] and 3.3 for Cs[Zrኼ(POኾ)ኽ] these crystallize as
NZP. When we look at the diffraction patterns however the intermediates exhibit the same splitting of
peaks as the series in section 3.1.1, this gives us an indication that we are once again dealing with two
individual phases. This hypothesis is further proven by a single phase full profile fit done on sample
x=0.6, Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ] shown in figure 3.14, for this fit the structure data of Cs[Zrኼ(POኾ)ኽ]
was used.

Figure 3.14: Part of the single phase full profile fit of the sample of series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ] with x=0.6. The
experimental pattern is shown in red, theoretical pattern in black and the difference in blue.
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However when a two phase model is used on the same sample the resulting fit is much better as shown
in figure 3.15. For this model we use the two end members as separate phases, being Sr[ZrFe(POኾ)ኽ]
and Cs[Zrኼ(POኾ)ኽ].

Figure 3.15: Part of the two phase full profile fit of the sample of series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ] with x=0.6. The
experimental pattern is shown in red, theoretical pattern in black and the difference in blue.

Using the two phase model, of a strontium and cesium-rich phase, cell parameters were calculated for
every sample in this series, the results are shown in table 3.3.

Table 3.3: Resulting cell parameters from a full profile fitting procedure using the two phase model, a strontium and cesium
phase.

x 𝑎 Sr-rich phase (Å) 𝑐 Sr-rich phase (Å) 𝑎 Cs-rich phase (Å) 𝑐 Cs-rich phase (Å)
0 8.598 ± 0.002 22.928 ± 0.008 N.A. N.A.
0.2 8.633 ± 0.004 23.00 ± 0.01 8.65 ± 0.01 23.05 ± 0.05
0.4 8.629 ± 0.006 23.07 ± 0.02 8.583 ± 0.008 24.80 ± 0.03
0.6 8.615 ± 0.008 23.06 ± 0.04 8.579 ± 0.002 24.82 ± 0.01
0.8 8.63 ± 0.02 23.04 ± 0.09 8.581 ± 0.001 24.83 ± 0.01
1 N.A. N.A. 8.585 ± 0.002 24.914 ± 0.009

These cell parameters are plotted in figure 3.16. Additionaly the volume of the unit cell is given in
figure 3.17.

Figure 3.16: Plot of the cell parameters of both phases in the series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ].

Looking at the cell parameters of the strontium phase one can notice that with the exception of x=0,
the parameters stay relatively constant, the slight changes that do occur are insignificantly small. We
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Figure 3.17: Plot of the unit cell volume of both phases in the series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ].

observe a similar situation for the parameters of the cesium phase when we exclude x=0.2. A possible
explanation for the strontium phase could be the slight miscibility of zirconium which is replacing iron
in the framework. This would cause strontium to leave the M1 position but as seen in the series in
section 3.1.2 the cell parameters would both increase. For the cesium phase there might be no mis-
cibility until x=0.2 at which the dominant strontium takes up some of the M1 positions which would
make 𝑐-parameter to increase and subsequently decrease the 𝑎-parameter. This is further proven by
the volume of the unit cell in figure 3.17.

Possibly the two phase formation was caused by the high temperature of crystallization of 1000 ∘C,
at this temperature the solid solution might have decomposed under the formation of the two indi-
vidual phases. To further study this all samples of this series were synthesized once more via the
mechanochemical route described in section 2.1.1 but at a lower temperature of 600 and subsequently
800 ∘C. The powder diffraction patterns of these samples are shown in figure 3.18.

Figure 3.18: Powder diffraction patterns of the series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ], heated at 800 ∘C.

When the powder diffraction patterns of these new samples are compared to ones heated at 1000 ∘C
we see little to no changes in peak positions and relative intensity as shown in figure 3.19 an example
the sample of series Cs፱Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ] with x=0.4, where in blue is the sample heated
at 1000 ∘C and in red the sample heated at 800 ∘C.
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Figure 3.19: Part of the powder diffraction patterns of the sample of series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ] with x=0.4,
synthesized at two different temperatures, 1000∘C (blue) and 800∘ (red).

From this figure we can observe that the intensity of the sample crystallized at 800 ∘C is less than the
sample crystallized at 1000 ∘C and since the same instrumentation was used we can conclude that the
crystallinity is less. Besides this decrease in crystallinity little difference can be found between the two
patterns meaning these samples also crystallized into two individual phases.
One more attempt was made to synthesize a solid solution, namely using the Pechini method of syn-
thesis to see if the homogenization can promote the formation of a solid solution, explained in section
2.1.1, with heating steps of 600∘C and 800∘. For this method sample x=0.6 was used because this
best represents the UREX waste stream composition [4]. The resulting powder diffraction pattern is
shown in figure 3.20

Figure 3.20: Powder diffraction pattern of sample x=0.6, CsᎲ.ᎸSrᎲ.Ꮆ[ZrᎳ.ᎸFeᎲ.Ꮆ(POᎶ)Ꮅ], synthesized via the Pechini method.
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When this pattern is compared to the sample synthesized via the mechanochemical route at a 1000 ∘C
we find that not much has changed, as can be seen in figure 3.21. There is an increase in intensity
but also in background, making it unclear whether the crystallinity has actually improved which makes
sense as a lower temperature was used. More importantly however we see the same splitting of peaks
as the mechanochemical sample proving that this method also formed no solid solution. As is shown
by the full profile fit done on mechanochemical sample shown in figure 3.15

Figure 3.21: Powder diffraction patterns of the sample of series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ] with x=0,6, synthesized via
mechanochemical in blue and Pechini method in red.

Samples of this series were also synthesized earlier by Priya Jagai [23] in that work the existence of
a solid solution was concluded. The mechanochemical method of synthesis was used as described in
section 2.1.1 with heating of 1000 ∘C, the powder diffraction patterns of these samples are shown in
figure 3.22.

Figure 3.22: Powder diffraction patterns of the series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ]

Whilst both end members show their respective diffraction pattern albeit with admixtures, the interme-
diates show the same splitting of peaks as the samples synthesized in this thesis. This gives us reason
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an indication that there is no complete solid solution but again a mixture of two separate phases. This
is further proven by comparing the powder diffraction patterns as is done for sample x=0.6 in figure
3.23. In this figure we see the same splitting of peaks belonging to the NZP phases in both samples
which proves the formation of two individual phases as shown by the earlier refinement done on this
sample shown in 3.15.

Figure 3.23: Powder diffraction patterns of the sample x=0.6, CsᎲ.ᎸSrᎲ.Ꮆ[ZrᎳ.ᎸFeᎲ.Ꮆ(POᎶ)Ꮅ], synthesized by P.Jagai (in blue) and
in the present work (in red).

Noticeable from this powder diffraction the sample synthesized by P. Jagai shows many admixtures
which probably caused the misinterpetation in that work. The samples synthesized in the present
research are much purer and allow for better phase studies. P. Jagai determined the presence of two
main admixtures, namely zirconium pyrophosphate (ZrPኼO዁) and iron oxide FeኼOኽ. The presence of this
iron oxide means there was an excess of iron during crystallization, meaning that the second NZP phase
wasn’t pure Sr[ZrFe(POኾ)ኽ] but likely a solid solution between that structure and Srኺ.኿[Zrኼ(POኾ)ኽ]. The
formation of solid solutions in the series Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ] was shown in section 3.1.2. This
allows us to recalculate the actual composition of the strontium rich-phase.
Cell parameters of the strontium-rich phase were recalculated as shown in table 3.4 to determine the
miscibility by relating the cell parameters to the linear trend found in section 3.1.2.

Table 3.4: Resulting cell parameters of the strontium-rich phase from a full profile fitting procedure for a two phase model obtained
from the analysis of data of P.Jagai. And the calculated actual x value for the solid solution SrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ].

intended x 𝑎 (Å) 𝑐 (Å) actual x
0 8.600 ± 0.003 22.963 ± 0.008 0.05
0.2 8.638 ± 0.008 23.09 ± 0.02 0.40
0.4 8.65 ± 0.01 23.17 ± 0.03 0.55
0.6 8.61 ± 0.01 23.02 ± 0.04 0.17
0.8 8.66 ± 0.03 23.1 ± 0.1 0.53

The values for the first samples make sense as they show that the synthesis formed less Sr[ZrFe(POኾ)ኽ]
then expected which means there is an excess of iron that is free to crystallize as iron oxide. The values
for x=0.6 and x=0.8 however show an increase in the Sr[ZrFe(POኾ)ኽ] phase, this could be a result of
the low content of strontium causing only very little strontium NZP phase to form which makes it difficult
to determine the cell parameters and actual x value.

3.1.4. IR spectroscopy of cesium and strontium containing NZP type ceramics

IR measurements were done on all cesium and strontium containing NZP type samples discussed in
sections 3.1.1 3.1.2 and 3.1.3.
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The IR spectra of samples of the series Cs፱Sr(ኻዅ፱)/ኼ[Zrኼ(POኾ)ኽ] are shown in figure 3.24.

Figure 3.24: IR spectra of samples of the series CsᑩSr(ᎳᎽᑩ)/Ꮄ[ZrᎴ(POᎶ)Ꮅ]

In all of the samples we observe peaks at the lower region of 400-670 cmዅኻ these are caused by the
bending vibrations 𝑣ኾ and vኼ of the phosphate ion (POኾ)ኽዅ [15]. The peaks at 1280-1000 cmዅኻ belong
to the asymmetric stretching vibrations 𝑣ኽ and symmetric stretching vibrations 𝑣ኻ of the phosphate ion.
We can observe the disappearance of some asymmetric stretching vibrations with increasing x which is
a result of the increase of symmetry that comes with the change of space group from R3̄ to R3̄c [45].
The two end members of this series Cs[Zrኼ(POኾ)ኽ] [46] and Srኺ.኿[Zrኼ(POኾ)ኽ] [47] show spectra similar
to earlier synthesized samples in literature.

IR spectra of the samples of the series Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ] are shown in figure 3.25.

Figure 3.25: IR spectra of samples of the series SrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ]
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In this series of samples we observe the same peaks as discussed before, coming from the bending
and (a)symmetric stretching of the phosphate ion. With decreasing x we observe a disappearance
of some asymmetric stretching vibrations as a result of the increase of symmetry due to the space
group change from R3̄ to R3̄c as also seen in the series Cs፱Sr(ኻዅ፱)/ኼ[Zrኼ(POኾ)ኽ]. The end member of
Sr[ZrFe(POኾ)ኽ] shows a similar spectrum as the one defined in literature [48].

The IR spectra of the samples of the series Cs፱Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ] are shown in figure 3.26.

Figure 3.26: IR spectra of samples of the series CsᑩSrᎳᎽ(ᑩ/Ꮄ)[ZrᎳᎼᑩFeᎳᎽᑩ(POᎶ)Ꮅ]

In the samples of this series we see no change of peaks belonging to the asymmetric stretching
vibration but we notice the spectra becoming more diffusive which can be a result of the different
chemical formula. The spectra proves there is no difference in space group between the two end
members of Sr[ZrFe(POኾ)ኽ] and Cs[Zrኼ(POኾ)ኽ] as both were found to be R3̄c.
All of the analysed samples however can be attributed to to the orthophosphate class [49].
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3.1.5. Leachability of cesium and strontium containing NZP-type ceramics

Two samples were chosen to be analysed by leaching testing as described in 2.2.3, samples were chosen
based on the best approximation of the UREX waste stream [4]. These samples are Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ]
and Csኺ.ኾSrኺ.ኽ[Zrኼ(POኾ)ኽ], pellets of these samples were pressed and sintered at 1000 ∘C for 24 hours.
Two experimental set-ups were built, one for each sample. The set-up for Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ]
had a 150 mL Soxhlet that renews solvent every two hours whilst Csኺ.ኾSrኺ.ኽ[Zrኼ(POኾ)ኽ]’s set-up had a
70 mL Soxhlet that renews solvent every one and a half hour.

Before starting the test porosity of the samples were determined, this was done by relating the ac-
tual density of pellet mass/volume to the theoretical density of the crystal lattices. The porosities of
samples Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ] and Csኺ.ኾSrኺ.ኽ[Zrኼ(POኾ)ኽ] were found to be approximately 71 and
72% respectively, these were calculated by dividing the theoretical density of the unit cell by the actual
density of the pellet but due to crystal imperfections there values are approximate. The surface area
of the pellets were 415 and 452 mmኼ respectively.

Probes were taken after 2, 5, 9, 15 and 21 days which were measured by ICP-OES to determine
the concentrations of ions.
The concentration of cesium for both samples was found to be under the detection limit of the used set-
up, as cesium is difficult to ionize and needs a relatively high concentration to be measured. Additionaly
the iron concentration also fell below the measurement threshold for sample Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ].
Subsequently the presence of both zirconium and phosphorus caused interference to their measured
concentration, a possible explanation is the formation of a zirconium phosphate which would reduce
the efficiency of ionization and thus also the intensity. This caused the internal standards to show
lower concentrations than prepared leaving the calculated concentrations very inaccurate and unrep-
resentative.

The concentration of strontium in solution was successfully determined and used to calculate the
leaching rate for both samples as shown in figure 3.27, Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ] is in red and
Csኺ.ኾSrኺ.ኽ[Zrኼ(POኾ)ኽ] in blue. The mass fraction of strontium in these samples was 0.0671 and 0.0481
respectively.

Figure 3.27: Leaching rates and normalized mass loss of strontium in solution measured for samples
CsᎲ.ᎸSrᎲ.Ꮆ[ZrᎳ.ᎸFeᎲ.Ꮆ(POᎶ)Ꮅ] in red and CsᎲ.ᎶSrᎲ.Ꮅ[ZrᎴ(POᎶ)Ꮅ] in blue.

For the first few days we see a gradual decrease in leaching this is due to the impurities of the pellet,
this causes a heightened leaching rate after approximately 21 days the leaching rate becomes con-
stant as it is limited by diffusion. The leaching rates after 21 days for Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ] and
Csኺ.ኾSrኺ.ኽ[Zrኼ(POኾ)ኽ] are 131

mg
mኼday and 12.4

mg
mኼday respectively. These values are quite high which

is to be expected as the use of the Soxhlet set-up constantly introduces fresh leachant rather than a
static experiment where leaching rates were found to be lower at 5.9

mg
mኼday [20]. However these

values might still decrease while approaching the equilibrium.
The found leaching rates show great promise for the possible immobilization of cesium and stron-
tium, even though there is no solid solution cesium’s leaching rate was too low to be measured and
strontium’s is acceptable.
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3.1.6. Thermal analysis of the sample Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ]

The sample of composition Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ] was chosen for the DTA/TG analysis because
it models the waste stream compositions most accurately [4]. Simultaneous TGA and DTA measure-
ments were done on the powder precursor of this sample prepared at 400 ∘C by the mechanochemical
synthesis as shown in figure 3.28 using a heating rate of 10 ∘C per minute and an end temperature of
1500 ∘C.

Figure 3.28: Simultaneous TGA and DTA measurements of the sample CsᎲ.ᎸSrᎲ.Ꮆ[ZrᎳ.ᎸFeᎲ.Ꮆ(POᎶ)Ꮅ].

The first change is found around 100-200 ∘C here we observe a high decrease in mass and an endother-
mic peak, this is due to the evaporation of water trapped within the sample. Subsequently starting at
approximately 750 ∘C we see a exothermic peak but little to no change in mass, meaning this is the
temperature of crystallization. The crystallization has a maximum around 820 ∘C which explains the
reduced crystallinity in samples synthesized at only 800 ∘C shown in 3.1.3. At increasing temperatures
centered around 1300 ∘C we observe a broad endothermic peak and a high loss of mass afterwards
indicating to the decomposition of the NZP phase, this temperature corresponds with the possible
temperature of decomposition following the trend found by Pet’kov et al. [18].
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3.2. Cerium containing NZP-type ceramics

3.2.1. Synthesis of Ceኺ.ኼ኿[Zrኼ(POኾ)ኽ]

Tetravalent cerium in NZP,in the form of Ceኺ.ኼ኿[Zrኼ(POኾ)ኽ] was synthesized by the procedure described
in section 2.1.2 with heating at 800 ∘C in air. Both the unheated precursor as well as the sample were
characterized via X-ray diffraction and phase analysis were done as shown in figure 3.29.

Figure 3.29: Phase analysis of the precursor powder and the sample with the composition CeᎲ.ᎴᎷ[ZrᎴ(POᎶ)Ꮅ] heated at 800
and 850 ∘C.

After heating of the sample at 800 ∘C we observe the presence of three phases: Cerium dioxide, Zir-
conium pyrophosphate, and a phase with the structure of NZP. The presence of cerium dioxide means
not all of the powder has reacted, this is further proven by the substantial presence of zirconium py-
rophosphate. This means that rather than form the NZP, Ceኺ.ኼ኿[Zrኼ(POኾ)ኽ], cerium remains unreacted
as dioxide and zirconium forms the pyrophosphate as the by-product. All other powder intermediates
remain in an amorphous phase as can be seen by the high background.
In order to promote further crystallization of these amorphous phases an additional heating step was
carried out at 850 ∘C, this sample was also characterized via X-ray diffraction and phase analysis were
done as can be seen in figure 3.29,.
As shown by figure 3.29 the amount of amorphous components and cerium dioxide was reduced
significantly shown by the reduction in background and cerium dioxide peak intensity. Subsequently
the intensity of the NZP phase peaks has improved, however this is even more so the case for zirconium
pyrophosphate as those peaks have greatly increased in intensity. So it seems that whilst this additional
heating brought further crystallization to both phases, it preferred zirconium pyrophosphate which has
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become the dominant phase. This indicates that pyrophosphate forms as a by-product and remains
in the mixture, the heating does not decompose it but rather promotes its further crystallization. In
order to calculate the cell parameters a profile fit was done with the present phases: cerium dioxide,
zirconium pyrophosphate and NZP, shown in figure 3.30.

Figure 3.30: Part of the full profile fit on the sample CeᎲ.ᎴᎷ[ZrᎴ(POᎶ)Ꮅ]. The experimental data is shown in red, theoretical
curve in black and the difference in blue

The cell parameters for the NZP phase were found to be 8.726 ± 0.004 Å for the 𝑎-parameter and
23.06 ± 0.02 Å for the 𝑐-parameter. These values show a decrease compared to the cell parameters
calculated by Bykov et al. [16] for Ceኺ.ኽኽ[Zrኼ(POኾ)ኽ] which were found to be 8.7419 Å for 𝑎 and 23.128
Å for 𝑐. This gives the indication that Ceኺ.ኼ኿[Zrኼ(POኾ)ኽ] was successfully synthesized as Ceኾዄ is both a
smaller cation and would fill fewer M1 positions leading to the observed decrease of cell parameters.
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3.2.2. Synthesis of Ceኺ.ኽኽ[Zrኼ(POኾ)ኽ]

An attempt was made to synthesize trivalent cerium in NZP, in the form of Ceኺ.ኽኽ[Zrኼ(POኾ)ኽ]. To this
end the procedure was followed as described in section 2.1.2 but heating at 600 ∘C was done in argon
atmosphere. However when analysed with Powdercell, as shown in figure 3.31, we find that the formed
NZP phase is in fact not Ceኺ.ኽኽ[Zrኼ(POኾ)ኽ] but likely Ceኺ.ኼ኿[Zrኼ(POኾ)ኽ] instead.

Figure 3.31: Phase analysis performed using Powdercell on the sample CeᎲ.ᎵᎵ[ZrᎴ(POᎶ)Ꮅ]. Experimental diffraction pattern is
shown in black, and theoretical bragg peaks of CeᎲ.ᎵᎵ[ZrᎴ(POᎶ)Ꮅ] and zirconium pyrophosphate in blue and red respectively.

The presence of zirconium pyrophosphate in this sample can be used as an internal standard, as shown
in the figure only the NZP peaks shift meaning we are not dealing with an instrumental shift. Which
means that likely the cerium did not reduce and we have Ceኺ.ኼ኿[Zrኼ(POኾ)ኽ] rather than Ceኺ.ኽኽ[Zrኼ(POኾ)ኽ].
This is proven when this sample is compared to the earlier sample of Ceኺ.ኼ኿[Zrኼ(POኾ)ኽ] as can be seen
in figure 3.32.

Figure 3.32: Powder diffraction patterns of two samples, CeᎲ.ᎴᎷ[ZrᎴ(POᎶ)Ꮅ] one heated at 600 ∘C in argon atmosphere, in red,
and the other heated at 800 and 850 ∘C in air, in blue.
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To calculate the cell parameters of the NZP phase the same procedure was used as described in section
3.2.1. The resulting cell parameters were 8.729 ± 0.009 Å for 𝑎 and 23.05 ± 0.04 Å for 𝑐. These values
are very similar to the ones found in section 3.2.1 proving that this synthesis route did not reduce cerium
and instead formed Ceኺ.ኼ኿[Zrኼ(POኾ)ኽ].
We found that it is possible to synthesize crystalline NZP starting from tetravalent cerium in the form of
cerium dioxide in the M1 position, this method could therefor be used to form such NZP type ceramics
using uranium or thorium dioxide.



4
Conclusion

NZP type ceramics containing cesium and strontium were successfully synthesized using the
mechanochemical synthesis method, however the formation of solid solutions was limited to the series
of Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ]. To this end the pechini method of synthesis was tried on the sample
with composition Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ] however this did not promote the formation of a solid
solution.
Cell parameter calculations were done on each sample resulting in a linear relationship in accordance
with Vegard’s law for the solid solution Srኻዅ(፱/ኼ)[Zrኻዄ፱Feኻዅ፱(POኾ)ኽ] whilst the other series showed ir-
regular change in cell parameters.
IR spectra of these cesium and strontium containing NZP type ceramics were measured proving the
space group for the end members Srኺ.኿[Zrኼ(POኾ)ኽ], Cs[Zrኼ(POኾ)ኽ] and Sr[ZrFe(POኾ)ኽ]. All of the sam-
ples were found to belong to the orthophosphate class proving the NZP structure.
Leaching rates of strontium in samples of composition
Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ] and Csኺ.ኾSrኺ.ኽ[Zrኼ(POኾ)ኽ] were determined to be 131

mg
mኼday and 12.4

mg
mgኼday respectively after Soxhlet leaching of 21 days, leaching rates for the other cations were unable
to be accurately determined.
Thermal analysis was done on the sample with composition Csኺ.ዀSrኺ.ኾ[Zrኻ.ዀFeኺ.ኾ(POኾ)ኽ] which proved
the temperature of crystallization at around 800 ∘C whilst the decomposition temperature was found
to be approximately 1300 ∘C.
Trivalent cerium containing NZP type ceramics were not successfully synthesized however the synthesis
of NZP containing tetravalent cerium was successful albeit with low crystallinity.
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B
Future Work

In future work the effect of irradiation on the structure and macroscopic properties of the NZP type ce-
ramics could be investigated. Additionally more accurate thermal analysis should be done of these NZP
type ceramics to further determine the exact temperatures of crystallization and decomposition. The
formation of cesium and strontium containing solid solutions should be further studied using different
methods of synthesis. And lastly the synthesis of tetravalent cerium in NZP should be further optimized
to find higher crystallinity before the procedure can be tested using uranium or thorium dioxide.
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