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Abstract
161Tb is considered a promising alternative to 177Lu in the treatment of neuroendocrine tumors and
prostate cancer.1–6 It is produced via neutron irradiation of 160Gd targets and its subsequent separa-
tion from said targets. Current separation methods have limitations so a fast removal method of the
Gd bulk is desired. Such a method is developed in this research using solvent extraction techniques.
Three extractants were investigated, the one with the highest potential, DEHPA, was used to optimize
the extraction. This yielded a Tb extraction efficiency of 98.6 ± 0.2 % and a Gd extraction efficiency
of 85.7 ± 5.5 % followed by a Tb back-extraction efficiency of 98.2 ± 0.1 % and a Gd back-extraction
efficiency of more than 98.2 ± 0.1 %. The Tb/Gd separation was increased by adding the reverse
size selective chelator MACROPA to the aqueous phase to preferentially complex Gd in the aqueous
phase. This yielded a Tb and Gd extraction efficiency of 95.0 ± 0.2 % and 53.1 ± 3.0 % respectively.
The ratio between total EEs of Tb and Gd after three subsequent extractions was approximately 10
demonstrating the potential of using sequential extractions to remove a bulk of Gd from Tb. The proce-
dure of doing consecutive extractions must however be further optimized as nearly 80% of Tb was not
extracted. Finally, it was shown that the resulting solution after bulk Gd removal can still be further pu-
rified using an ion exchange column. In future research, it is highly advised to investigate the recycling
of Gd and MACROPA from the aqueous phase after extraction to allow for further irradiation of the Gd
and re-usability of the MACROPA.
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1
Introduction

Radionuclides are widely used in nuclear medicine to either acquire diagnostic information about pa-
tients (nuclear imaging) or to treat medical conditions like cancer (nuclear therapy). In the latter, they
are injected into the body to target hostile cells directly to weaken or destroy them by damaging their
DNA and cell structure through decay radiation.7 The number of these medical procedures using ra-
dionuclides grows every year, and with it, their demand.8 The investigation of their properties and
production is therefore an important field of research.

One of the radionuclides currently employed in such therapies is 177Lu, which is used in the treatment of
neuroendocrine tumors and prostate cancer. It can be produced in a nuclear reactor, is widely available
with high specific activity and chemical purity, and has been broadly studied. Despite the promising
studies and treatments, there is always room for further improvement and it is thus important to con-
sider alternative radionuclides with better therapeutic prospects like 161Tb.1–6 161Tb has similar decay
properties to 177Lu, see Table 1.1, and also emits low-energy photons that can be used for imaging. It
has very similar coordination chemistry meaning it is expected that 161Tb can be used in combination
with all the 177Lu-employed chelators like DOTA.2,5,6 In contrast to 177Lu however, 161Tb also emits a
significant amount of conversion and low-energy Auger electrons. This may raise its therapeutic capa-
bility if the nuclide is directly bound to the cell surface or brought close enough to the nucleus of the
cell as these electrons have a very short tissue range (0.5 µm) resulting in a high linear energy transfer
(LET) (4 - 26 keV/µm) providing higher local dose densities.1,6 Preliminary dosimetry measurements of
the use of 161Tb versus 177Lu in the treatment of prostate cancer have shown results favoring the use of
161Tb.6 Moreover, Tb has other isotopes that can also be used in nuclear medicine procedures. It has
four clinically interesting isotopes which cover all of the nuclear medicine options: 152Tb for positron
emission tomography (PET), 155Tb for single-photon emission computed tomography (SPECT), 149Tb
for α-decay therapy and finally 161Tb for β− therapy.9,10 All of the above suggests that Tb is a promising
radionuclide. It has recently become commercially available with high levels of purity, but upscaling its
production is still an ongoing area of research since its demand is expected to keep growing.11

Table 1.1: Decay properties of 161Tb and 177Lu.1,6

Nuclide Half-life t1/2 [d] Energy emitted beta particles [MeV] Energy emitted photons [keV]
161Tb 6.906 0.15 74.6 (10.2%); 48.9 (17.0%)
177Lu 6.647 0.14 208.4 (10.4%); 112.9 (6.2%)

161Tb is generally produced through neutron irradiation of 160Gd in a nuclear reactor, but can also be
produced in an accelerator where 160Gd is bombarded with a deuteron beam. The production yield in
an accelerator is however not competitive with high flux reactors.12 After neutron irradiation of 160Gd,
161Tb is accumulated via the decay of 161Gd (Eq. 1.1). Up to 4.5 GBq of 161Tb can be theoretically
produced after a 2-week irradiation of 1 mg of enriched 160Gd (98.2% purity) at neutron flux of 1015
neutrons cm−2s−1.1 As current radionuclide therapies of neuroendocrine tumors using 177Lu consist
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of four cycles of 7.4 GBq infusions and treatments using 161Tb are expected to be in the same range,
the 160Gd targets must be in the range of multiple milligrams to obtain enough 161Tb activity for the
treatment of one patient.13 To be able to treat more patients both lower-flux irradiation facilities as well
as large high-flux facilities must be used or the 160Gd targets must be massive (up to multiple grams).

160Gd(n, γ)161Gd β−

−−→ 161Tb (1.1)

After irradiation the 161Tb needs to be separated from the 160Gd targets. Since the Gd to 161Tb ratio
after irradiation is about 103 (neutron flux of 1015 neutrons cm−2s−1) the Gd mass must be reduced
significantly to obtain 161Tb with high enough purity.2 There are various options concerning the sepa-
ration of radionuclides and each has its advantages, disadvantages, and application situations. The
separation of the two neighboring lanthanides is challenging due to their chemical similarities. The sep-
aration of Tb from Gd is even more notoriously difficult as the two are chemically nearly identical; the
only notable difference is in their ionic radii (93.5 and 92.3 pm for Gd and Tb respectively).14,15 This dif-
ference in ionic radii allows for the selective complexation of Gd and Tb by various ligands or chelators.
This fact is utilized in their successful separation using ion exchange column chromatography.16,17 In
a study by Aziz et al., 161Tb was separated from irradiated enriched 160Gd using a cartridge LN resin
column after which the final product, 161TbCl3, had a radiochemical and radionuclide purity of > 99%.18
A combination of TK211/212/221 resins has also been used by Triskem to successfully separate 1 mg
µg 161Tb from 1 g of Gd.17 The problem with this, and other current separation methods, is that they can
not handle enough irradiated Gd at a time yet (max. 1 g). Moreover, separation times are quite lengthy
(mL/min) and the required columns are large. As mentioned before, scaling up to multiple grams of Gd
may be necessary and could allow for irradiation at lower neutron fluxes. To still be able to separate
the 161Tb from the Gd successfully by current separation methods, the bulk of the Gd would have to
be removed first. This thesis will focus on investigating whether a different extraction method called
solvent extraction can be used to remove the bulk of the Gd. The product will then be further purified
using ion exchange column chromatography. As enriched Gd is expensive, its recycling possibilities
for further irradiation will also be discussed.

This investigation follows a few steps: First a chelator has to be found that is more selective for Tb
than Gd to be able to selectively extract Tb from an aqueous solution. The extraction system then has
to be optimized for the highest separation by varying the extraction system parameters: extraction pH,
chelator concentration, aqueous phase, organic phase, and contact time after which the back-extraction
will be studied. In recent years, research has been done on increasing separation in solvent extraction
systems by adding a chelator to the aqueous phase to preferentially complex and hold back unwanted
co-extractants.19,20 This will be investigated for the optimized Tb/Gd extraction system as well. Finally,
it will be tested whether the output product of the extraction and subsequent back-extraction can be
used in column chromatography for further purification.

First in Chapter 2, some additional background information will be given and the theory surrounding the
subject will be discussed. In Chapter 3, the used methods and materials in the project are listed and
explained, and in Chapter 4 the results of experiments will be given and discussed. Finally, in Chapter
5 a conclusion will be drawn from the results and recommendations will be made for future research.



2
Theory and Background

This chapter will start by giving some additional background information on radionuclide therapy and
the production and separation of radionuclides. Next, solvent extraction will be thoroughly discussed
along with the principle of chelation, and some chelator candidates for the separation of Tb from Gd will
be presented. Finally, the separation method ion exchange column chromatography is discussed along
with the measurement techniques inductively coupled plasma mass spectrometry (ICP-MS), ultraviolet-
visible (UV-Vis) spectroscopy, and gamma counting.

2.1. Nuclear Medicine
Nuclear medicine can be split into two main areas: radionuclide therapy and nuclear imaging. In ra-
dionuclide therapy the patient is injected with a radiopharmaceutical, the radionuclide, attached to a
targeting vector, which delivers radiation to specific locations within the body like tumor sites. The
radionuclides then decay and release their radiation damaging the (DNA of the) tumor cells in the pro-
cess.21 The DNA molecule can be damaged in several ways: a break in one strand of the double helix
also known as a single-strand break (SSB), a double-strand break (DSB) which is a break in both sides
of the double helix, damage to the molecules in between the strands (base damage) and finally, multiple
damages to both strands at locations that lie close together (cluster damage).21,22 The radionuclides
used for these procedures ideally release a high amount of energy in a small volume in and around the
tumor and thereby limit the irradiation of surrounding healthy tissue as opposed to external beam ther-
apy where the intermediate tissue is also damaged. The decay characteristics, and with it the possible
applications of the radionuclide, vary. The ways a radionuclide can release its energy are visualized in
Figure 2.1 and elaborated upon below.22

α-particles can be released in the decay of heavy nuclides and are helium nuclei. They have a rel-
atively large mass, size, and energy (5 to 9 MeV) compared to the other types of decay radiation and
therefore have a higher chance of interaction with other particles. This is why they have the highest
ionization power and lowest penetration depth (30 µm). This is quantified in what is called the linear
energy transfer (LET) which is the amount of energy per unit distance that an ionizing particle transfers
to the material. α-particles have a very high LET (80 keV µm−1). This means that they can produce
many ionizations over a short distance possibly leading to many ionizations in one DNA molecule. Be-
cause of this, they can do a lot of damage to a single DNA molecule and often cause DSBs which are
hard to repair and may lead to the death of the cell.21,22

β-particles come in two forms: β+ and β− or positrons and electrons respectively. β+ decay takes
place when there is an excess of protons in the nucleus whereas β− decay is caused by an excess of
neutrons. β-particles have lower energy (0 - 2.3 Mev) and LET (0.2 keV µm−1) than α-particles, but
a larger range (up to 12mm). β−-particles are used in therapy due to their ionizing capabilities, β+-
particles on the other hand quickly annihilate with an electron and emit 2 photons of 511 keV energy
each in opposite directions to preserve momentum. These photons can then be used in diagnostics to
locate the site of tumors in an imaging technique called positron emission tomography (PET).

3
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Figure 2.2: A: A visualization of single-photon emission computed tomography (SPECT). A radionuclide emits photons from
the site of a tumor that are absorbed by a scintillation crystal and then detected by a gamma camera behind a collimator that
only allows the transfer of photons to the camera at right-angles. These rotate so that a 3D image can be made by a computer.

B: A visualization of positron emission tomography (PET). The 511 keV photons resulting from annihilation of an emitted
positron with an electron in the body are measured by a ring of detectors and an image is made by a computer.24

Figure 2.1: A visualization of the types of radiation (α, β and
Auger electrons) in radionuclide therapy. The number of

ionizations (*) is shown along the path (-) of the decay particles.
γ-radiation is not shown.21

When a nucleus has a shortage of neutrons
(as opposed to an excess as is the case with
α and β− decay) the nucleus can capture an
electron from an inner shell after which a pro-
ton transforms into a neutron. This is called
electron capture (EC). In internal conversion
(IC), the nucleus has excess energy which is
transferred to an electron from an inner shell,
ejecting it. Both mechanisms lead to an un-
stable electron cloud and result in the emis-
sion of X-ray radiation which can eject elec-
trons from their shell. These ejected elec-
trons are called Auger electrons. Auger elec-
trons have low energy (up to 1 keV) but a
high LET (4 to 26 keV µm−1) resulting in
many ionizations over a very short range (0.5
µm).

Finally, γ-radiation can be emitted if the nucleus
or shell electrons are not in their ground state.
They then shed this excess energy in the form of γ-radiation. The energy of this radiation can be
used to determine the type of radionuclide that emitted it. This is because the energy of the emitted
photons is nuclide-specific. They can also be used in nuclear imaging procedures like single-photon
emission computed tomography (SPECT).

The imaging procedures mentioned above, PET and SPECT, are the two most common in nuclear
medicine. They allow for very precise localization of tumor sites.23 In PET, the 511 keV photons resulting
from the annihilation of an emitted positron with an electron in the body are measured by a ring of
detectors, Figure 2.2 B. An image can then be made from the simultaneous detection of photons on
two opposite detectors as this carries information about the location of the radionuclides in the body and
subsequently the location of the tumor. In SPECT, Figure 2.2 A, the radionuclide emits photons from the
site of a tumor that are absorbed by a scintillation crystal and then detected by a gamma camera behind
a collimator that only allows the transfer of photons to the camera at right-angles. These cameras and
collimators rotate so that a 3D image can be made by a computer.23

2.2. Radionuclide Production
The production of radionuclides can be done in two ways: in accelerators (cyclotrons or linear accel-
erators) and in reactors. In reactors, the produced isotopes are the result of neutron capture and are
therefore neutron-rich whereas the isotopes produced in accelerators are generally proton-rich.
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2.2.1. Production of 161Tb
161Tb is produced from 160Gd in a reactor as discussed in Chapter 1.25 As natural Gd only consists of
about 20% 160Gd, an enriched target is required for irradiation because the production of other Tb and
Gd isotopes is undesired. An isotope of Gd that may be present is 157Gd (15.65% natural abundance)
which is especially undesired as its cross-section is very large compared to 160Gd (σ = 254000 versus σ
= 1.5). This cross-section negatively influences the neutron flux of the reactor and therefore the reactor
power due to self-shielding effects. An enriched Gd target is generally expensive to produce.1,26 For
designing the separation process this means that it must be kept in mind that the enriched 160Gd target
is ideally preserved in such a way that it can be irradiated again. The 161Tb yield when irradiating a
highly enriched 160Gd target at 1014 neutrons cm−2s−1 results in a 160Gd to 161Tb ratio of about 104.
The Gd must therefore be removed to obtain high purity 161Tb.1 The 161Tb decays into the stable 161Dy
which must also be removed to reach these high purities.

2.2.2. Separation
After production, the daughter radionuclide must be separated from its parent. There are various op-
tions concerning this separation and each has its advantages, disadvantages, and application situa-
tions: Crystallization, precipitation, or co-precipitation utilizes the solubility difference of compounds
in a solution to separate them. Solvent extraction or liquid-liquid extraction (Section 2.3) also utilizes
the solubility difference of compounds but in two different phases, an aqueous and an organic phase.
(Column) chromatography (Section 2.4) separates based on the different interactions of compounds
with two phases, a mobile phase and a stationary phase, as the compounds travel through a support-
ing medium. Ion exchange column chromatography uses a resin that can exchange bounded ions for
ones with selectivity for that resin as the differentiating interaction. Finally, electrolysis uses an external
electrical energy source to drive a redox reaction and subsequently separate ions.27

2.3. Solvent Extraction
Liquid-liquid extraction or solvent extraction can be used to separate metals based on a difference in
solubility in two immiscible liquids, usually an aqueous and organic phase. As metal ions are usually in-
soluble in the organic phase, a so-called chelator or ligand is used which is generally highly hydrophobic.
The metal and chelator form a complex in a process that is called chelation. It involves the formation
of two or more separate coordinate bonds between the chelator/ligand and the central metal atom.28
This is visualized in Figure 2.3.29

Figure 2.3: A schematic overview of the chelation process.
The metal Mn+ forms a complex MLn with ligand L which is
highly hydrophobic and is therefore extracted to the organic

phase.

In the extraction of rare-earthmetals, common ex-
tractants are of the organophosphorous kind.30
These are ligands that form complexes with met-
als through the following reaction:

M3+ + n(HA)2 ↔ MA3(HA)2n−3 + 3H+ (2.1)

Here M3+ is the metal, HA is the organophospho-
rous extractant in the organic phase occurring
as a dimer (HA)2 and MA3(HA)2n−3 is the com-
plex formed. The metal is initially dissolved in an
aqueous phase and the extractant in the organic
phase. When the phases are brought closer to-
gether these complexes can be formed.31 Follow-
ing the complex formation and its dissolution in the organic phase, the aqueous and organic phases are
separated from each other. The extraction efficiency (EE) of the radionuclide can then be calculated
using Equation 2.2 or Equation 2.3 with A the activity of the measured nuclide in Bq. These equations
should give the same result if nothing is lost in the extraction procedure.

EE% = Aorg/Atotal ∗ 100% (2.2)
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EE% =
Aorg

Aorg +Aaq
∗ 100% (2.3)

A way in which the separation capability of an extraction system is sometimes quantified is with the
separation factor (SF). It is the ratio of the distribution ratios of the metals that are separated and can
be calculated with Equations 2.4 and 2.5. Here DM is the distribution ratio of a metal M,Morg andMaq

the concentration of the metal in the organic and aqueous phase respectively, and SF the separation
factor of two metals.32

DM = [Morg]/[Maq] (2.4)

SF = DM1/DM2 (2.5)

The separation of different metals can be achieved by choosing an extractant that is selective for one
of them. This metal will then be preferentially extracted which leads to separation. After extraction,
the metal ions can be back-extracted from the organic phase by adding a back-extraction agent. This
is usually a strongly acidic or basic solution that breaks the bond between chelator and metal. The
back-extraction efficiency (BEE) can be calculated using Equation 2.6. The ideal result is a solution
containing all the target metal without contaminations from the co-extraction of other metals. The whole
process is visualized in Figure 2.4.

BEE% = Afinal/AbeforeBE ∗ 100% (2.6)

Figure 2.4: A visualization of liquid-liquid extraction and subsequent back-extraction. The vial containing the organic phase
with extractant and the aqueous phase with metal is vortexed to allow for faster complex formation. The phases are then
separated after which a back-extracting agent is added to the vial with the organic phase to break the complex. Finally, the

phases are separated again.

In practice, co-extraction does occur which is unwanted as it contaminates the final solution. Further-
more, the extractant may be slightly miscible in the aqueous solution reducing the achievable extraction
efficiency. The selection of chelator and aqueous and organic phases is therefore vital to the success
of the extraction.

The solvent extraction approach is constantly developing and novel techniques have been introduced
in an attempt to increase extraction efficiencies. One of these is the use of ionic liquids as an organic
solvent. They are non-volatile and non-flammable which makes them more environment-friendly than
most other organic solvents used in solvent extraction but have high viscosity at room temperature
which is not ideal.33 Successful solvent extraction attempts of lanthanides using ionic liquids have
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been reported at an increasing rate in recent years highlighting their potential.34–38 Another technique
is the use of liquid membranes in a three-phase extraction system consisting of two phases of similar
nature but different compositions that are separated by a third phase of different nature, the liquid
membrane, that is very insoluble into the other two.33 In short, the system combines the extraction
and back-extraction into a single procedure. The metals diffuse into the organic membrane driven by
the difference in pH of the two aqueous phases, form a complex allowing them to move across the
membrane and then move into the back-extracting agent where the complex is broken and the metals
are back-extracted.39 Research into using this technique in the separation of lanthanides has also been
reported.40,41

2.3.1. Lanthanide complexation
Complexes of the lanthanides have very similar chemical properties due to the similarity of the lan-
thanides themselves. As a result, the selective complexation of lanthanides is not easy. Due to slight
differences, like the gradual contraction of the ionic radii across the series, the stability constants of the
lanthanide complexes do differ slightly. There are three possible trends in these stabilities:15

1. In most cases the stability constants increase steadily across the lanthanide series
2. Some ligands form complexes whose stability increases along the first part of the series before

reaching a maximum and then remaining constant or even decreasing for the late lanthanides.
3. Very few ligands form complexes with decreasing stability across the series42

The first trend is caused by the fact that ligands can form complexes with lanthanides based on their
electrostatic interaction. The decreasing ionic radius and subsequent increasing charge density across
the series allows for increasing complex stabilities for the heavier lanthanides. The second trend is not
of interest to this thesis as the stability constants for the middle lanthanides Tb and Gd are too similar
here by definition of the trend. The last trend applies to complexes with higher steric restrictions, they
are better suited for the coordination of lanthanides with higher ionic or atomic radii.15

Because Tb and Gd are so similar, finding an extractant that is selective for Tb is very difficult. Again,
the only real difference between the two is in their ionic radii; Tb has a slightly smaller one than Gd (92.3
vs 93.5 pm).15 This results in a higher surface charge density for Tb which makes it more susceptible to
complexation with ligands that form complexes through electrostatic interactions. As ligands exhibiting
reverse-size selectivity for lanthanides are rare, it is therefore proposed to look for a chelator that can
extract more of the Tb than the Gd and optimize its separation behaviour. Synergistic complexation
can also be investigated. This is the process of using two or more ligands in a single extraction to
potentially raise the entropy of the configuration and to subsequently enhance extraction.43

2.3.2. Terbium complexation
Solvent extraction of rare-earth metals (REEs) from phosphoric acid solutions was investigated by Sato
et al.44,45. Here, di-(2-ethylhexyl)-phosphoric acid (DEHPA/HDEHP) and 2-ethylhexylphosphonic acid
(EHEHPA/HEHEHP/PC-88A) in kerosene were used to extract the metals. The extraction efficiencies
of Tb, Gd, and Dy showed differences but were very similar, again showing the challenge concerning
their separation. The extraction with DEHPA was also studied by Innocenzi et al. where the EE was
again better for Tb than Gd, especially at lower pH.46 DEHPA has also been used in combination with
tributyl-phosphate (TBP) to extract Gd, Tb, and Dy from nitrate media.47,48

Extraction of Tb and Dy was attempted by using PC-88A as a ligand and kerosene as an organic
phase by Kurihara et al.49 It was found that Dy was extracted more than Tb as again heavier REEs are
generally extracted more than lighter ones. More than 90% of both metals could be extracted from the
aqueous solution. PC-88A was also used to extract Tb from phosphoric acid solutions by Radhika et
al. where a 90% EE was observed as well.50

An attempt to separate Tb from Gd using solvent extraction was done by Chiola et al. where dodecyl-
phosphonic acid (DDPA) was used as an extraction agent and TBP was used to achieve good phase
separation with kerosene as the organic phase. The EE of Tb was slightly lower than 60% and the EE
of Gd was 20% in the best case, thus showing good separation.51
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Figure 2.5: The DEHPA-lanthanide complex, DEHPA forms the complex as a dimer according to Equation 2.2.61

Figure 2.6: The amount of complexed Tb and Gd ([Gd] = 15 mM and [Tb] = 0.15 mM) with 0.5 M MACROPA versus pH, as
calculated by HYSS using the stability constants of MACROPA-lanthanide complexes as reported by Roca-Sabio et al.62

The solvent extraction of rare earths from aqueous solutions is also discussed by Xie et al.52 Here,
DEHPA and PC-88A are mentioned as the most widely used extractants to extract the rare earths.

Other extractants that have been reported to be able to extract Tb (and Gd) from aqueous solutions
include Cyanex 272 and Cyanex 572.53–59 These were not available to us and will therefore not be
used in this thesis.

2.3.3. Complexation mechanism
DEHPA, PC-88A, and DDPA in combination with TBP are therefore all viable options for the separation
due to their (slight) selectivity for the heavier lanthanides and/or because they can extract most of the Tb
from an aqueous solution at a certain pH which is desired. TBP is a solvating extractant that can assist
in extractions by replacing other ligands in the complex formation.60 The other three ligands are all
organophosphorous ligands that form complexes through the reaction in Equation 2.2. A visualization
of the formed complex by DEHPA with a lanthanide is shown in Figure 2.5. It can be seen that DEHPA
forms the complex as a dimer. Other complex structures where only one or two Cl− or NO−

3 group(s)
is/are replaced by a DEHPA dimer are also possible. This phenomenon is less likely for the Cl− group
however as the lanthanide is more likely to occur in its free form in a chloride medium.61 The separation
of Tb and Gd using solvent extraction by complexation with organophosphorous ligands will be further
investigated in Chapter 4.

2.3.4. Separation tuning
Asmentioned in the introduction, in recent years there has been research towards increasing separation
in solvent extraction systems by adding a chelator to the aqueous phase to preferentially complex
and hold back unwanted co-extractants.19,20,63–65 Reverse size selective aqueous chelators for the
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Figure 2.7: The ion exchange column chromatography process, first the sample mixture is loaded onto the column replacing
the ions initially bounded. The column is then sequentially eluted with an increasingly higher salt elution buffer and the fractions
are collected. The ions will come out of the columns in order of the strength with which they are bounded, from low to high

resulting in their separation.68

lanthanides are rare but do exist. One of these is MACROPA which is a chelator that has shown
unprecedented selectivity for lanthanides, even Tb and Gd.42,62 To show this, a speciation diagram
was made with a program called HYSS (Hyperquad Simulation and Speciation)66,67 using the stability
constants of MACROPA-lanthanide complexes as reported by Roca-Sabio et al. and is shown in Figure
2.6.62 The concentrations used are 15 mM Gd, 0.15 mM Tb, and 0.5 M MACROPA. It can be observed
that at high enough pH, half of the Gd has formed a complex while only 5% of Tb has. These complexes
are not extracted to the organic phase by an extractant. This principle of separation tuning using a
reverse size selective chelator to enhance separation will be further investigated in Chapter 4.

2.4. Ion Exchange Column Chromatography
Ion exchange column chromatography is a process that separates ions and polar molecules based on
their relative interaction with an inert matrix in a column.68 When separating lanthanides a cationic ex-
changematrix or resin is used that usually consists of differentmixtures of organophosphoric, organophos-
phonic, and organophosphinic acids in an insoluble phase.17 The sample mixture is then loaded onto
the column replacing the ions initially bounded. The ions in the loaded mixture have a different affinity
to bind to the matrix and will therefore spread out accordingly. The column is then sequentially eluted
with an increasingly higher salt elution buffer and the fractions are collected. The ions will come out
of the columns in order of the strength with which they are bounded, from low to high. In doing this,
the ions present before loading replace the eluted ones again, regenerating the matrix. This process
is visualized in Figure 2.7.68

2.4.1. Columns for lanthanide separation
The columns used for the separation of lanthanides typically use a cationic exchangematrix or resin that
consists of different mixtures of organophosphoric, organophosphonic, and organophosphinic acids in
an insoluble phase. The TK211 and TK212 resin columns developed by Triskem also use such a matrix.
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Figure 2.8: An overview of the ICP-MS system.70

They have shown that a sequential use of their TK212 and TK211 columns can separate 1 mg Tb from
1 g Gd and 1 mg Dy. These columns are very large, 150 mL for the TK211 and 53 ml for the TK212
column and can be eluted at max. 15 mL/min which limits the separation speed.17,69 This indicates the
need for a pre-column bulk separation method. The TK212 column is used in Chapter 4 to show its
separation capabilities after using the developed separation method in this thesis.

2.5. ICP-MS
Inductively coupled plasma mass spectrometry is a very powerful technique that enables the detection
of elements in a solution with parts per billion (ppb) precision. It is used to measure liquid samples.
These samples are first pumped into a nebulizer where they are converted into an aerosol mist using a
jet of argon gas. The larger droplets are then removed and the rest are carried to the ICP plasma torch
where the plasma is formed by transferring energy to the argon gas via inductive coupling from a load
coil wrapped around the outside of the tube the gas flows through. The free electrons in the argon gas
obtain enough energy to ionize the argon atoms starting a cascade of ionization which finally results
in a plasma. The ions in the plasma are then transferred to the mass spectrometer through a vacuum
interface and focused into a narrow beam by an ion lens. This lens also separates the ions from the
neutral photons and neutrons that are still present. Next, the ions enter a collision/reaction chamber
(CRC) that is usually pressurized with helium. The helium slows down the ions, the polyatomic ones
more than the analyte ones, allowing for the discrimination between the two in a process called kinetic
energy discrimination (KED) where only the higher kinetic energy analyte ions are selected. Now the
ions enter a mass filter where they are filtered by mass to charge ratio so only the elements to be mea-
sured are measured. These ions strike a dynode, releasing one or more electrons that strike another
dynode, releasing more electrons, and so on. This signal is then measured by the electronics. For
data processing, the system is calibrated by measuring samples with known concentrations. Usually
several of these reference samples are measured to create a calibration plot of counts versus known
concentration for each element. An overview of the process can be found in Figure 2.8.70

2.6. UV-Vis spectroscopy
UV-Vis spectroscopy is an analytical measurement technique that measures the amount of UV and
visible light that is absorbed (or transmitted) by a sample in comparison to a reference or blank sample.
It can do this at specific wavelengths by using a monochromator for quantitative measurements or at
a range of wavelengths for more qualitative results. Quartz sample holders are required for measure-
ments in the UV range since plastic and glass absorb most of the UV light and quartz does not. After
passing through the sample, the non-absorbed light hits a detector that converts it to an electronic sig-
nal. The absorbance is then calculated using Equation 2.7 where A is the absorbance [−], I0 [W/m2]
is the intensity of light before passing through the sample and I [W/m2] is the intensity after passing
through the sample.71

A = log10(I0/I) (2.7)

2.7. Gamma counting
Gamma counting can be done with a thallium-activated sodium iodine detector (NaI(TI) detector). It
consists of a NaI(TI) crystal, a photomultiplier tube, and a multichannel analyzer. The incoming gamma



2.7. Gamma counting 11

rays interact with the crystal, are absorbed, and produce light within the crystal. This light hits a pho-
tocathode and produces an electron that is multiplied by a series of dynodes. The resulting electrons
then hit an anode and the multichannel analyzer converts the overall obtained pulse into a digital signal.
The energy of the incident gamma ray corresponds to the height of the resulting electron pulse which
allows for the production of a spectrum.22



3
Materials and Methods

3.1. Equipment
Below the used chemicals, disposables, and apparatuses are listed with their production company and
model information.

3.1.1. Chemicals
Inorganics Manufacturer

• Tb4O7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sigma-Aldrich
• TbCl3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Acros Organics
• Tb(NO3)3 · 6H2O (99.9% purity) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Aldrich
• Gd(NO3)3 · 6H2O (99.9% purity) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Aldrich
• Dy(NO3)3 · 5H2O (99.9% purity) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Aldrich
• HNO3 (69 wt%) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Honeywell
• HCl (30 wt%) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Supelco
• NaOH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Honeywell
• Tb ICP standard solution (1000 ppm) . . . . . . . . . . . . . . . . . . . . . . . . . . VWR (Avantor) International BV
• Gd ICP standard solution (1000 ppm) . . . . . . . . . . . . . . . . . . . . . . . . . VWR (Avantor) International BV
• MilliQ water (18.2 MΩ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
• MACROPA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . University of Coruña

Organics Manufacturer
• Petroleum benzine boiling range 100-140 °C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Emplura
• Chloroform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Sigma-Aldrich
• Benzene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Fluka
• Di-(2-ethylhexyl)-phosphoric acid (DEHPA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sigma-Aldrich
• 2-ethylhexylphosphonic acid (PC-88A) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TCI Europe
• Tributyl-phosphate (TBP) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Sigma-Aldrich
• Dodecyl-phosphonic acid (DDPA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .TCI Europe

3.1.2. Disposables
Manufacturer

• 1.5, 5, 15 and 50 mL vials with screw cap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sarstedt
• Pipettes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Biohit
• Pipette tips . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Biohit
• Universal Indicator Paper pH 1-14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
• TK212 resin column . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Triskem
• Peek tubing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
• 1.5 mL UV-cuvettes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VWR

12
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3.1.3. Apparatuses
Manufacturer

• ICP-MS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Perkin Elmer - NexION’ 2000
• Vortex machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Scientific Industries - Vortex Genie 2
• Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Mettler Toledo - AE240
• Gamma Counter . . . . . . . . . . Perkin Elmer - 2480 Automatic Gamma Counter Wizard2 3” (Wallac)
• pH meter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Metrohm - 774
• HPLC gradient pump . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Shimadzu - LC 10AI
• Fraction collector & auto-sampler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Lambda Omnicoll
• UV-6300PC Double Beam Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VWR

3.2. Method
3.2.1. Solution preparation
160Tb stock solution
To prepare the 160Tb stock solution, 7 mg of Tb4O7 was irradiated by neutrons at thermal flux of 5× 1012
[W/m2] for 10 hours at the BP3 irradiation facility in the Hoger Onderwijs Reactor (HOR) after which the
final product had an activity of 7.59MBq onOctober 24 2023. This was dissolved in 0.5mL concentrated
HCl (9.71 M) and 0.5 mL concentrated HNO3 (15.6 M) by leaving it in an ultrasonic bath at 60°C for 1
hour.

Figure 3.1: The
DDPA/TBP solution. Not
all DDPA has dissolved
resulting in a cloudy
solution with the
undissolved DDPA

powder at the bottom of
the vial.

Non-radioactive Tb stock solution
To prepare the non-radioactive Tb stock solution 10 mg of TbCl3 was dissolved
in 1 mL MilliQ water.

Aqueous solutions - Wallac measurements
To make aqueous solutions containing 1.5 ·10−2 M or 1.5 ·10−1 M Gd3+ and 1.5
·10−4 M Tb3+ in HNO3 or HCl, 13.75 or 137.5 mg Gd(NO3)3 · 6H2O was added
to a vial containing 2 mL HNO3,aq or HClaq with certain pH and stirred until dis-
solved. 2 µL of the 160Tb stock solution was added to 0.5 mL of the solution.
Since this solution contained very concentrated acids this lowered the pH signif-
icantly. To obtain solutions with pH 1.5 and higher, 0.1 and 1 M NaOHaq were
added to the initial 2 mL solution to obtain the correct final pH. The amount of
Gd(NO3)3 · 6H2O that was added was scaled accordingly to maintain its concen-
tration.

Aqueous solutions - ICP measurements
Tomake solutions containing non-radioactive Tb for ICP-MSmeasurements, the
non-radioactive Tb stock solution was used instead of the 160Tb stock solution.

Aqueous solutions - MACROPA
Tomake aqueous solutions containing the chelator MACROPA, the solution with-
out activity was diluted 100 times. MACROPAwas added to make 0.0001, 0.001,
0.005 and 0.01 M MACROPA solutions.

Organic solutions
To make organic solutions containing various concentrations of a chelator the
chelators were dissolved in either PE 100-140, benzene, or chloroform at final
concentrations 0.001 M - 1.0 M. DEHPA and PC-88A are liquid chelators, they
were added to a vial which was then filled with solvent. DDPA was added in
combination with 2 % v/v TBP as TBP serves as a modifier to achieve good
phase separation and its presence is shown to improve the separation between
Gd and Tb if used with DDPA.51 In making the DDPA/TBP solution, not all DDPA
dissolved which resulted in a cloudy solution with some DDPA left at the bottom
of the vial (see Figure 3.1).
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3.2.2. Extractions
To determine the Tb EE of a solvent extraction experiment the Tb activity was measured on the Wal-
lac gamma counter. The Gd EE was determined by concentration measurements on the ICP-MS as
explained in appendix B.1. For measuring the Gd EE all experiments were repeated with the non-
radioactive aqueous solution. Here, samples were taken of the aqueous phase before adding the
organic phase and after extraction, diluted according to Section 3.2.3 and then measured on the ICP-
MS. For the Tb activity measurements, vials were weighed before and during the experiments to be
able to correct for volume as discussed in appendix B.2. The data of both the Wallac and ICP-MS was
processed as described in appendix B.

Chelator selection
To select a good chelator for the separation of Tb from Gd, 0.5 mL of organic solution containing 0.1
M DEHPA, 0.5 M PC-88A, or 0.1 M DDPA with 2 % v/v TBP in PE 100-140 was added to 0.5 mL
of aqueous solution containing Tb and Gd at pH 1.3. The Tb activity of these vials was measured
beforehand on the Wallac. After adding the organic phase the vials were vortexed for 10 minutes. 0.3
mL of the organic phase was pipetted into another 1.5 mL vial. The same was done with the aqueous
phase after which all vials were measured again on the Wallac. For a second experiment, the first
experiment was repeated for organic solutions containing 0.1 M DEHPA and 0.5 M PC-88A in PE 100-
140 but now with an aqueous solution containing Tb and Gd at pH 1.1 and 1.2. For a third experiment,
the first experiment was repeated but now with organic solutions DEHPA or PC-88A in PE 100-140 at
concentrations 0.05, 0.1, and 0.5 M.

Extraction optimization
To optimize the extraction of Tb and its separation from Gd using DEHPA the system was optimized
for several parameters. Apart from the to-be-optimized parameter, the procedure was equal to the one
followed in the first chelator selection experiment using 0.1 M DEHPA in PE 100-140, HNO3 containing
Tb and Gd, a pH of 1.3 and 10 min vortexing time. To determine the influence of the pH it was varied
from 0 to 5. The influence of the vortexing time was determined by varying it from 30 seconds to
10 minutes. PE 100-140, chloroform, and benzene were tested as organic phase. HNO3 and HCl
as aqueous phase. To determine whether increasing the Gd/Tb ratio affects the separation, a higher
concentration of Gd and various DEHPA concentrations were used.

Back-extraction
To optimize the back-extraction the activity of the organic phase after an experiment was measured on
the Wallac. An equal volume of HNO3,aq or HClaq (1.0, 1.5, 2.0, 3.0, 4.0 or 5.0 M) was added and the
vial was vortexed for 10 min. The phases were then separated and their activity was measured on the
Wallac to determine the BEE of Tb with Equation 2.6. The BEE of Gd was determined by comparing
its concentration in the aqueous phase after extraction to its concentration in the back-extracting agent
after back-extraction. The validity of the BEE of Gd therefore relies on the assumption that no Gd was
lost in the extraction procedure.

MACROPA
The optimized DEHPA extraction was used in combination with MACROPA in the aqueous phase to
increase the separation. To optimize the combined system, the MACROPA concentration and the
pH were varied. The extraction was followed by a back-extraction with 2 M HNO3. The EEs were
determined by taking a sample of the aqueous phase before adding the MACROPA and comparing it to
a sample of the back-extracting agent after back-extraction. These samples were diluted as described
in Section 3.2.3 and then measured on the ICP-MS.

Sequential extractions
Finally, sequential extractions were performed by employing the same procedure as in the MACROPA-
DEHPA experiment with 0.005 M MACROPA and a pH of 3.5. After each extraction and subsequent
back-extraction, the pH of the final solution (2 M HNO3 containing the extracted Tb and Gd) was ad-
justed by adding 1 M and 0.1 M NaOH until it reached a value between 3 and 4. This is difficult since
the back-extracting agent is highly acidic so aqueous and organic phase volumes of 5 mL were used
for these experiments. The extraction was performed again after raising the pH by adding an equal
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volume of organic phase. This was then repeated once more. Samples of the back-extracting agent
were taken before and after each extraction and subsequent back-extraction to determine the EE of
each step.

3.2.3. ICP-MS
For measurements on the ICP-MS, taken samples were diluted with 1% v/v HNO3. The dilution factor
depended on the expected Gd concentration in the sample as the measured Gd concentration on the
ICP can not exceed 500 ppb to ensure minimal degradation of the measurement device.

3.2.4. Ion exchange column chromatography
The column used to separate Tb and Gd was the TK212 resin column developed by Triskem. Two
separation experiments were done, one with a ’clean’ loading solution and one with a diluted end
product of an extraction and subsequent back-extraction using the MACROPA/DEHPA system. To
prepare the ’clean’ loading solution, 1435, 0.14 and 0.14 mg of Gd(NO3)3 · 6H2O, Tb(NO3)3 · 6H2O
and Dy(NO3)3 · 5H2O respectively was dissolved in 300 mL 0.05 M HCl. To prepare the experiment
loading solution, the MACROPA/DEHPA extraction was done as described in Section 3.2.2. The back-
extraction was done with 2 M HCl instead of HNO3. The back-extracted solution was diluted 40x to get
a 0.05 M HCl solution. This was added to 0.05 M HCl until the final volume was 300 mL as required for
loading. In Figure 3.2, the setup for the ion exchange column chromatography experiments is shown.
The column was preconditioned with 0.05 M HCl by slowly increasing the flow rate (e.g. rinse at 3
mL/min for a couple of minutes, then 5 mL/min, etc. until the flow rate was reached that was used
during the separation: 9.99 ml/min. It was then loaded with the 300 mL loading solution after which the
column was first eluted with 1360 mL 0.2 M HNO3 and then 1360 mL 0.5 M HNO3. 72, 40 mL fractions
were collected in 50 mL vials; 4 from the final 160 mL loading phase and 2x 34 from the elutions. These
fractions were diluted and measured on the ICP-MS.

3.2.5. UV-Vis measurements
1 mL of the end product of a MACROPA/DEHPA extraction as described in Section 3.2.2 but back-
extracted with 2 M HCl, 1 mL 0.001 M DEHPA in PE-100-140, 1 mL 0.005 M MACROPA in 2 M HCl
and a 1 mL 2 M HCl, 1.5 ·10−2 M Gd3+ and 1.5 ·10−4 M Tb3+ solution were added to UV-cuvettes
and measured on the UV-spectrometer in the 230-900 nm range with steps of 1 nm. A 1 mL 2 M HCl
solution was used as a reference.
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Figure 3.2: 1: Loading/elution solution, 2: Tubing, 3: Pump, 4: Purge tube for removing air, 5: Column inlet, 6: Column, 7:
Column outlet, 8a: Tubing to waste container, 8b: Tubing to vials, 9: Fraction collector, 10: Collection vials.



4
Results and Discussion

In this chapter, the results of the experiments as described in Chapter 3 are presented and discussed.
All experiments are carried out in triplicate and the reported associated error or the size of the error bar
corresponds to one standard deviation of the mean. Results are tabulated in the Appendix (A).

The ratio of Gd versus Tb in the solutions is kept at 100 throughout all experiments unless mentioned
otherwise. This is to approach the 104 ratio that would be the result after irradiation of Gd. This 104
ratio is not used for various reasons: First, the amount of Tb that can be minimally used is fixed when
measuring on the Wallac due to the limited amount of activity that is present. The same goes for mea-
suring on the ICP-MS as there the Tb is already at the lower (and the Gd at the upper) limit of detection.
Finally, the amount of Gd that can be maximally used is also limited due to its availability. The ratio is
increased in one experiment to show increasing it does not result in substantial decrease in separation.

Since the Tb EE is calculated with Equation 2.3 and the Gd EE with Equation 2.2 due to differing
measurement techniques, comparison between the two relies on a similar result of the equations. This
is expected when there are no losses in the extraction, i.e. the combined amount in the aqueous and
organic phase equals the total amount. If there are losses, Equation 2.3 yields results that are too high.
However, no loss of Tb was measured and comparison is therefore possible.

4.1. Extractant selection
For selecting an extractant with the best separation potential for Tb and Gd various experiments were
performed. The EEs of Tb and Gd for three extractants are shown in Figure 4.1. The pH for the extrac-
tion was difficult to select as data in literature for solvent extraction of lanthanides is hard to compare
due to a high variety in ionic strength and type of aqueous media, used organic phases, and concen-
tration of extractant.48 Most literature concerning the separation of Tb, Gd, and Dy uses pH values
between 0 and 2, however, since a higher EE was reported at a higher pH, the highest pH that could
be made without having to adjust the ionic strength was used.44,46–51 In Figure 4.1, the DDPA/TBP com-
bination showed the best selectivity for Tb (73.6 ± 2.5 % Tb EE vs 47.8 ± 1.5 % Gd EE) while DEHPA
and PC-88A were able to extract the most Tb, EEs of 98.3 ± 0.5 % and 98.6 ± 0.2 % respectively. The
lower EE for DDPA/TBP at this pH could be explained by its lower concentration compared to the other
two extractants as it did not fully dissolve or because the pH of the aqueous phase was too low. Raising
the pH can improve the EE as will be discussed in Section 4.2. In any case, the lower dissolution and
therefore concentration of extractant in the organic phase is undesired as it limits the amount of metal
that can be extracted. DDPA was therefore discarded as an extractant option.

To investigate the extraction differences between DEHPA and PC-88A the EEs of Tb were investigated
at other extractant concentrations and EEs of Tb and Gd at varying pH values. The results of these
experiments are shown in Figure 4.2. Near 100 % Tb EE can be achieved with both extractants, but
DEHPA does this at lower concentrations. EEs of Gd with DEHPA are lower in the measured pH range.
Lowering the PC-88A concentration could result in a lower Gd EE but this would also result in a lower

17
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Figure 4.1: Extraction efficiencies [%] of Tb and Gd for various extractants at pH = 1.3. The extractions were carried out with
15 mM Gd and 0.15 mM Tb in HNO3 as the aqueous phase, PE 100-140 as the organic phase and 10 min vortexing time. The
concentrations of the extractants are 0.1 M DEHPA, 0.5 M PC-88A and 0.1 M DDPA with 2 % v/v TBP. The error bars represent

one standard deviation of the mean.

Tb EE which is undesired. DEHPA is therefore selected as an extractant. The extraction using DEHPA
will be optimized to improve separation, i.e. extract less Gd whilst still extracting near 100 % Tb. The
results of this optimization are reported in the following section.

4.2. Extraction optimization
To optimize the DEHPA extraction system multiple parameters can be varied. These include the pH of
the aqueous phase, the vortexing time, the type of organic phase, the type of aqueous phase and the
DEHPA concentration. The results of this optimization will now be discussed.

4.2.1. pH
In Figure 4.3, the results of the extraction are shown for a wide range of pH values. The EE of both Tb
and Gd increases with pH. This is caused by the protonation of DEHPA at lower pH values (or depro-
tonation at higher pH values). The higher the concentration of H+ atoms in the solution, the less free
DEHPA and the lower the EE. Furthermore, the amount of free DEHPA that is dissolved in the aque-
ous phase grows with pH facilitating the complex formation and subsequent extraction.72,73 This pH
dependence in solvent extraction of lanthanides by DEHPA is heavily supported by literature.30,48,74–78
In Figure 4.3, it can also be observed that at pH 1.5 and higher, the EEs drop slightly. This is an un-
expected result as all of the above suggests an increase in EE with pH up to the maximum EE of the
system. There are however a few differences in extraction conditions other than pH that can be the
cause of this discrepancy.

First, the pH of aqueous solutions with pH 1.5 and higher containing radioactive Tb was raised us-
ing various amounts of NaOH as discussed in Section 3.2.1. This addition of Na+ ions to the aqueous
phase raises its ionic strength. A higher ionic strength is reported to have a positive effect on the EE in
solvent extraction due to the ’salting-out effect’.34,79,80 Salting out is the phenomenon observed when
the solubility of a compound in an aqueous phase decreases with an increase in the concentration of
a salt. In this case, adding more Na+ ions could mean a decrease in solubility of Tb and Gd, pushing
them towards the organic phase, facilitating the complex formation with DEHPA, and subsequently in-
creasing the EE. This is however not what is observed, as the EE is lower.
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Figure 4.2: A: Extraction efficiency [%] of Tb for DEHPA and PC-88A at pH = 1.3 versus extractant concentration. Bottom:
Extraction efficiencies [%] of Tb and Gd for 0.1 M DEHPA and 0.5 M PC-88A versus pH. All extractions were carried out with 15
mM Gd and 0.15 mM Tb in HNO3 as the aqueous phase, PE 100-140 as the organic phase and 10 min vortexing time. The

error bars represent one standard deviation of the mean.
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Figure 4.3: Extraction efficiencies [%] of Tb and Gd using 0.1 M DEHPA at various pH values. The extractions were carried out
with 15 mM Gd and 0.15 mM Tb in HNO3 as the aqueous phase, PE 100-140 as the organic phase and 10 min vortexing time.
The error bars represent one standard deviation of the mean. The lines serve to guide the eyes but have no scientific meaning.

A second possibility is that the co-extraction of Na+ ions decreases the EE of Tb and Gd. This was
however not seen by Devi et al. and Shibata et al. in the extraction of Co2+ with sodium salts of DEHPA
and is therefore not expected here either.59,81

A third option is that the Na+ ions bind with the NO−
3 ions reducing the amount of GdNO3

2+ and
TbNO3

2+ in the solution. This means that relatively more DEHPA is needed for the extraction as dis-
cussed in Sections 2.3.3 and 4.2.4, lowering the EE. This was confirmed by a speciation simulation in
CHEAQS (Table A.8): an increase in Na+aq ions leads to a decrease in the concentration of GdNO3

2+

and TbNO3
2+. An experiment at pH = 3.5 with 100 times less Tb, Gd, and DEHPA measured on the

ICP-MS without using NaOH to raise the pH resulted in EEs of both Tb and Gd of 100.0 ± 0.0 % sug-
gesting that the additional Na+(aq) ions could have had a negative effect on the EE.

Finally, the temperature differed between the lower and higher pH experiments. The lower pH ex-
periments were done in November at ±20°C and the higher ones in January at ±18°C. It is reported
that a lower temperature can decrease the EE as it decreases mass transfer between phases and can
decrease the solubility of compounds in solutions.82–86 However, the reverse is also reported indicating
that this influence is very system-specific.87–91 More investigation is therefore required into the temper-
ature dependence of the extraction system used here. It should be noted that all other experiments
were performed at least within a period of a few days from each other at very similar lab temperatures.
The potential temperature influence is therefore assumed to be absent there. The maximum separation
at high Tb EE was at pH = 1.3 (98.3 ± 0.5 % Tb versus 85.7 ± 5.5 % Gd), the subsequent experiments
were therefore performed at that pH.

4.2.2. Vortexing time
Extractions were carried out at a range of vortexing times to determine its influence on the EE. The
results are shown in Figure 4.4. The extraction is very fast, after 30 seconds most of the Tb and Gd
has formed a complex and moved to the organic phase. The same is observed by Kumari et al. in the
extraction of other lanthanides with DEHPA.30 The Tb EE slowly continues to increase with vortexing
time, the Gd EE stays around 90 %. 10 minutes of vortexing was therefore optimal for extraction. As
DEHPA is shown to be selective for Tb over Gd it was hypothesized that a shorter vortexing time might
show better separation as the Tb would form a complex first. Because the concentrations of DEHPA
and Gd greatly exceed the Tb concentration this is not observed here.
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Figure 4.4: Extraction efficiencies [%] of Tb and Gd using 0.1 M DEHPA and aqueous phase at pH = 1.3. The extractions were
carried out with 15 mM Gd and 0.15 mM Tb in HNO3, PE 100-140 as the organic phase and various vortexing times. The error

bars represent one standard deviation of the mean. The lines serve to guide the eyes but have no scientific meaning.

4.2.3. Organic phase
Three different organic solvents were investigated: PE 100-140, chloroform and benzene. In the ex-
traction with benzene, the phases were difficult to separate after vortexing as their densities were very
similar causing the formation of bubbles in the vial. This is undesired so benzene was quickly discarded
as a solvent option. The Tb EEs of PE 100-140 and chloroform were 98.3 ± 0.5 % and 64.6 ± 0.4 %
respectively. One possible explanation for the lower EE in chloroform is that it has a dielectric constant
of 4.81 while petroleum ether has a dielectric constant of 2, both at 25°C.92,93 It has been reported that
an increase in the dielectric constant of the diluent has a negative effect on the EE as the interaction
between the diluent and the extractant is increased, thus decreasing the availability of the extractant for
extraction.86,94 Another influencing factor is the solubility of the organic solvent in the aqueous phase.
Chloroform is more soluble in water than PE 100-140, 0.815 wt % versus 0.004 wt % at 20°C.33 They
are both still highly insoluble so this cannot fully explain the difference in EE. Finally, their viscosity
influences the vortexing phase of the extraction. A higher viscosity lowers the Reynolds number of the
mixing system given in Equation 4.1 and subsequently lowers the tendency for turbulent mixing. Here
Re is Reynolds number, the ratio between inertial and viscous forces, ρ is the density in kg/m3, u the
flow speed in m/s, L a characteristic length and µ the dynamic viscosity in kg/(ms).

Re =
ρuL
µ

(4.1)

A higher density increases the Reynolds number as opposed to a higher viscosity. PE 100-140 has a
viscosity of 0.46 mPa s while chloroform has a higher viscosity of 0.542 mPa s at 25°C. The densities
of PE 100-140 and chloroform are 0.74 and 1.49 g/mL respectively.95 The Reynolds number of the
chloroform extraction is therefore higher causing a more turbulent flow. Because the phase mixing is
done on a vortexing machine for 10 minutes this influence is negligible and therefore the difference
in EEs is attributed to the difference in dielectric constants. In microfluidic solvent extraction however,
this does play a more important role. The choice of PE 100-140 as an organic phase also makes the
extractions more reliable as chloroform is highly volatile and may evaporate partly during the extraction.
It should be noted that PE 100-140 itself is not an ideal compound to use as it is toxic and flammable.
Less dangerous solvents like ionic liquids as discussed in Section 2.3 may therefore be investigated in
future research if required.
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Figure 4.5: Extraction efficiency [%] of Tb and Gd using 0.1 M DEHPA in PE 100-140 with aqueous phase HNO3 or HCl at pH
= 1.3. The extractions were carried out with 15 mM Gd and 0.15 mM Tb and 10 minutes vortexing time. The error bars

represent one standard deviation of the mean.

4.2.4. Aqueous phase
Both HNO3,aq and HClaq were investigated as an aqueous phase. The extraction results are shown in
Figure 4.5. It can be observed that the EEs for Gd for HCl and HNO3 are not significantly different, 85.7
± 5.5 % and 85.5 ± 2.1 % respectively. The Tb EE are significantly different however, 98.3 ± 0.5 % for
HNO3 and 88.6 ± 3.2 % for HCl. This can be explained by a speciation simulation done in CHEAQS.
The used parameters are given in Table A.8 along with the relative amount of free and bounded Tb3+
and Gd3+. When using HNO3 as an aqueous phase, there is less free Tb and so the complexation
mechanism as discussed in Section 2.3.3 is important: one or two Cl− or NO−

3 group(s) can replace
a DEHPA dimer in the extraction meaning less DEHPA molecules are needed per Tb atom.61 This
explains that more Tb can be extracted with less DEHPA when using HNO3 as the aqueous phase.
HNO3 showed the best separation. Further investigation can be done by looking for other ions like
NO−

3 that are selective for Tb over Gd or by increasing the NO−
3 concentration as this could increase

their separation.

4.2.5. DEHPA concentration
Finally, the concentration of DEHPA was varied. Increasing it was expected to result in a higher Gd EE
since the Tb EE is already high. The Gd concentration was therefore increased to 150 mM. The results
of the extractions are shown in Figure 4.6. The EEs increase with DEHPA concentration as is expected
and widely reported in literature.30,44,47,50,52,96,97 The difference in Tb and Gd EEs upon decreasing the
DEHPA concentration stays about constant. It can also be observed that the ratio between the Gd and
Tb concentration does not have much effect on their separation as long as the amount of DEHPA is
sufficient; the EE of Tb goes from 98.6 ± 0.2 % to 93.1 ± 1.2 % and the EE of Gd from 85.7 ± 5.5 %
to 77.1 ± 5.8 % when increasing the Gd amount. Increasing the DEHPA concentration should make
up for the difference in EE for Tb. The fact that increasing the DEHPA concentration linearly with the
Gd concentration does not give the same EE as before can be caused by a decrease in the amount
of TbNO3

2+
aq . Another cause can be that DEHPA is much more viscous than PE 100-140 (56 mPa s

versus 0.46 mPa s and increasing the amount of DEHPA and therefore the DEHPA/PE 100-140 ratio
increases the viscosity of the organic phase by a significant amount.98 This makes the mixing of the
two phases more difficult and can have a negative effect on the EE.
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Figure 4.6: Extraction efficiencies [%] of Tb and Gd. The extractions were carried out with 150 mM Gd and 0.15 mM Tb in
HNO3 as the aqueous phase at pH = 1.3. Various concentrations of DEHPA in PE 100-140 were used as the organic phase

and the vials were vortexed for 10 minutes. The error bars represent one standard deviation of the mean.

4.3. Back-extraction
As discussed in Section 2.3 in the back-extraction phase a strong acidic solution is added to the organic
phase with extracted complex to break the complex and in turn back-extract the metal ions into the
aqueous phase. The effective back-extraction or stripping of DEHPA-lanthanide complexes is known
to be difficult and so a very acidic solution is required to back-extract most of the Tb and Gd.75,99,100
In Figure 4.7 the BEE of Tb is shown versus HNO3-based solutions in different concentrations as the
back-extracting agent. Most Tb is back-extracted with 2 M HNO3 or higher. A relatively low acidity of
the back-extracting agent is desired as future applications require more dilute solutions. A highly acidic
back-extracting agent would therefore have to be diluted considerably resulting in solutions with large
volumes.

The BEE using HCl-based solutions was also investigated. HCl is a slightly stronger acid than HNO3
and is therefore expected to have a higher BEE. Furthermore, after removing Gd using the solvent
extraction system, the resulting solution has to be further purified using an ion exchange column which
requires the lanthanides to be loaded in a 0.05 M HCl solution. The investigation of the BEE with HCl
is therefore important. The results are shown in Figure 4.8. HCl indeed back-extracts more Tb than
HNO3 at both molarities. The BEEs are however very similar and so there is some freedom when
selecting a back-extracting agent.

The BEE of Gd is assumed to be higher than that of Tb as less Gd is extracted at each pH. The
DEHPA/Gd complex is less strong and is therefore expected to break more easily. An experiment with
2 M HNO3 indeed yielded a near 100 % BEE for Gd. No additional separation is therefore possible in
the back-extraction phase.

The investigation above yielded a Tb EE of 98.6 ± 0.2 % and a Gd EE of 85.7 ± 5.5 % followed by
a Tb BEE of 98.2 ± 0.1 % and Gd BEE of more than 98.2 ± 0.1 % using the DEHPA extraction and
subsequent 2 M HNO3 back-extraction system. This is not sufficient as a standalone separation but the
extraction system is now well understood. In the following section, the aqueous reverse-size selective
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chelator MACROPA is investigated to increase the separation.

Figure 4.7: BEE % of Tb with various concentrations HNO3 as the back-extracting agent. The vortexing time was 10 minutes
and the error bars represent one standard deviation of the mean. The lines serve to guide the eyes but have no scientific

meaning.

Figure 4.8: BEE [%] of Tb with various concentrations HNO3 and HCl as the back-extracting agent. The vortexing time was 10
minutes and the error bars represent one standard deviation of the mean.
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Figure 4.10: The simulated speciation results from Section 2.3.4 (right figure) next to the DEHPA extraction versus pH. The
concentrations Tb and Gd are the same as in Figure 4.3, using 0.1 M DEHPA to extract and a simulated 0.5 M MACROPA to
preferentially complex Gd in the aqueous phase. The lines in the left figure serve to guide the eyes but have no scientific

meaning.

4.4. MACROPA/DEHPA extraction system

Figure 4.9: EEs of Tb and Gd using 0.005
M MACROPA and 0.001 M DEHPA and
back-extraction with 2 M HNO3 for 100x

diluted Tb/Gd aqueous solution at pH 2 and
pH 3.5, a vortexing time of 10 min and PE
100-140 as the organic phase. The error

bars represent one standard deviation of the
mean.

A system with extractant and hold-back agent has the po-
tential to boost separation as discussed in Section 2.3.4
and as shown by Johnson et al. and Sun et al. who both
used a similar so-called ’tug-of-war’ strategy for the sepa-
ration of lanthanides.19,63 Adding MACROPA to the DEHPA
extraction system is not straightforward as a balance has
to be found between the different complex strengths of
MACROPA and DEHPA with Tb and Gd. In Figure 4.10
the DEHPA extraction versus pH is shown next to the
simulated speciation results from Section 2.3.4. Here, the
same concentrations Tb and Gd were used as in Figure
4.3 with the addition of 0.5 M MACROPA. Ideally, the
MACROPA complex is stronger than that of DEHPA as
it would then preferentially complex about 50% Gd and
only 5-10% Tb. The remaining free Tb and Gd could
then be extracted with the DEHPA. As the MACROPA
needs a pH larger than 1.5 to form complexes the sep-
arative capabilities of DEHPA at lower pH cannot be uti-
lized.

In Figure 4.9, the results of extractions using 0.005 MMACROPA
and 0.001 M DEHPA and back-extraction with 2 M HNO3 are
shown for 100x diluted Tb/Gd aqueous solution at pH 2 and pH 3.5 for investigation of the pH depen-
dence of the DEHPA/MACROPA system. It can be observed that the separation is greatly enhanced.
At pH = 3.5, the EE of Tb is still high: 95.0 ± 0.2 % whilst the Gd has an EE of 53.1 ± 3.0 %. This means
that the MACROPA/Gd complex is stronger than the DEHPA/Gd complex as nearly 50% is held back
in the aqueous phase.
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Figure 4.12: EEs of Tb and Gd using MACROPA and 0.001 M DEHPA and back-extraction with 2 M HNO3 for 100x diluted
Tb/Gd aqueous solution at pH 3.5, a vortexing time of 10 min and PE 100-140 as the organic phase versus various

concentrations of MACROPA. The error bars represent one standard deviation of the mean.

Figure 4.11: The
formation of a third

phase after
vortexing in

experiments with
higher

concentrations
MACROPA.

In Figure 4.12, EEs using MACROPA and 0.001 M DEHPA and back-extraction
with 2 M HNO3 are shown for 100 times diluted Tb/Gd aqueous solution at
pH = 3.5 with various concentrations of MACROPA in the aqueous phase.
An increase in MACROPA concentration results in a decrease in Tb EE as
more Tb is held back in the aqueous phase. The Gd EE also decreases
with increasing MACROPA concentration but at very high concentrations it in-
creases again which is unexpected. During experiments with higher concentra-
tions of Tb, Gd, DEHPA, and MACROPA a third phase formed after vortexing
as shown in Figure 4.11. At lower MACROPA concentrations, both before vor-
texing and some time after vortexing, this was not the case and so it is at-
tributed to the lower solubility of the MACROPA/Tb and MACROPA/Gd com-
plexes in an aqueous phase with high ionic strength. As it did not occur at lower
MACROPA concentrations the data shown in this section is not affected in any
way by this third phase formation. If higher amounts of MACROPA are required
it is recommended to use larger aqueous phase volumes to avoid this prob-
lem.

Since the concentrations Tb and Gd can only be measured before adding the
MACROPA and after back-extraction due to restrictions of the ICP-MS detector the
specific behaviour of the system during extraction is hard to investigate. Other quan-
titative measurement techniques like instant thin layer chromatography (iTLC) or
high-pressure liquid chromatography (HPLC) in combination with UV-Vis to obtain
information about the complexation of MACROPA with Tb and Gd therefore have to
be looked at in future research to be able to fully understand and optimize the sys-
tem.

The relations between EEs and pH and MACROPA concentration were also observed by Thiele et
al. where a similar system but with different aqueous phase, organic phase and MACROPA concen-
trations were used in the separation of lighter lanthanides (La - Eu).20 In this thesis, we have shown



4.4. MACROPA/DEHPA extraction system 27

Figure 4.13: The results of repeating the MACROPA/DEHPA extraction system: 0.005 M MACROPA and 0.001 M DEHPA,
back-extraction with 2 M HNO3 for 100x diluted Tb/Gd aqueous solution at pH 3.5 as a starting solution, a vortexing time of 10

min and PE 100-140 as the organic phase. Values shown are total EEs after each step.

that this use of MACROPA as a hold-back agent can be extended to the most difficult to separate lan-
thanides, Tb and Gd, using the DEHPA extraction system developed in Section 4.2. Moreover, the
separation factor of 16.8 ± 1.6 for Tb and Gd is amongst the highest ever reported.

Finally, it was investigated whether the developed extraction system can be performed multiple times
in sequence to increase the separation even more. As most Tb is extracted, this should not lead to
much loss of Tb but should decrease the amount of Gd that is in the solution. To do this however, the
pH of the solution after back-extraction must be raised to where the extraction is optimal. This can
be tricky as the back-extracting agent is very acidic so volumes of 5 mL were used as aqueous and
organic phases to facilitate this. The results of doing this twice (so three extractions in total) are shown
in Figure 4.13. A few things can be observed. First, the EE of the experiments were very similar so the
extraction pH and therefore the extraction conditions of the various experiments were similar enough
for similar extraction results, see Figure 4.14. Second, the overall EEs, especially for Tb are lower than
desired. This can either be caused by an excess of MACROPA or a lack of DEHPA or by the vortexing
manner and has to be fixed to lower losses of Tb in the extraction procedure. The vortexing differed
from before as the volumes were larger but the same vortexing time was used. There is a possibility
that this time was not sufficient, leading to a lower EE. The relative amount of MACROPA was higher
in every extraction including the first as the same concentration was used for every extraction. This
meant that more Gd and Tb could have formed a complex with MACROPA and could therefore not be
extracted resulting in a lower EE. All in all however, this experiment does demonstrate the possibility
of using subsequent extractions to separate a bulk of Gd from Tb in a couple of extractions. The EE
of Tb was approximately 10 times as large as the Gd EE after the third extraction (20 % Tb versus 2
% Gd). To see whether the final product can still be used in ion exchange column chromatography for
further separation two experiments will be done: one with the diluted product of the MACROPA/DEHPA
extraction and subsequent back-extraction and one with a clean loading solution for comparison. The
results of these experiments are discussed in the next section (4.5).
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Figure 4.14: The results of repeating the MACROPA/DEHPA extraction system: 0.005 M MACROPA and 0.001 M DEHPA,
back-extraction with 2 M HNO3 for 100x diluted Tb/Gd aqueous solution at pH 3.5 as a starting solution, a vortexing time of 10

min and PE 100-140 as the organic phase. Values shown are EEs for each extraction.

4.5. Ion exchange column chromatography
As mentioned before, ion exchange column chromatography can be used to further separate Gd and
Tb. The used method and columns were developed by Triskem.17,69 Two experiments were carried
out to investigate whether the final product of the DEHPA/MACROPA extraction system can be used
as a loading solution for the TK212 column: one with the diluted product of the MACROPA/DEHPA ex-
traction and subsequent back-extraction and one with a clean loading solution for comparison. These
solutions were prepared as discussed in Section 3.2.4. The result of the separation with the clean
loading solution is shown in Figure 4.15. The separation is very good, there is no overlap of the peaks
and most of the eluted masses are in their respective peaks: 99.4 % Gd in fractions 4-18, 99.2 % Tb
in fractions 35-42, and 98.6 % Dy in fractions 43-55. This result is in good accordance with results
obtained by Triskem.17,69 In Figure 4.16, the result of the separation using the diluted experiment end
product loading solution is shown. The separation is also very good, there is no overlap of the peaks
and most of the eluted masses are in their respective peaks: 99.6 % Gd in fractions 9-29 and nearly
100 % Tb in fractions 34-44. This result shows that the column separation still works after doing a
prior extraction to remove the Gd bulk. There is one difference between the two measurements: the
Gd is eluted later than before. Most of it was breaking through during the load with the clean loading
solution. In the other experiment, it only showed from fraction 12 onwards, after starting to elute with
0.2 M HNO3. This can be explained by the lower amount of Gd that is being loaded and eluted. As
someGd is expected to interact with the resin inside the column it would only be flushed out after elution.

To check that there was indeed no difference between the clean loading solution and the diluted ex-
periment loading solution their UV-Vis spectra were measured along with a clean solution containing
MACROPA and a DEHPA in PE 100-140 solution. Any variation between the spectra of the two solu-
tions could be attributed to the presence of MACROPA or DEHPA. This is shown in Figure 4.17. The
experiment solution overlaps the clean solution and the DEHPA in PE 100-140 solution. TheMACROPA
shows a different absorbance in the lower wavelength region. We therefore conclude that no measur-
able amount of MACROPA is present in the experiment solution. We cannot conclude the same for
DEHPA since the spectra overlap but as the column separation shows no difference we also expect
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the amount of DEHPA in the experiment solution to be low.

Finally, it must be noted that the amount of waste, both plastic and fluids is very large in the column
separation procedure compared to the solvent extraction separation. The time periods in which the
separations can be done also differ considerably: approximately 1 hour for solvent extraction versus
approximately 8 hours for column separation including regeneration. This shows once more why the
development of a fast removal procedure of the Gd bulk is important.

Figure 4.15: The elution of a clean loading solution (0.05 M HCl) containing 500 mg Gd, 500 µg Tb and 500 µg Dy on the
TK212 column. The fraction volume is 40 mL.

Figure 4.16: The elution of the diluted experiment end product loading solution (0.05 M HCl) containing 500 µg Gd and 4 µg
Tb on the TK212 column. The fraction volume is 40 mL.
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Figure 4.17: The UV-Vis spectrum of various compounds, only the MACROPA spectrum differs from the other measured
solutions.

4.6. Gadolinium and MACROPA recycling
As discussed in the introduction, the enriched Gd required for irradiation is expensive and is ideally
recycled so that it can be irradiated again. The same goes for the MACROPA, it is also ideally reused
since it is hard to come by. In this section, the possibilities for doing this are discussed.

For Gd, the first and easiest option would be to precipitate it with something as that would allow for quick
separation from the aqueous phase. The precipitation of Gd has been shown to be easily possible with,
amongst others, phosphates or oxalates, even at lower pH.101–104 Since the pH of the remaining aque-
ous solution after extraction contains MACROPA complexes of Gd this complex must be destroyed first
by lowering the pH, re-raising it to a value around 1 to avoid the formation of MACROPA complexes
and adding phosphoric acid could then allow for precipitation of Gd. The precipitation at lower pH is
lower than at higher pH and it must therefore be investigated whether this will work.102

A second option is to lower the pH to break the MACROPA/Gd complex as before and then do an
extraction with the DEHPA system at low pH (±1.5). Most Gd and Tb should then be extracted by
the DEHPA and what would remain is an aqueous phase containing only MACROPA. This could then
either be dried down to recover the MACROPA or reused as an aqueous phase for another extraction.
It is advised to investigate this in future research.



5
Conclusion

161Tb is considered a promising alternative to 177Lu in the treatment of neuroendocrine tumors and
prostate cancer.1–6 It has only recently become commercially available with high levels of purity, but
up-scaling its production is still an ongoing area of research since its demand is expected to keep grow-
ing.11 It is produced via neutron irradiation of 160Gd targets and its subsequent separation from said
targets. Current separation methods cannot handle large amounts of irradiated Gd at a time, separa-
tion times are quite lengthy (mL/min) and the required columns are large. A fast removal method of
the Gd bulk is therefore desired and was developed in this research. The main conclusions from this
research will now be summarized and recommendations for future research will also be discussed.

Three possible extractants, DEHPA, PC-88A, and a combination of DDPA and TBP were investigated
for the extraction and separation of Tb and Gd. DEHPA and PC-88A extracted high amounts of Tb
(EEs of 98.3 ± 0.5 % and 98.6 ± 0.2 % respectively) whilst DDPA with TBP did not (EE = 73.6 ± 2.5
%). DEHPA extracted lower amounts of Gd than PC-88A at all measured conditions and was therefore
selected as the to-be-optimized extractant. The DEHPA extraction system was further optimized by
varying the pH of the aqueous phase, the vortexing time, the type of organic phase, the type of aque-
ous phase and the DEHPA concentration.

A lower pH of the aqueous phase was found to have a negative effect on the EEs of both Tb and
Gd mainly caused by the protonation of DEHPA at lower pH. The EEs unexpectedly dropped slightly
at pH 1.5 and higher which could be caused by the presence of Na+ ions in the solution or by a tem-
perature difference between lower and higher pH experiments. The presence of Na+ ions reduces the
amount of GdNO3

2+
aq and TbNO3

2+
aq and in turn lowers the EE as discussed in Sections 2.3.3 and 4.2.4.

The temperature dependency has to be further investigated. The optimal pH for Tb/Gd separation was
found to be 1.3.

A longer vortexing time was found to increase EE, 10 minutes was deemed optimal, but high EEs
were already reported at 30 seconds.

PE 100-140 was found to be the best-tested organic phase for the extraction. The density of ben-
zene was too similar to the aqueous phase making phase separation difficult. The Tb EE of chloroform
was lower than that of PE 100-140 caused by its higher dielectric constant and subsequent increased
interaction with the extractant. Since PE 100-140 is a toxic and flammable solvent, it is advised to
investigate less dangerous solvents like ionic liquids in future research if required.

HNO3,aq was found to be a better aqueous phase for the extraction than HClaq since HClaq had a
lower Tb EE than HNO3,aq (98.3 ± 0.5 % versus 88.6 ± 3.2 %). This could be caused by the increase
in free Tb in HClaq compared to HNO3,aq thereby limiting the complexation and extraction mechanism
discussed in Section 2.3.3 and requiring more DEHPA for the same EE.

An increase in DEHPA concentration was found to have a positive effect on the EEs of both Tb and Gd.
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Finally, it was found that most, > 98 % Tb (and Gd), is back-extracted using 2 M HNO3 or HCl-based
solutions and 10 minutes vortexing time.

The DEHPA extraction system yielded a Tb EE of 98.6 ± 0.2 % and a Gd EE of 85.7 ± 5.5 % followed
by a Tb BEE of 98.2 ± 0.1 % and Gd BEE of more than 98.2 ± 0.1 %. This was boosted by adding the
reverse size selective chelator MACROPA to the aqueous phase to hold back the Gd. Optimization
of this combined DEHPA/MACROPA extraction system for pH and MACROPA concentration yielded a
Tb EE of 95.0 ± 0.2 % and a Gd EE of 53.1 ± 3.0 % thereby showing that the use of MACROPA as a
hold-back agent as reported by Thiele et al.20 can be extended to the separation of the most difficult
to separate lanthanides. Moreover, the separation factor of 16.8 ± 1.6 for Tb and Gd is amongst the
highest ever reported. The extraction was performed multiple times in sequence to further increase
the separation. The ratio between total EEs of Tb and Gd after three subsequent extractions was ap-
proximately 10 demonstrating the potential of using sequential extractions to remove a bulk of Gd from
Tb. The procedure of doing consecutive extractions must however be further optimized as nearly 80%
of Tb was not extracted. Finally, the solution after extraction and back-extraction using the DEHPA/-
MACROPA system was loaded onto the TK212 column developed by Triskem to verify if purification
using the column was still possible. There were no considerable differences between a clean loading
solution and the loading solution after the initial separation showing that the column separation proce-
dure still works after doing a prior extraction to remove the Gd bulk.

As discussed in Section 4.6, it is highly advised to investigate the recycling of Gd and MACROPA from
the aqueous phase after extraction. As the TK212 column separates based on a resin that consists of
different mixtures of organophosphoric, organophosphonic, and organophosphinic acids it could be in-
vestigated whether this mixture has more separation capabilities than DEHPA as an extractant. Finally,
the automation of the extraction system can be investigated in an attempt to further speed up 161Tb
production.
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A
Results

Table A.1: Extraction efficiencies [%] of Tb and Gd for various extractants at pH = 1.3. The extractions were carried out with 15
mM Gd and 0.15 mM Tb in HNO3 as the aqueous phase, PE 100-140 as the organic phase and 10 min vortexing time. The
concentrations of the extractants are 0.1 M DEHPA, 0.5 M PC-88A and 0.1 M DDPA with 2 % v/v TBP. The error represents

one standard deviation of the mean.

Extractant EE Tb [%] EE Gd [%]
DEHPA 98.3 ± 0.5 85.7 ± 5.5
PC-88A 98.6 ± 0.2 96.7 ± 3.0

DDPA + TBP 73.6 ± 2.5 47.8 ± 1.5

Table A.2: Extraction efficiency [%] of Tb for DEHPA and PC-88A at pH = 1.3 versus extractant concentration. All extractions
were carried out with 15 mM Gd and 0.15 mM Tb in HNO3 as the aqueous phase, PE 100-140 as the organic phase and 10

min vortexing time. The error represents one standard deviation of the mean.

Extractant 0.05 M 0.1 M 0.5 M
DEHPA 52.8 ± 0.1 98.3 ± 0.5 96.8 ± 1.8
PC-88A 53.4 ± 0.4 84.6 ± 0.3 98.6 ± 0.2

Table A.3: Extraction efficiencies [%] of Tb and Gd for 0.1 M DEHPA and 0.5 M PC-88A versus pH. All extractions were carried
out with 15 mM Gd and 0.15 mM Tb in HNO3 as the aqueous phase, PE 100-140 as the organic phase and 10 min vortexing

time. The error represents one standard deviation of the mean.

DEHPA PC-88A
pH EE Tb [%] EE Gd [%] EE Tb [%] EE Gd [%]
1.0 92.2 ± 2.4 71.1 ± 3.2 90.0 ± 1.1 70.8 ± 2.8
1.2 97.6 ± 0.2 87.6 ± 1.4 97.3 ± 0.1 95.8 ± 2.5
1.3 98.3 ± 0.5 85.7 ± 5.5 98.6 ± 0.2 96.7 ± 3.0

Table A.4: Extraction efficiencies [%] of Tb and Gd using 0.1 M DEHPA at various pH values. The extractions were carried out
with 15 mM Gd and 0.15 mM Tb in HNO3 as the aqueous phase, PE 100-140 as the organic phase and 10 min vortexing time.

The error represents one standard deviation of the mean.

pH 0.1 1.0 1.2 1.3 1.5 / 1.6 2.0 / 2.2 2.5 / 3.0 5.0
EE Tb [%] 13.9 ± 0.1 92.2 ± 1.1 97.6 ± 1.3 98.3 ± 0.5 97.2 ± 0.7 95.2 ± 0.3 95.7 ± 0.3 96.5 ± 2.0
EE Gd [%] 7.7 ± 3.4 71.1 ± 3.2 87.6 ± 1.4 85.7 ± 5.5 87.3 ± 5.0 91.7 ± 1.5 94.9 ± 2.0 95.4 ± 2.2
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Table A.5: Extraction efficiencies [%] of Tb and Gd using 0.1 M DEHPA and aqueous phase at pH = 1.3. The extractions were
carried out with 15 mM Gd and 0.15 mM Tb in HNO3, PE 100-140 as the organic phase and various vortexing times. The error

represents one standard deviation of the mean.

Vortexing time 30 seconds 1 min 3 min 5 min 10 min
EE Tb [%] 95.5 ± 1.5 95.9 ± 1.6 96.8 ± 0.3 97.42 ± 0.04 98.3 ± 0.5
EE Gd [%] 89.8 ± 1.4 90.4 ± 0.6 - - 85.7 ± 5.5

Table A.6: Extraction efficiency [%] of Tb using 0.1 M DEHPA in chloroform or PE 100-140 with aqueous phase HNO3 at pH =
1.3. The extractions were carried out with 15 mM Gd and 0.15 mM Tb and 10 minutes vortexing time. The error represents one

standard deviation of the mean.

Organic phase EE Tb [%]
PE 100-140 98.3 ± 0.5
Chloroform 64.6 ± 0.4

Table A.7: Extraction efficiency [%] of Tb and Gd using 0.1 M DEHPA in PE 100-140 with aqueous phase HNO3 or HCl at pH =
1.3. The extractions were carried out with 15 mM Gd and 0.15 mM Tb and 10 minutes vortexing time. The error represents one

standard deviation of the mean.

Aqueous phase EE Tb [%] EE Gd [%]
HNO3 98.3 ± 0.5 85.7 ± 5.5
HCl 88.6 ± 3.2 85.5 ± 2.1

Table A.8: The result of a speciation simulation in CHEAQS. The used parameters are: [Tb3+] = 0.15 mM, [Gd3+] = 15 mM,
[H+] = 0.05 M, [NO−

3 ] = 68.8 mM, 18.8 mM and 68.8 mM, [Cl−] = 28.1 mM, 78.1 mM and 28.1 mM, [Na+] = 0 M, 0 M and 0.5
M and the values given are relative to the initial concentration Gd/Tb added to the solution.

Species HNO3 HCl HNO3 + NaOH
Free Tb3+ 89.73 % 95.97 % 92.26 %
TbNO3

2+ 10.25 % 3.93 % 7.72 %
TbCl2+ 0.02 % 0.09 % 0.02 %

Free Gd3+ 94.20 % 97.73 % 95.68 %
GdNO3

2+ 5.77 % 2.14 % 4.30 %
GdCl2+ 0.03 % 0.11 % 0.02 %

Table A.9: Extraction efficiencies [%] of Tb and Gd. The extractions were carried out with 150 mM Gd and 0.15 mM Tb in
HNO3 as the aqueous phase at pH = 1.3. Various concentrations of DEHPA in PE 100-140 were used as the organic phase

and the vials were vortexed for 10 minutes. The error represents one standard deviation of the mean.

DEHPA concentration [mol/L] 0.05 0.2 0.5 1.0
EE Tb [%] 53.1 ± 0.4 66.0 ± 0.6 85.7 ± 1.2 93.4 ± 0.5
EE Gd [%] 28.9 ± 7.1 34.1 ± 3.2 63.3 ± 1.2 77.1 ± 5.8

Table A.10: BEE [%] of Tb with various concentrations HNO3 and HCl as the back-extracting agent. The error represents one
standard deviation of the mean.

Concentration BE agent [mol/L] 1 1.5 2 3 4 5
HNO3 79.2 ± 3.6 95.2 ± 0.1 98.2 ± 0.1 99.39 ± 0.04 99.5 ± 0.2 99.77 ± 0.01
HCl 81.5 ± 1.4 - 98.2 ± 0.2 - - -

Table A.11: The results of extractions using 0.005 M MACROPA and 0.001 M DEHPA and back-extraction with 2 M HNO3 for
100x diluted Tb/Gd aqueous solution at pH 2 and pH 3.5, a vortexing time of 10 min and PE 100-140 as the organic phase. The

error represents one standard deviation of the mean.

pH EE Tb [%] EE Gd [%]
2.0 90.1 ± 1.7 61.9 ± 1.5
3.5 95.0 ± 0.2 53.1 ± 3.0
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Table A.12: The results of extractions using MACROPA and 0.001 M DEHPA and back-extraction with 2 M HNO3 for 100x
diluted Tb/Gd aqueous solution at pH 3.5, a vortexing time of 10 min and PE 100-140 as the organic phase versus various

concentrations of MACROPA. The error represents one standard deviation of the mean.

MACROPA concentration [mol/L] EE Tb [%] EE Gd [%]
0.001 96.3 ± 1.8 75.8 ± 1.7
0.005 95.0 ± 0.2 53.1 ± 3.0
0.01 93.4 ± 2.7 58.9 ± 2.3

Table A.13: The results of repeating the MACROPA/DEHPA extraction system: 0.005 M MACROPA and 0.001 M DEHPA,
back-extraction with 2 M HNO3 for 100x diluted Tb/Gd aqueous solution at pH 3.5 as a starting solution, a vortexing time of 10

min and PE 100-140 as the organic phase. Values given are total EEs after each step.

Extraction # 0 1 2 3
EE Tb [%] 100 56.0 34.8 19.8
EE Gd [%] 100 21.2 7.3 2.6

Table A.14: The results of repeating the MACROPA/DEHPA extraction system: 0.005 M MACROPA and 0.001 M DEHPA,
back-extraction with 2 M HNO3 for 100x diluted Tb/Gd aqueous solution at pH 3.5 as a starting solution, a vortexing time of 10

min and PE 100-140 as the organic phase. Values shown are EEs for each extraction.

Extraction # 1 2 3
EE Tb [%] 56.0 62.2 56.8
EE Gd [%] 21.2 34.3 36.3



B
Data Analysis

B.1. ICP-MS Data Analysis
The ICP-MS returns measured concentrations of its samples in µg. It does this by calibration of sam-
ples with known concentrations. Usually several of these reference samples are measured to create
a calibration plot of counts vs known concentration for each element. The calibration plots of Tb and
Gd are shown in Figure B.1. The calibrations at lower concentrations (0 - 5 ppb) are not very good.
As this is our range of measurement for Tb we use radioactive Tb and gamma counting for Tb EE
measurements. The calibrations for Gd in the range we are interested in (300 - 500 ppb) are good, the
relative error is not more than a percent.

To calculate the EEs, the concentrations of the samples before and after the extraction were corrected
for dilution and used as input in Equation 2.2 replacing the activity.

B.2. Wallac Data Analysis
The Wallac gamma counter returns the number of counts of a measurement over a certain time period.
These counts are corrected for decay and the weight of the vials using the measured average density of
the respective phase. The EEs are then calculated using Equation 2.3. This equation is used instead of
Equation 2.2 because measurement results on the Wallac are influenced by the sample volume. As the
measured organic and aqueous phases have equal volume this is not a problem, but if the total activity
(which has higher volume) were to be measured this would influence the results. All calculations of the
EEs were done with Python.

Figure B.1: The ICP-MS calibration and residual error plots. The calibration at higher ppb is better for both Tb and Gd.
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