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Abstract 

SAFARI-I reactor is a "tank-in-pool" high flux reactor that is situated in Pelindaba, South Africa. 

The SAF ARI-1 is .3: material testing reactor that uses LEU target plates, containing 19% uranium 

enrichment. When producing the target plate (TP), aluminium alloy of nuclear grade (grade 6061 Al 

sheets) is used. In order to produce the target assembly, a picture-frame method of target assembly 

is used to produce the target plate by using two aluminium sheets that sandwich another sheet, 

which has uranium aluminide in it. The uranium aluminide and aluminium powders are 

amalgamated and compressed to reach the required 2.17 g/cm3 of the LEU fuel density (Ali et al. , 

2013). 

During the process of U/ Al target plate production; a lot of scrap material is generated containing 

uranium that may be recovered, purified and recycled into the target plate manufacturing process. 

Necsa has followed a process of dissolving the target plate scrap using potassium hydroxide; 

however, the process has not been optimised. 

The aim of this study was to determine the optimum dissolution medium for the U/Al scrap material 

in either NaOH or KOH. Another objective was to evaluate the U recovery process from the residue 

remaining after alkaline dissolution of the scrap material, and determine if traces of aluminium 

remaining after dissolving uranium residue in nitric acid had any impact on the recovery of uranium 

using solvent extraction, and also to assess ion exchange as an alternative purification method. 

Alkali media concentrations were optimised for both NaOH and KOH, and the optimum 

concentration, based on the dissolution rate and re-precipitation time, was 6.0 M with a 3.0 M 

excess alkali concentration required for stoichiometric dissolution of the aluminium. Parameters 

including stirring rate, temperature and the addition of NaNO3 were also optimised. A combination 

of all parameters revealed that the optimum dissolution parameters for pure aluminium were an 

alkaline medium ofNaOH at 6.0 M with 3.0 M excess concentration and 3.5 M NaNO3 and stirring 

the solution at 1000 rpm. This optimisation was based on the effect each parameter had on both the 

dissolution rate and re-precipitation time. 

The optimised parameters were implemented on unirradiated UChem aluminium alloy samples. The 

optimised dissolution method was an improvement from the previously used method at Necsa. The 

optimised parameters were further used to dissolve target plates containing depleted uranium (DU). 

Dissolution kinetics of the DU target plate showed that the dissolution rate of the TP in only sodium 

hydroxide was higher (0.5328 g/min) when compared to the reaction with the inclusion of sodium 

nitrate at 3.0 M concentration (0.1488 g/min). 



The uranmm residue, from previous dissolutions on site at Necsa was used for optimising 

dissolution of uranium with varied HNO3 concentrations and temperatures. The optimum 

dissolution parameters for uranium when favouring a higher dissolution rate were 6.0 M HNO3 at 

50°C. Otherwise, when uranium dissolution efficiency is the priority, a lower concentration of 1.0 

M HNO3 and lowered temperature of 25°C are the parameters to follow. Therefore, for this study, a 

3.0 M HNO3 concentration at 25°C were chosen as parameters for dissolution of the uranium to be 

further processed via solvent extraction to recover uranium. This choice was made because tributyl 

phosphate (TBP) has a lower solubility at that concentration of acid. Solvent extraction was 

performed using 30% TBP in kerosene with a ratio of aqueous (uranium residue dissolved in nitric 

acid) to organic being 1: 1. Different amounts of aluminium were added to the uranium solutions to 

determine the effect the Al concentration has on uranium extraction. Adding Al to uranium 

solutions had a small effect on extraction; at 1.25% Al (m/m U), the highest extraction of 98.8% 

was observed and adding any more than that had a negative effect on extraction. Uranium stripping 

was also investigated by optimising the (NH4)2CO3 concentration between 0.5 M and a higher 

concentration of 1.0 M. Results showed that at a higher (NH4)2CO3 concentration, uranium 

stripping was increased from an average of 23 .89% to 83.90%. 

An alternative uranium recovery method using ion exchange resin was evaluated. Three resins, 

Amberlite IRC747, Amberlite IRC748 and BioRad AG50W-X4, were tested to determine the one 

that would recover more uranium. The evaluation was done by comparing the distribution 

coefficient of uranium on each resin. Uranium had the highest Ko of 4461 .9 ml/dry g with the use 

of Amberlite IRC747. Amberlite IRC747 was further tested in a column experiment for uranium 

recovery with a uranium feed concentration of 480 ppm. With the flow rate set to 1.65 ml/min, 

uranium breakthrough was observed at 60.69 bed volumes, equivalent to a breakthrough capacity of 

29 .11 g U/L resin. Comparing both recovery methods, solvent extraction (SX) recovered 86.27% of 

uranium in the solution, while an ion exchange resin recovered 82.08% uranium. In terms of 

purification of the uranium, solvent extraction also performed better, since aluminium was removed 

to below its detection limit, while in the column run no separation of aluminium from uranium was 

observed. 

Keywords: Aluminium, dissolution, uranium 
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Chapter 1: Introduction 

1.1 Theoretical background 

Research reactors (RRs) are crucial tools for education and training on reactor operation for use in 

basic and applied research in a wide range of scientific areas, like radioisotope production and the 

radiation resistance of new materials (such as nuclear fuel) in their prototype stages. RRs may be 

used either for irradiation purposes or for training and education. When used for irradiation 

purposes, one would follow a process of inserting specimens (for testing) in the core or near the 

core of the reactor (which is where the highest neutron flux is experienced) in order to prompt the 

effects of radioactivity; isotope production; or to test radiation damage that a material can undergo. 

In terms of using RRs for education and training, this is a good way to expose operators of a power 

plant to the technicalities as well as provide hands-on experience on learning about the reactor 

systems that one may encounter when operating a power plant. The education provided by RRs may 

be formal - for radiological technicians and engineers, and informal when educating the general 

public and students (National Academies of Sciences and Medicine, 2016). 

The primary objectives of an RR are the production of isotopes required m the medical and 

industrial field, neutron activation analysis, and neutron scattering studies, amongst others. These 

reactors are also employed to test/study the effects that will be observed when irradiating materials 

that may further be used for power production reactors (Farrell, 2012). 

The International Atomic Energy Agency (IAEA) Nuclear Research Reactor Data Base (RRDB) 

gives information on more than 270 operating RRs around the world with a range from zero to 

several hundred MW of thermal power (International Atomic Energy Agency, 2000). There are 

different types of reactors, such as the Siemens Unterrichtsreaktor (SUR), Argonaught reactor, 

Slowpoke Reactor, the miniature neutron source reactor (MNSR), TRIGA reactors, High Flux 

Reactors (HFR), and Material Testing Reactors (MTR) (Bock and Villa, 2001). 

The SUR produces power between 100 mW to 10 W by using U3Os fuel material that has been 

mixed with polyethylene powder. The fuel used to power the reactor is 235U is been enriched by 

about 20% and packaged in fuel disks. The SUR also produces a maximum neutron flux of 6 x 106 

cm-2.s- 1 (Bock and Villa, 2001). 

The Argonaught reactors operate between 2 Watts and 300 kW but most of these reactors are rated 

to operate up to 100 kW. The fuel used in the core is U-Al where the uranium can either be highly 

enriched or low enriched and rolled into sheets where the uranium (fuel meat) is compressed 



between two sheets of aluminium and cut into plates. This reactor uses graphite as a neutron 

reflector, utilises light water as both a moderator and a coolant. The maximum neutron flux is 2 x 

10 12 cm·2.s·1 (Bock and Villa, 2001). 

A Material Testing Reactor (MTR), which is a type of research reactor and is normally a pool-type 

reactor, uses plate-type fuel that is shaped in a rectangular form which normally encases highly 

enriched fuel (Bock and Villa, 2001 ), but in this study presented the targets plates that are of 

concern house low enriched uranium fuel. 

MTRs are smaller in size compared to power producing reactors. Their purpose is to conduct 

research on materials which have been proposed to be used in the near future, and utilize the 

neutrons for diffraction studies on materials. The main purpose of an MTR is for the intense neutron 

irradiation on materials to further study changes that may occur over a period of time post 

irradiation. These tests are done under strict and specified conditions in which the material will be 

used; and safety precautions are a high priority, due to the massive amounts of heat and high doses 

of radiation which are emitted as a result of the fission reaction. Generally, the MTR is a water­

cooled reactor system that uses normal water as a moderator as well as a coolant for the heated core 

of the reactor. It employs beryllium as a neutron deflector to all those neutrons that may escape the 

core during the process of fission (Iracane, 2006). 

The core of a power-generating reactor contains fuel assemblies which are in long zircaloy clad 

cylindrical tubes that contain ceramic U02 fuel pellets. The fuel rods are typically 60 mm in height 

and they are placed in a vertical position. The fuel pellets contain 23 5U which has been enriched to a 

low percentage, typically below 5% (Iracane, 2006). 

The type of fuel that an MTR uses is low-enriched uranium (LEU), which is below 20% 

enrichment; although in the past MTRs have also utilized high-enriched uranium (HEU), at up to 

50% enrichment. With the change from 50% to below 20% enrichment, to maintain the longevity 

and reactivity of the reactor core there was a need to increase the loading of uranium in the fuel 

plates. Normally, for an MTR to be functional it will employ a typical aluminium-clad UAlx or 

U3Sii alloy fuel type_ This is because the fuel has been enriched to a higher level compared to a 

power supplying reactor. The MTR has the ability to provide radiation at high dose rates by 

producing isotopes with higher specific activity than those that would be available from other 

sources. The bum up of the fission material from an MTR is so high that the structure of an MTR 

must be able to withstand high amounts of heat that will be dissipated (World Nuclear Association, 

Updated April 2017). 



On the 5th of September 1959, the South African Cabinet formally agreed and approved the 

acquisition of a research reactor, where their choice fell on a material testing reactor with a capacity 

of 6.66 MW which was a type that was originally built at Oak Ridge National Laboratory. The 

MTR located in South Africa, Pelindaba in the North West province called the SAF ARI-1 (South 

African Fundamental Atomic Research Installation) had small additions to increase its power 

capacity from 6.66 MW to 20 MW (Nothnagel, 2015). SAFARI-I is the first "tank-in-pool" high 

flux reactor in South Africa (NTP Radioisotopes SOC, 2017)- with an 8x9 grid, housing 28 fuel 

assemblies, 5 control rods, a regulating rod, in-core irradiation facilities and the reflector elements 

(Ball et al. , 1995). The SAFARI-I has been profiled as one of the main materials testing reactors in 

Africa and has been in commission since March 1965 (NTP Radioisotopes SOC, 2017). SAFARI-I 

is one of the most highly utilised MTRs commercially in the world, producing around a fourth of 

important medical radioisotopes; being 99Mo, 131 I and 177Lu needed by the world (NTP 

Radioisotopes SOC, 2017). 

The MTR's fuel element uses an assembly of fuel plates, which are common around the world. The 

typical fuel assembly, consisting of regularly spaced plates found in an MTR is a set of aluminium 

fuel plates. The spaces in the assembly, allow for cooling water (used as coolant and serving 

simultaneously as a moderator), to flow in between the plates ensuring that the fuel plates do not 

overheat resulting in an uncontrolled nuclear reaction. Numerous RRs around the globe use MTR 

type fuel elements where the fuel plates are fabricated by a world recognized and reputable method 

in assembling a core which has the fuel meat (fissile material), a frame plate and two aluminium 

cladding plates (figure 1. 1 ), with subsequent deformation by hot and cold technique (Saliba-Silva et 

al. , 2011). 

There are two types of uranium alloys used in MTRs: 

1. Uranium aluminide 

2. Uranium silicide. 

When producing fuel plates for an MTR using uranium aluminide, materials that will be essential to 

its production are uranium and aluminium. In the case of uranium, it has to, initially, be mined, 

milled and fabricated to ultimately be placed in fuel pellets and fuel plates. During fuel fabrication 

of uranium, the uranium ore is treated chemically and physically into a uranium alloy with 

powdered purified aluminium. To accompany the above-mentioned constituents, for fuel plate 

production, aluminium sheets of a certain nuclear grade are required (e.g. grade 6061 Al sheets). 

The aluminium sheets go through a series of processes such as manufacturing, inspection, and 

crucial quality control procedures that will, at the end, produce MTR fuel plates. Refer to Figure 1.1 

(Elseaidy and Ghoneim, 2010). 



1/ 

Figure 1.1: U/ Alx Target plate that is used in the production of 99Mo (Kaminski and Goldberg, 

2002). 

The meat (figure 1.1) is encapsulated in an aluminium alloy cladding (blue material) that provides a 

barrier to the release of fission products and transfers heat from the meat to the reactor coolant. 

Targets are manufactured to meet suppliers ' particular size specifications (National Academies of 

Sciences, Engineering and Medicine, 2016). All plates are hot rolled in order to guarantee the 

metallurgical bond between the plates and the pressed meat, and also serve as a protective cladding 

layer (Kaminski and Goldberg, 2002). 

Aluminium and its alloys have low densities amounting to 2. 7 g/cm3 when compared to steel which 

has a density of 7.83 g/cm3 (Davis, 2001). These alloys also exhibit high electrical and thermal 

conductivities with a resistance to corrosion in a variety of conditions; including ambient 

atmosphere. These alloys can be formed due to its characterized ductility. This is observed in pure 

aluminium having the ability to be rolled into thin sheets of Al foil. Aluminium's ductility provides 

strength even at low temperatures as it exists in a face-centred cubic (FCC) crystal structure. The 

primary restriction that aluminium has is that it has a low melting point of 660°C which restrains its 

usage at maximum temperatures. Albeit the low temperatures restrict the usage of pure aluminium 

in works that may involve high temperatures, its mechanical strength can be enhanced by cold work 

and alloying. However, these processes have their own disadvantages as they lower the corrosion 

resistance of aluminium. Elements that are constituents in the alloying process include copper, 

manganese, magnesium, zinc and silicon (Davis, 2001 ). 

Aluminium is found to be non-toxic and therefore can be recycled with a fraction of energy (5%) 

that is needed to produce alumina (AhO3) - this is a main motivation for the importance of 

recycling aluminium. Aluminium readily reacts with oxygen producing a thin aluminium-oxide 

layer on the surface of the aluminium which serves to protect the metal against harsh conditions that 

may lead to corrosion (Davis, 2001 ). 

A 
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1.2 Problem statement 

Necsa's SAFARI-I reactor provides the country with supplies of 99Mo that will decay further to 

produce 99mT c which is used in medical diagnostics. The characteristics of the SAF ARI-1 reactor 

situated at Pelindaba, South Africa are listed in Table 1. 1. The reactor uses 19% low enriched 

uranium fuel , and UAlx target plates for 99Mo production that in the past contained highly enriched 

(46%) U, but in recent years the process is being converted to a completely LEU-based process. 

The fission process happens when the uranium nucleus absorbs thermal neutrons that will cause the 

nucleus to become unstable thus fissioning either into two or three lower mass fragments. In these 

fission fragments , only a small percentage of them are molybdenum-99 (99Mo) atoms. For this kind 

of fission reaction, the nuclear reactor serves as a good thermal neutron producer aiding in the 

production of the desired 99Mo. 

Table 1.1: Characteristics of SAF ARI-1 reactor. 

Name Thermal Thermal Fuel type 99Mo Maximum Typical 
power neutron production annual share of 
(MW) flux Target type operation worldwide 

(n/s/cm2
) (days) production 

(%) 
SAFARI-I 20 2.4 x 10 14 U3Si2 UA lx(both 315 10 - 15 

(LEU-19% HEU=46% 
enriched) and LEU= 

19%) 

During the production of 99Mo, the production rate is dependent on the irradiation time, the thermal 

neutron fission cross section of 235U, thermal neutron flux on the target material, the mass of 235U in 

the target plate, and the half-life of 99Mo. In the typical case of an MTR, the neutron fluxes are in 

the order of 1 x 10 14 neutrons per square centimetre per second (n/cm2/s), while an irradiation time 

of about 5-7 days is usually required to obtain a near-maximum 99Mo production in the target 

plates. 

To extract 99Mo from irradiated target plates, they are dissolved in alkaline solution. While the 

process of dissolution takes place, the uranium and many of the fission products are precipitated to 

form a residue that is comprised of mixed hydrated oxides. The residue is then stored in stainless 

steel drums in a hot cell at the 99Mo production facility. These drums are stored at the facility either 

awaiting final disposal or plans of separating and purifying the contents for further use in the future, 

that may include reusing the uranium as target plates for the production of medical isotopes . 

During the production of the U/Al target plates at the UChem plant at Necsa, a lot of scrap is 

generated that contains U/ Al alloy, and due to the high value of the uranium, it needs to be 

recovered from this scrap, purified and recycled back into the target plate manufacturing process. 

Currently a dissolution route in KOH is being followed, whereby aluminium is dissolved and a 



urarnum residue is generated, which is then dissolved in HNO3 and purified through solvent 

extraction in TBP. This process has not been optimized in terms of dissolution parameters of the 

alloy scrap in alkali , and the residue in HNO3. The effect of traces of aluminium remaining behind 

after dissolution of the scrap in alkali on subsequent dissolution of the residue in HNO3 and the 

solvent extraction purification step thereafter, has also never been ascertained. The possibility of 

using an alternative method for uranium purification, such as ion exchange, has also never been 

pursued. 

1.3 Aim and objectives 

The aim of this study was to determine the optimum dissolution medium for the U/ Al scrap material 

in either NaOH or KOH, and evaluating ion exchange as an alternative purification technology. 

The objectives of this study were to: 

1. find the most effective alkaline solution to dissolve aluminium and its requirement for 

excess solution in order to keep Al stable in solution, by comparing kinetics of dissolution in 

NaOH and KOH, 

2. optimize all dissolution parameters in the chosen alkali, i.e. temperature, stirring rate, NaOH 

or KOH concentration, influence of added NaNO3 on dissolution rate and solution stability, 

3. test validity of optimised parameters on aluminium samples provided by UChem 

4. test the optimized parameters on aluminium containing depleted uranium (DU), 

5. determine the optimum dissolution parameters (optimum HNOJ concentration and 

temperature) for U residue in nitric acid, 

6. determine the effect of various amounts of Al added to the dissolved uranyl nitrate, on the 

efficiency of extraction with TBP and 

7. determine the possibility of resin technology for U purification from generated solution with 

added Al on chelating resins such as Amberlite IRC747 and IRC748, or cationic exchange 

resins such as BioRad AG50W-X4. 



Chapter 2: Theoretical background and literature review 

2.1 Use of aluminium in the nuclear industry 

Aluminium is a metal that is used widely in the industrial sector. This is because of its observed 

characteristics, such as high strength to mass ratio, durability and high corrosion resistance amongst 

others. Because of the fact that aluminium is hardly used in its purest form, an alloy is 

manufactured, which includes the addition of copper, magnesium or silicon which have proven to 

be the optimum elements to form an alloy with aluminium. Aluminium metal is important in the 

nuclear engineering field because of its low neutron absorption characteristics. The passage of 

neutrons is not restricted, which is vital in the case of a continuous nuclear reaction of uranium fuel 

in power production plants or research reactors. Furthermore, aluminium is an effective material 

with regards to the intensive usage in a reactor core with a low temperature that needs to be 

continuously maintained (Mindrisz et al. , 2013). 

Aluminium has been at the forefront of the development of nuclear technology, due to its use as a 

non-fissile metal amongst other properties. It was used in the first continuously operating nuclear 

reactor called the X-1 0 Graphite Reactor situated in Oak Ridge, Tennessee, which went critical in 

1943. It was used in the Graphite Reactor as a clad, protecting the encased highly chemically 

reactive uranium from being contaminated by the air and graphite during the prolonged times of 

irradiation and also providing protection from corrosion by water throughout the stages of nuclear 

decay whilst in an underwater storage facility. Additionally, the aluminium can be employed in 

entrapping the radiation products that may be volatile and in abundance due to the long irradiation 

periods (Farrell, 2012). 

In the industry, pure aluminium is regarded to be unsuitable due to its temperature restrictions 

which prevent it from being used in industrial applications where its low melting point 

characteristic would make it unsuitable. Therefore, the use of aluminium in the nuclear industry is 

limited in terms of electricity production processes that include high temperatures, or marine 

(turbine) propulsion. However, in conditions where the temperature is less than 100°C, aluminium 

is permitted to be in use for a lot of research reactors ; of which many are water cooled reactors. The 

use of aluminium alloys has contributed to the longevity of the reactors (Farrell, 2012). The fact that 

aluminium has the capacity to remove heat as well as limit the generation of heat has made it widely 

exceptional in research reactors. During the fission reaction, the energy that is dissipated during the 

decay process is in the form of heat. Most of the heat that is released (about 80%) would be from 

the fuel that is undergoing fission reactions, whilst some (5-20%) of the energy would be produced 



by the bombardment of the released daughter nuclides and other particles against the target and the 

non-fissile material surrounding the core of the reactor (Farrell, 2012). 

Characteristics that make aluminium such an attractive metal in the nuclear industry are that it is 

found in abundance, inexpensive and it is light in weight. Generally, aluminium is malleable and 

can be shaped to any form through conventional processes of rolling, forging, and extrusion. 

(Farrell, 2012). When aluminium has been exposed to air or aqueous solutions, a thin oxide layer is 

formed which serves to further protect the aluminium from oxidation; except if it is exposed to 

conditions that will destroy the protective layer on the aluminium (Noor, 2009). 

Aluminium' s tensile strength is not high; therefore, it can be strengthened through cold work, solid 

solution hardening, and precipitation treatments. Aluminium exhibits an FCC structure and has no 

crystallographic phase changes. The fact that it is isotropic, guarantees that it will not undergo 

thermal expansion which will cause damage to its structure and also radiation growth similar to 

what graphite goes through and other metals like magnesium and zinc (Farrell, 2012). 

2.2 MTR fuel and targets plates 

The National Research Council of the National Academies of the USA (2009) states that in order to 

successfully migrate from HEU targets to LEU targets, an increase of 235U in the target is required 

and this can be achieved by altering the composition of the target meat. Existing reactors that 

mostly produce 99Mo utilise HEU uranium-aluminium alloy targets that contain about 1.6 g U/cm3. 

Therefore, in order to maintain an equal amount of 235U inside an LEU target of the same size as 

that of an HEU target, the fuel loading would have to be increased to a density of 8 g U/cm3
. The 

LEU targets that contain high density uranium loading may be manufactured using several materials 

which include: uranium metal targets, uranium-aluminium dispersion targets, uranium silicide 

targets, and uranium-molybdenum targets (National Research Council of the National Academies of 

the USA, 2009). 

For uranium metal targets, the Argonne National Laboratory with the assistance of numerous 

organizations have established uranium metal-foil targets that comprises of a LEU metal foil that 

has been rolled to the thickness of about 100 to 150 microns, that is wrapped in an aluminium ( or 

nickel) foil and then encapsulated in a cylinder-shaped aluminium clad. The aluminium barrier 

functions as a recoil obstacle as well as inhibits the uranium foil from bonding with the aluminium 

cladding. Amongst other advantages that encourage the use of the cylindrical targets, the use of 

uranium foil was said to be potentially compatible with the alkaline and acidic dissolution process 

that are currently employed by large scale producers. (National Research Council of the National 

Academies of the USA, 2009). 



High-density low-enriched Uranium-aluminium dispersion targets have been developed and are 

produced by the Comisi6n Nactional de Energia At6mica of Argentina (CNEA) for the production 

of 99Mo aimed at the domestic market (Kohut et al. , 2000; Cestau et al. , 2008). For this type of 

target, the fuel meat has the uranium density of 2.9 g U/cm3 obtained by increasing the ratio of 

uranium aluminide to aluminium in the target 's fuel meat, with the aluminium in the target assisting 

in binding to the target meat. These uranium-aluminium dispersion targets are suitable for use with 

the alkaline dissolution method that are presently used by companies that produce 99Mo on a large 

scale. However, due to the mass of 235U in the targets, they are not able to produce the same amount 

of molybdenum that is produced by the current HEU targets (National Research Council of the 

National Academies of the USA, 2009). 

Uranium silicide targets were primarily developed as a replacement for the LEU targets utilised in 

RRs. An advantage to implementing U3Si2 was that they were able to hold a higher density of 4.8 g 

U/cm3 fuel compared to uranium-aluminium dispersion targets with a maximum of 2.9 g U/cm3. 

However, when using this target it proved to be difficult to dissolve using the conventional 

dissolution process of alkaline or acidic media (National Research Council of the National 

Academies of the USA, 2009). 

The production of uranium-molybdenum targets is being developed and the aim is to use a higher 

density of uranium load by using uranium-molybdenum alloys. The density expected is in the range 

of 7 g U/cm3 to 9 g U/cm3, enough to directly substitute the use of HEU targets. The problem of 

using uranium-molybdenum alloys for producing 99Mo is that there are high amounts of 98Mo in the 

alloy that will dilute the needed 99Mo during irradiation, as a consequence the specific activity of 

99Mo will be reduced rendering it unusable (National Research Council of the National Academies 

of the USA, 2009). 

Fabricating of LEU MTR-type targets for operating a RR requires that there be an increase in the 

amount of uranium that will be loaded in the fuel core plates. With a higher density loading of 

uranium ( 4.20 g U/cm3); it leads to an increase in the core thickness of the fuel plate. A higher load 

of uranium could potentially lead to problems with the cladding of the plates. Each type of MTR 

uses a fuel type that is compatible with the reactor itself. Besides reactor specificity, the 

manufacturing process of these plates must be in accordance with the scope that has been set down 

along with general conditions, manufacturing method, inspection requirements and the accepted 

criteria (Elseaidy and Ghoneim, 2010). 

Even so, the manufacturers do not always use a consistent formula in producing the target plates. 

The ratio between Al and U is never constant and the Al alloy may ( at times) contain contaminants 



which may render the target faulty or useless (i.e. power generated by the reaction is lower than the 

expected, leading to the reactor not performing to its optimised power output). 

With time, the raw material constituents of MTR fuel types are changed with new ones. Therefore, 

the change that comes about has an effect that could influence the quality of the plates. Therefore, 

when that is done, a process of re-qualification is undergone to ensure the usability of the targets 

(Elseaidy and Ghoneim, 2010). 

Currently, the target plates used for the production of 99Mo are normally Al-clad; which are 

miniature aluminium-clad target plates (Fallais et al. , 1978) or Al-clad fuel pins (Jones, 1982), and 

consist of uranium-aluminium alloy ( or U/ Alx) dispersion. Mushtaq (2011 ), conducted various tests 

on the targets prior to them being inserted in the reactor core; the tests included both destructive and 

non-destructive testing. These tests were done in order to determine the maximum power of the 

targets, their maximum uranium content along with the uniformity requirements for their loading. 

For destructive tests, blister annealing tests, bend tests for the adjusted plate cladding and 

microscopic examinations were performed. Non-destructive analysis (for fuel meat location and 

density) involved ultrasonic testing (UT) and radiography (Mushtaq, 2011). 

2.2.1 Uranium Silicide 

In a study conducted by Srinivasan et al. (2004), it is stated that the LEU uranium silicide fuel was 

aimed at replacing the uranium aluminide with regards to dissolution process utilized by the Institut 

National des radioelements (IRE) in Fluerus, Belgium and the Atomic Energy Corporation of South 

Africa; to name a few (Srinivasan et al., 2004). When replacing the UAlx with U3Si2 targets, it 

would be required that there be an advancement in the type of dissolution method. The method 

would have to be more aggressive because U3Si2 targets do not readily dissolve in basic solutions. 

The problem with dissolving U3Sii targets in acid is that the silica will undergo precipitation 

leaving the 99Mo to be irrecoverable from that solution (Burrill and Harrison, 1987). 

Nampira, (2000) elaborated that dissolving uranium silicide fuel plates in HNO3 cannot be achieved 

due to the presence of an aluminium oxide layer on the aluminium cladding used. However, HNO3 

is able to penetrate through the two gaps on either sides of the (fuel element) aluminium plate - used 

in that study - thereby dissolving the uranium fuel. A set back to this kind of mechanism is that 

HNO3 is not able to dissolve the uranium silicide fuel used in the target plate. To counter the 

disadvantage of HNO3, Hg(HNO3)2-HNO3 solution is used to dissolve the uranium silicide 

composition while the nitrate dissolves the uranium. The rate of dissolution is in direct proportion 

with the concentration of [Hg+] (Nampira, 2000). The dissolution efficiency of uranium is 

conditioned by the presence of Hg+. It was found that the optimum concentration of Hg+ for the 

dissolution process was 250 ppm in concentrated HNO3 (Nampira, 2000). 
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2.2.2 Uranium Aluminide 

Two technologies are available in producing LEU targets. One of them being based on a uranium­

aluminium intermediate compound (UAlx) which is spread into an aluminium matrix, called 

dispersion targets and another one which is based on thin metallic uranium foils. The dispersion 

targets are manufactured by using a long-fami liar technology called the picture-frame technique 

with certain specifications depending on the company producing them (Cunningham and Boyle, 

1955; Durazzo et al. , 2007; Conturbia & Durazzo, 2017). When using this kind of technology, the 

fissile meat with a dispersion of UAlx and Al is cladded in an aluminium structure and then rolled 

until the specified thickness is reached. In the UAlx compound x is the value that will vary and 

depend on the fabrication parameters that will be followed, such as the temperature setting during 

hot rolling along with thermal treatment process. Sim et al. (2013) lists the different candidate 

alloys along with the compounds that range from UAlx to pure uranium. The UAlx denotes the 

mixture of uranium aluminides subsequent from melting and casting of a uranium-aluminium 

binary system (Sim et al. , 2013). In the research conducted by Conturbia and Durazzo, (2017), UAh 

was utilised as the initial material, where during the processes of rolling and thermal treatment, the 

uranium dialuminide reacted with aluminium contained in the matrix therefore forming higher 

aluminides (UAb and UAl4). Sim et al. (2013) further explain that 50% particle loading of uranium 

is deemed to be the practical limit when using dispersion meats fabricated by roll bonding. 

Furthermore, the uranium density of dispersion plates can differ from 2.3 g U/cm3 to 9.5 g U/cm3 

conditional to the variability of alloys and compounds used in the fuel meat (Sim et al. , 2013). 

Kaminski and Goldberg, (2002) corroborate this by mentioning that most of the U-Al dispersion 

a: j fuels are made of powder intermetallic uranium aluminide (UAlx) which may be in the form of 

11 UAh, UAb, and UAl4 in aluminium being clad with aluminium. Whenever the targets undergo 

◄ 
irradiation, the aluminide (UAl4) is the most stable and plentiful in the fuel (Kaminski and 

Goldberg, 2002). In this study, aluminide fuels were considered high priority because of the 

presented volume inventory by the United States' Department of Energy, their high enrichment 

along with their metallurgical similarity to the final alloy form from the melt-dilute process (Adams 

et al., 1999). 

2.3 Chemistry of aluminium 

Aluminium exists in the following oxidation states: Ai+ (e.g. AlH), Al2+ (e.g. AlO) and Al3+ (e.g. 

AlzO3). Al3+ is the most common oxidation state. The ionic radii of Al allows for the octahedral 

coordination with other compounds/elements with Al3+ at the center of the octahedron and six 

closely packed compounds/elements (Goldberg et al. , 1996). 



When aluminium reacts with hydroxides, the behaviour observed between Al3+ and the OH" ions 

can be explained by the dependency of aluminium hydroxides ' solubility on pH. Since the OH" 

molecule and the 0 2- ions are very similar in physical dimensions, they can easily replace each 

other in some crystal structures (Goldberg et al., 1996). Goldberg et al. (1996) differentiated the 

behaviour that was observed from the formation of different crystals formed by using information 

that was known about the surface structure of hydroxides. Data currently available is that of 

aluminium's surface chemical behaviour which stems from the study of crystalline hydroxide in the 

form of gibbsite [a-Al(OH)3) or a synthetic oxide y-AhOJ. Available information on other phases is 

limited. Goldberg et al. (1996) also looked at the different phases of crystal formation and other 

ways in which the behaviour of surface chemistry determines the precipitate that is formed in the 

final stage of aluminium interacting with hydroxides (Goldberg et al., 1996). Whenever the 

aluminium metal is dry, the top layer will only consist of oxide ions, which are arranged over the 

aluminium ions in octahedral positions on the lower layer. Alumina (Al ions along with oxide ions) 

chemisorbs a mono layer of water when exposed to moisture, therefore forming hydroxyl ions (T6th, 

2002). A surface functional group that is found abundantly and is chemically reactive (in soil clays), 

which would be found unprotected on the outer periphery of a mineral is the hydroxyl group 

(Sposito, 1984). This chemical compound formation stoichiometrically corresponds to the reaction 

of the oxide ions layer and aluminium ion along with water to form AhO3·H2O. The presence of 

hydroxyl groups arranged in different ways with the Al ions contribute to the reactive functional 

group of alumina surfaces; this is based on stereochemical reasoning (Goldberg et al. , 1996). More 

than one kind of surface hydroxyl groups may be present on a metal ( or mineral), where the 

different groups may be differentiated by their properties such as their infrared absorption spectra 

which would distinguish them from those that are in the bulk of the metal arrangement (Sposito, 

1984). The amount and nature of hydroxide groups is determined by the preferential crystal planes 

that are exposed along with the distribution of aluminium ions that are present at the surface (Toth, 

2002). 

2.4 Dissolution chemistry of aluminium and targets 

Compton et al. ( 1993) mentions that reactions between solids and liquids include a joint sequence of 

mass transportation, adsorption/desorption phenomena, heterogeneous reaction, chemical 

conversion of intermediates at a fundamental level, whose identification, separation and kinetic 

quantification are important if the mechanism of the process is to be thoroughly understood and 

described (Compton et al. , 1993). 

In the field of chemistry, particularly that of analytical chemistry, the process of dissolution can be 

one which poses a lot of challenges (EPA, 2004). This is because a lot of samples contain impurities 



which may be unknown. These impurities have characteristics which vary from the element of 

study. Therefore, to overcome such challenges, the investigator will have to consider a few factors 

such as the analytical instruments employed, the sample medium, any surface contamination that 

may be present, if the dissolution technique that will be used will be effective, the loss of analyte, 

interference caused by reagents in the subsequent analysis, and so forth (EPA, 2004 ). 

2.4.1 Dissolution of metals 

The process of dissolution, since the early ages, has generated interest in characteristics which have 

proven to be important in the chemistry of acids (and bases). This is due to the evolution of 

hydrogen gas during the reaction of acids and bases with metals. Therefore, dissolution reactions 

have been widely studied. Before 1931 , many investigations focused on impure/heterogeneous 

metals. Bronsted and Kane (1931) have mentioned that when intending to elucidate the kinetics of 

reactions between acids ( and bases) and metals one is compelled to using homogeneous metals 

only, as to avoid any impurities contributing to the inconsistency of kinetics that will be observed 

(Bronsted & Kane, 1931). 

Aluminium in various environments has been an interesting subject of study to scientists, simply 

because of the many applications in which aluminium is used. In normal conditions, aluminium 

relies on its own defense mechanism, which happens to be the production of a somewhat compact, 

adherently passive oxide film which aids in the inability for corrosion to occur in different 

environments. The film on the surface of the aluminium piece is amphoteric; which can be 

explained as a metal that can react both as an acid and as a base - therefore it dissolves significantly 

when it is exposed to highly concentrated acidic or basic solutions. During the process of 

dissolution, once the oxide film has corroded away, exposing the bare surface of the metal, the 

solution used as a corrodant begins to dissolve the metal. This is a sequence of electrochemical 

processes that follows after the dissolution of the oxide film (Oguzie, 2007). 

The study conducted by Mindrisz et al. (2013) was mainly directed to determine any significant 

changes during the dissolution of different types of aluminium alloys that may be present or used in 

the manufacture of target plates (Mindrisz et al. , 2013). In the investigation of dissolving aluminium 

scraps UAlx-Al were used with the expectation of understanding the reaction through hot 

dissolution studies. It is mentioned that for this experiment conducted by Mindrisz et al. (2013), the 

dissolution time and amount of gas evolved would be of interest in evaluating the results, due to the 

importance of these parameters to the development of the process. In the study of Mindrisz et al. 

(2013) the solution that was used for dissolution was externally heated up to 85°C. The solution was 

a 3.0 M NaOH and with the addition of 2.0 M or 4.0 M NaNO3. Following that, the aluminium 



scrap was placed in the heated alkaline solutions. In this reaction, a water bath to regulate 

temperature had not been used (Mindrisz et al. , 2013). 

2.4.2 Caustic aluminium dissolution 

Teams from Hanford and Oak Ridge have studied the dissolution of the uranium-aluminium alloy in 

basic solutions, with the purpose of designing a continuous alloy dissolver to be operated in 

conjunction with a reactor. Dissolving the aforementioned alloys can be achieved in two ways; 

either with the aid of sodium nitrate or without it. The purpose of aNO3 addition is to mainly 

restrict the evolution of hydrogen gas, which can pose a great explosive threat. To better understand 

the chemistry behind these reactions, the reactions are illustrated as equation (1) and (2) (Snyder 

and Davis, 1956) 

Without sodium nitrate 

2Al + 2Na0H + 2H2 0 ➔ 2NaAl02 + 3H2 i (1) 

The addition of sodium nitrate yields 

8Al + SNaOH + 3NaN03 + 2H2 0 ➔ 8NaAl0 2 + 3NH3 (2) 

Aleksandrov et al. (2003) studied the reaction of Al foil and powder with dilute aqueous NaOH 

(Aleksandrov et al. , 2003). The reaction of aluminium and dilute aOH readily occurs at room 

temperature yielding H2 gas and sodium aluminate. In the case of a dilute solution, species of 

aluminium which are found to be stable are monomeric tetrahedral aluminate ions [Al(OH)4r Their 

dimers can reach stability when cations are present in the solution. Aleksandrov et al. (2003) 

observed that the reaction of Al with aqueous NaOH is a topochemical reaction; meaning that the 

reaction involves introduction of a guest species into the host (aluminium), which will result in a 

significant structural modification of the aluminium. This modification may be a breakage of bonds. 

The alkaline reaction with the aluminium powder typically gives S-shaped curves with the reaction 

rate (W) being at a maximum of approximately 20 wt% conversion of the Al (Aleksandrov et al. , 

2003). The same reaction with Al foil is a multistage reaction. The reaction rate increases until 

0.02-0.2 wt% has reacted, depending on the reaction. After some time, the reaction rate steadily 

decreases to a steady state level. The period up to the steady state being reached is called the 

induction period (the time needed by the solution to destruct the oxide film found on a metal and 

begin the dissolution of the metal) (Aleksandrov et al. , 2003). 

Studies performed by (Alwitt, et al. , 1974; Foley, 1986) were conducted on the protection 

against/inhibition of the acids and/or bases which work by attacking the oxide film on aluminium 

metals. Alkaline solutions degrade the protective layer on the aluminium at a rapid rate; this is 



possibly due to the presence of Off ions which are positively absorbed (Evans, 1981 ). This 1s 

further explained by (Pyun and Moon, 2000). 

For a system that includes aluminium-alkaline solution, there is a requirement to determine the 

dissociation of the aluminium hydroxide phase that will be needed in determining the solubility of 

the aluminium in that solution. Reports have been made that the dissolution process is a function of 

the aluminium hydroxide in the solid phase (Zhang et al. , 2009). 

In the case of electrochemical dissolution of metals, the usage of sodium hydroxide as a media of 

corrosion is known to proceed by the action of local cells; where aluminium will be used as an 

electrode, thus leading to a loss of metal (aluminium) along with electrical power. In an 

electrochemical dissolution setup, there is a partial anodic reaction and a partial cathodic reaction 

occurring simultaneously on the metal surface (Deepa & Padmalatha, 2017). 

The corrosion mechanism (3) - ( 4) of aluminium in basic solution is as follows : 

Cathodic reaction is the reduction of water to hydrogen: 

H2 0 + e- ➔ ~ H2 + OH-
2 

Anodic reaction for dissolving aluminium in an alkaline solution is: 

Al+ 40H- ➔ Al(OH)4 + 3e­

And the overall reaction (5) will be: 

Al+ 3H2 0 + OH- ➔ Al(OH)4 + ~ H2 i 
2 

(Armstrong and Braham, 1996; Adhikari, 2008; Boukerche et al., 2014) 

The behaviour of aluminium in alkaline solutions 

(3) 

(4) 

(5) 

The process of Al dissolution can be considered as a single step process. This is so because the 

reaction requires two conjugated transfer reactions, where there will be one from Al to Al3+ and 

another between H2O and H2. This kind of dissolution reaction depends on several factors which 

include the hydroxide ion [Off] concentrations and the amount of aluminate ion [Al(OHt4] present 

in the electrolyte (Ernregul & Akstit, 2000; Pyun & Moon, 2000). Pyun and Moon, (2000) 

mentioned that the transportation of Off and Al(OH)4- ions in the solution to and away from the 

metal/solution interface, respectively is anticipated to have an effect on the anodic dissolution 

process of the aluminium metal (Pyun and Moon, 2000). 

Structure and behaviour of aluminate ions in solution 

Eremin et al. (1974) stated that the structure of aluminate ions present in solution has proven to be 

one of the most important problems regarding the chemistry of aluminium and the production of 

alumina through alkali techniques. The underlying nature of the solutions, either being colloidal or 

true solutions was once a disputed study. The dispute, in general, had been on the nature and 



structure of the aluminate ions in solution, due to the complexity of their behaviour along with the 

inconsistency of the numerous test results from previous investigations. The composition and 

structure of the aluminate ions in the solutions which contain different concentrations and varying 

pH levels was still umesolved then (Eremin et al. , 1974). 

Aluminium hydroxide phase 

In a case where there is a reaction between aluminium and an alkaline solution, there is a need to 

determine the dissociation of aluminium hydroxide in the solid phase along with determining the 

solubility of the aluminium in the solution. In the studies of aluminium's solubility, specifically 

when using the metal in chemical separations (Zhang et al. , 2009) and the chemistry of it irt waste 

solution has been investigated in different contexts (Addai-Mensah et al. , 2004; Peterson et al. , 

2007). In the liquid phase the Eh-pH relationship of solvated aluminium species have been studied 

by Wesolowski, (1992) and Addai-Mensah et al. , (2004) forming multiple equilibria in strong 

alkaline solutions to strong acidic solutions. The aforementioned literature stated that, in caustic 

solutions, aluminium hydroxide forms a tetrahedral [Al(OH)4-] species which equilibrates gibbsite 

Al(OH)JCs)- In the caustic solution, the aluminate species form ion pairs with the sodium therefore 

producing electrically neutral species ofNaAl(OH)4 (aq) (McFarlane et al. , 2015). 

It has been reported that the dissolution process is a function of aluminium hydroxide in the solid 

phase (Goldberg et al. , 1996; Zhang et al. , 2009). The aluminium hydroxide formed will have no 

distinct form, existing as one of the three crystalline forms as gibbsite, bayerite or nordstandite 

(McFarlane et al. , 2015). 

Zhang et al. (2009) made predictions that aluminium's solubility in an alkaline solution determined 

by the dissolution reaction of aluminium hydroxide, where the equilibrium of the reaction will be a 

function of the aluminium hydroxide phase: 

Al(OH)3 = Al 3+ + 30H-

Calculating the thermodynamic solubility product (Ksp) as 

Ksp = [AlH][OH-]3 , 

given that 

Kw = [H+J[oH-J , 

substitute Kw into Ksp 

g1vmg: 

3 

Ksp = [Al3+] x c::1) . 

The concentration of aluminium can be calculated as 

[A[3+] = K5 p [H+]3 
Kw 

(6) 

(7) 

(8) 

(9) 

(10) 



Where the equilibrium constant is represented by K\11 

Usually, in alkaline or acidic solutions, aluminium can be found in different states: AI3+, Al(OHk, 

AlOH2+, Al(OH)2+ and Al(OH)3°. Zhang et al. (2009) go on to express the total solubility of 

aluminium as: 

(11) 

The cumulative complexation reactions are further explained by using the concentration of Al-OH 

complex and relating it to Al3+. The results show that in an alkaline so lution (NaOH or KOH), the 

main hydroxide form that is present is Al(OH)4- while the aluminium ions present in solution are 

not stable (Zhang et al., 2009). 

2.4.3 Acidic aluminium dissolution 

The corrosion mechanism of aluminium in acid solution is as follows : 

Al+ H20 ➔ AlOHcacts) + H+ + e-

AlOHcacts) + SH2 0 + H+ ➔ Al3+ + 6H2 0 + 2e­

Al3+ + H2 0 ➔ [AlOH]2+ + H+ 

[AlOH]2+ + x+ ➔ [AlOHX]+ 

(12) 

(13) 

(14) 

(15) 

Therefore, the soluble [ AlOHXt complex ion leads to the dissolution of the metal of investigation 

(Deepa & Padmalatha, 2017). 

2.4.4 Comparison of aluminium dissolution in acid and alkaline solutions 

An investigation conducted by Garcia-Garcia et al. (20 12) possibly evaluated the effects of the 

addition of nickel to the reaction of Al of an AA1050 grade in HCl and NaOH solution, which is 

used in the lithographic industry. The results obtained showed that the addition of nickel improved 

the dissolution rate for both solutions. On the other hand, a study by Boukerche et al. (2014) 

reported that the dissolution rate in NaOH was greater than that in HCI. Furthermore, this 

dissolution study was focused on the kinetics of aluminium dissolution in HCl, H2SO4, HNO3 and 

NaOH under the same conditions (Boukerche et al., 2014). The experiments were conducted by 

contacting an aluminium disc with mass of 0.75 g with 200 mL of the desired solution (HCl, 

H2SO4, HNO3 and aOH). The chemical equation for the dissolution of aluminium in an acidic and 

basic media is shown by equation (16) and ( 17): 

Al+ e- ➔ Al3+ 

Al+ 40H- ➔ Al(OH)4 + 3e-

With the overall equation for equation (16) and (17) being 

Al+ 3H2 0 + OH- ➔ Al(OH)4 + 3/ 2 H2 i 

(16) 

(17) 

(18) 



The volume of 200 mL was chosen to avoid any saturation that may take place in the solution. The 

data presented for this experiment had two test replicates with an error of 5%. The dissolved 

aluminium was calculated in terms of the weight-loss using the equation (19); 

Aluminium dissolved = cxvxM (mg/ cm 2) 
A 

where C is concentration of the Al3+ analysed in the solution (mol/L), 

Vis volume of the solution (0.2 L), 

Mis molar mass of aluminium (26.982 g/mol), and 

A is surface area of the aluminium disc (0.927 cm2
). 

(19) 

The concentrations of the solutions that would dissolve the disc varied from 0.5 M to 4.0 M, with 

the temperature varying from 40°C to 80°C while stirring at 350 rpm. When dissolving aluminium 

in a solution, the solvent must be in excess to prevent precipitation/saturation (Boukerche et al., 

2014). In alkaline solutions (NaOH) of concentrations of 0.5, 1.0 and 2.0 M, there would be higher 

amounts of Al dissolved compared to the acidic (HCl) solutions of the same concentrations. 

Comparing NaOH and HCl, it was found that the induction period in HCl was slower than that of 

NaOH. Normally, the process of dissolving metal occurs through a heterogeneous reaction; this 

involving the transfer of chemicals and reactants (Boukerche et al., 2014). 

In the case of dissolving plates containing metallic uranium, it is important to note that uranium in 

elemental form is very reactive when compared to magnesium in terms of dissolution 

characteristics. When the metal, which may be in the form of turnings or fine powder, reacts with 

hydrochloric acid and nitric acid, the surface is oxidized in air. This powder becomes extremely 

hazardous because it is pyrophoric (ignition by spontaneous reaction with air); which may be 

caused by mechanical friction, minute addition of water or acid, or simply spontaneously in air; 

►. ultimately leading to radioactive contamination (Larsen, 1959). 

~ ; Due to the lack of literature on the corrosion of 6063 aluminium, Deepa & Padmalatha (201 7) 

a: studied the dissolution of aluminium and aluminium alloys in phosphoric acid and sodium 

C0 hydroxide. This investigation focused on a few parameters, including different temperatures and --· ~ concentration of solutions. Analysis was performed by electrochemical methods using the Tafel 

polarization technique, accompanied by electrical impedance spectroscopy (EIS) (Deepa & 

Padmalatha, 2017). The morphology of the aluminium' s surface was studied using a scanning 

electron microscope (SEM) with an energy-dispersive X-ray spectroscopy (EDX). It was found that 

the major corrosion of 6063 aluminium alloy occurred in a sodium hydroxide (NaOH) solution, 

compared to phosphoric acid solution (H3PO4). Deepa and Padmalatha, (20 17) determined that the 

rate of corrosion was directly proportional to increasing temperature and concentration of both acid 

and alkali solutions. Using the transition state and Arrhenius theories, thermodynamic and kinetic 



parameters were calculated and an appropriate mechanism was proposed when corroding 6063 

aluminium alloys in H3PQ4 and aOH media (Deepa & Padrnalatha, 2017). 

In another paper by Boukerche et al. (2014) the ability for aluminium to degrade in acidic and 

alkaline solution was tested in both static (absence of stirring) and agitated media. While only one 

type of alkaline solution, i.e. sodium hydroxide (NaOH) was used, three different acidic solutions 

were used, namely; hydrochloric acid (HCl), nitric acid (HNO3) and sulphuric acid (H2SO4). 

Solutions with concentrations of 0.5 M, 1.0 M and 2.0 M were prepared for all the acidic and basic 

media. In this experiment a huge quantity of NaOH was used in excess in order to prevent the 

precipitation of aluminium. It was noted that the rate of aluminium released from the reaction was 

directly proportional to the concentration of the solution; except for the reaction in HNO3. The 

highest reported release of the Al was from NaOH, comparable to HCl at all three concentrations. 

When comparing the reaction rates in H2SO4 and HNO3, they were notably slower than in NaOH 

and HCl. In case of the agitated media reactions, only four solutions had been prepared at a 

concentration of 2.0 M. The solutions were heated prior to the commencement of the reaction to 

temperatures from 40 to 80°C. Boukerche et al. (2014) found out that NaOH dissolved the 

aluminium faster at lower temperatures ( 40 to 50°C) when compared to HCl. However, it was also 

reported that at higher temperatures (70 to 80°C), NaOH seemed to have a slower rate in dissolving 

the aluminium than HCl. The rate constants in both NaOH and HCl were calculated. In HCl it was 

0.0141 and 0.0214 min-1 at 70 and 80°C, respectively. In NaOH the rate constants at 70°C were 

0.0069 min- 1 and 0.0106 min-1 at 80°C. The data showed that HCl had double the rate constant 

compared to NaOH. Boukerche et al. (2014) calculated the activation energies for aluminium 

dissolution in HCl and NaOH, as 86.5 and 52.4 kJ/mol, respectively (Boukerche et al. , 2014). 

2.4.5 Target dissolution 

In an investigation by Cols et al. (1997) uranium silicide (mini-plates) was the selected material to 

undergo testing because U3Sii has a uranium mass per volume unit, therefore allowing for the 

reduction of uranium enrichment to 20%. Mini-plates that contained natural uranium and clad with 

aluminium were utilised to conduct the experiment. Sodium hydroxide was used to dissolve the 

target plates and an oxidizing agent, H2O2 was added in order to ensure complete dissolution of the 

silicide. When considering dissolving uranium silicide, neither NaOH nor H2O2 can completely 

dissolve it independently. Therefore, the ratio of NaOH to H2O2 in solution is vital in achieving 

thorough dissolution. Cols et al. (1997) used 97 ml of3.0 M NaOH along with 5 ml ofH2O2 for 100 

vol. per gram of the target. The experiment was said to be promising regarding the results obtained 

from the dissolution process, recovery and purification of 99Mo (Cols et al. , 1997). 



Conner et al. (1997) established the practicality of dissolving aluminium-clad LEU UO2/ Al 

dispersion targets in alkaline solutions. This is because alkaline dissolution of the targets has a 

number of advantages i.e. it is well-matched with the present (uranium-aluminide) dissolution 

process, it isolates iodine from fission noble gases, and uranium along with activation and 

numerous fission products are insoluble in alkaline media (Conner et al. , 1997). 

2.5 Separation methods 

When planning an effective separation process to be implemented on nuclear fuel , one has to fully 

comprehend the various physical and chemical concepts that encompass the process. Processes that 

can be used in separation methods are precipitation, separation techniques coupled with redox 

reactions, solvent extraction, ion exchange, etc. In order for one to predict the outcome of a given 

separation process, a thorough understanding of the chemistry of the elements being separated is 

valuable. 

2.5.1 Separation and recovery of uranium 

The two major classifications of nuclear fuel are 1) aqueous and 2) non-aqueous reprocessing. 

Where the aqueous reprocessing can be carried out by one of the two approaches either being 

solvent extraction or precipitation. The main focus is on the aqueous reprocessing method. In the 

process of actually separating elements that are constituted in the nuclear fuel , there is a process that 

ultimately separates these constituents by a method called the plutonium and uranium redox 

extraction (PUREX); or in other cases, a modified version of the PUREX process (Peterson & 

Wymer, 1963). This process is undergone because of the need to completely separate and possibly 

purify actinides and other elements (krypton, carbon-14) that have been used in the fuel and those 

that form during the process of fission reactions, such as uranium, plutonium, etc. Briefly, PUREX 

is a process in which fuel elements are dissolved in concentrated nitric acid, and uranium and 

plutonium are separated by solvent extraction (Norbash et al. , 2010). It is also a process in which 

the separation process is achieved by transferring the uranium and/or plutonium from the aqueous 

phase to the organic phase and then recovering the uranium and/or plutonium by using the back­

extraction or stripping process into an aqueous phase (Hough, 1997). 

After the uranium-aluminium alloy has been irradiated, uranium must be isolated and recovered 

from the rods, plates or slugs that were used as fuel. This is done because the uranium can be re­

used. Gile, (1965) mentioned that the recovery process is important because the fuel contain 

enriched 235U which is a valuable nuclear fuel element. Another area where recovery of U from fuel 

or target plates is important is in the manufacturing process of the plates. The plates that will be 

used to fuel the reactor may be flawed due to impurities that will hinder the process of a controlled 

nuclear reaction. Therefore, the components of the used alloy and the uranium itself must be 



recovered. Gile, (1965) stated that the most preferred method of separating the uranium from the 

uranium-aluminium alloy is through the dissolution of the alloy. For example, by utilizing a mixture 

of sodium nitrate and sodium hydroxide solutions, where a speedy dissolution will be advantageous. 

When using solutions of NaOH/NaNO3 during the recovery of uranium from the plates, the 

aluminium converts to aluminate ions whilst the uranium precipitates as an oxide. Gile, (1965) 

found it difficult to adjust the quantities of the sodium hydroxide and sodium nitrate to optimise the 

dissolution conditions. He reported that a high concentration of NaOH was ideal for the rapid 

dissolution period, but the disadvantage is that there is a higher percentage loss of uranium to the 

solution, during the process of separating precipitated uranium from the aluminate solution. 

An investigation piloted by Stassen & Suthiram, (2015), reported on characterization of the residue 

that was recovered after dissolving U/ Al target plates, similar in composition to those used in the 

production of 99Mo, however, they contained unirradiated depleted uranium instead of irradiated 

enriched uranium as in the real 99Mo production process. Unirradiated DU was mainly used in order 

to lower the radiation hazard and allow characterization studies outside of a hot cell. The NTP 

Radioisotopes SOC Ltd (a subsidiary company of Necsa) process was used to dissolve the plates. 

After dissolution, the residue containing U was recovered, fully dried, and homogenised to a fine 

powder for future use. Optimization of the dissolution process of the residue in a carbonate medium 

was performed on a 10 g scale, where a number of parameters were tested i.e. the addition of H2O2 

at different times, the solid liquid ratio, varying temperatures, diverse concentrations of H2O2 and 

(NH4)2CO3, the stirring rate and the reaction time. The samples underwent chemical analysis to 

deduce the uranium and chemical impurities concentration in the residue. The concentration of 

uranium in the residue was found to be 71 %. The optimised dissolution parameters were tested by 

using irradiated samples and measuring the recovery of uranium from the samples. The optimized 

dissolution parameters tested on the irradiated samples, proved to successfully recover all the 

uranium by employing three successive carbonate/peroxide leaches (Stassen & Suthiram, 2015). 

2.6 U dissolution in nitric acid 

2.6.1 Dissolution of uranium 

Recycling spent nuclear fuel (SNF) has led to several processes, mostly based on 

hydrometallurgical principles, be developed (Bourgeois, 2000; Marc et al. , 2017; Lecomte & Bonin, 

2008). One of the hydrometallurgical processes included is the widely used PUREX process 

mentioned before, that has enabled successful separation and salvage of uranium and plutonium 

from SNF. This process is based on the dissolution of SNF in nitric acid. 

The process of dissolving uranium in acid media (i.e. nitric acid) has been studied widely, where 

different compounds of uranium were tested. The methodology was similar in many ways differing 



in the concentration of the nitric acid and the temperature to which the solution was at. Metal­

catalysts with nitric acid have been used by Burns & Holm, (1952); Maher, (2015); Almond et al. 

2018, in dissolving aluminium-uranium alloy. The use of a metal catalyst (Hg-II catalyzed nitric 

acid) was investigated in order to find the optimum mercury concentration that would decrease the 

dissolution time (Bums and Holm, 1952). 

2.6.1.1 U02 with HN03 

Marc et al. (2017) compiled their study on the dissolution of UO2 in HNO3 media elaborating that 

the process produces soluble uranyl nitrate salts (UO2(NO3)2). The reaction between uranium 

dioxide and nitric acid is performed in order to achieve the VI oxidative state from the IV state of 

uranium, which is much more soluble than U(IV). Nash and Nilsson, (2015) stated that, when 

performing dissolution on the uranium, the concentration of nitric acid would be adjusted to a 

moderate level approximately between 2.0 - 4.0 M before the separation stage. 

Hermann, (1984); Fournier, (2000); Almond et al. (2018); have illustrated the different 

stoichiometric equations to describe the reaction of the dissolution of UO2 in HNO3. Marc et al. 

(2017) further illustrated the chemical equations that would take place when reacting uranium 

dioxide with nitric acid. Literature study has also shown many proposed mechanisms (Shabbir & 

Robins; 1968 Fournier, 2000) which take place during the oxidation stage (Marc et al. , 2017). Some 

of the summarized reactions (20) - (22) of UO2 with HNO3 provided by (Marc et al. , 2017) include; 

8 2 4 
U02 + 3HN03 ➔ U02(N03) 2 + 3NO + 3H2 0 (20) 

(21) 

(22) 

2.6.1.2 U/Al with HNOJ 

Larsen, (1959) stated that one of the most useful methods of dissolving uranium metal and its alloys 

is by using nitric acid. It is further explained that the reaction with nitric acid is a complicated one 

as the by-products given off may be nitrogen dioxide or dissolved ~onia (Larsen, 1959). 

Another factor brought by the complication presented by dissolution of uranium in nitric acid is that 

when the powder is finely ground, the reaction has the potential to be explosive. Lacher et al. (1961) 

stated that when dissolving uranium metal, the dissolution rate depends on the concentration of 

present impurities and the type of metallurgical treatment the metal underwent. After carrying out 

experiments, results obtained suggested that reacting uranium with concentrated HNO3 produced 

UO2(NO3)3 and NO2 while using a lower concentrated HNO3 manly produced NO (Lacher et al. , 

1961 ). 



2.7 U purification using solvent extraction 

2.7.1 Solvent extraction 

Liquid-liquid extraction, also called solvent extraction (SX), is an extraction method used to 

separate metals in solution. Solvent extraction refers to the distribution of a solute of interest 

between immiscible phases/solvents that are in contact with one another; one which is usually water 

and the other being an organic solvent. Organic solvents used in this technique include benzene, 

carbon tetrachloride, and chloroform. The SX method may be used for different purposes such as 

preparation, purification, enrichment, separation and analysis, on different scales of working 

processes (micro to macro) (Shabbir & Robins, 1968; De, Khopkar & Chalmers, 1970). 

Stary & Irving (1964) mentioned that ever since the development of SX in 1957 by Ames 

Laboratory together with the U.S. Bureau of Mines, it has been considered an exceptional 

separation method. This method gained popularity and preference amongst other separation 

techniques mainly through its simplicity, rapidity and its wide scope in separation. Another point 

that makes SX attractive is the simple apparatus, which includes a separatory funnel with only a few 

minutes needed to complete extraction of desired element, this is beneficial to a chemist. This kind 

of separating method is ideal when extricating trace constituents from large quantities of substance. 

This process is desirable as it is able to extract a very large amount of the desired element through 

several repetitions of the extraction method. This kind of technique is prevalent in nuclear 

chemistry and the technology used in separating radioisotopes along with reprocessing of nuclear 

fuels (Stary & Irving, 1964). 

(a) (b ) 

Figure 2.1: Simple illustration showing a separatory funnel with both the organic solvent and 

aqueous solvent divided by their difference in densities, modified from (Libre Texts, 2019). 



(a) Aqueous solution containing uramum, (b) orgamc extractant (e.g. TBP) added to uramum 

aqueous phase (bottom), and (c) organic phase (top) containing UO2(NO3)2· 2TBP complex after 

agitation and settling. 

Solvent extraction has become an integral part of hydrometallurgy in Southern Africa for several 

years. During the 1950s, the first major usage of SX technology took place commercially. Other 

successful operations of SX followed suit around the world after copper extraction was proved to be 

possible (Sole et al. , 2005). In Southern Africa, SX has been utilised by Rossing Uranium, situated 

in Namibia. This is achieved through open-cast uranium mining, producing U3Os (Basson & 

Greenway, 2004). The mined ore is crushed to smaller rocks to a size of 16 cm where is is further 

crushed to smaller sizes that are easier to work with. A leaching process by utilizing sulphuric acid 

is applied and a suitable solid-liquid separation technique is set up. The ion exchange technique is 

then used to extract the uranium from the acidic solution using a Duolite AlOl-DU resin. In order to 

make up a more concentrated uranium solution, the stripping process is facilitated by diluted 

sulphuric acid. The solution is pumped through to an SX facility where the solution is further 

concentrated and other impurities eliminated. The Vaal River South Uranium Plant run by 

AngloAshanti is a plant that was built in order to recover uranium as a by-product of gold mining. 

This plant also produced uranium in the form of U3Os. Ore treatment began with acid leaching, 

allowing the uranium to dissolve before any gold recovery processes could be performed. The 

uranium in the uranitite mineral requires oxidation from the tetravalent species to the hexavalent 

species prior to solubilisation. The sulphuric acid leaching oxidation was attained by means of ferric 

ions that had been produced by oxidation of iron (II) existing in the blend with manganese dioxide. 

Further processing using ion exchange (IX) is employed using columns and thereafter further 

purification using SX (Sole et al. , 2005). Generally, the extraction of uranium can be achieved 

through selective partitioning of ions into either the organic phase or the aqueous phase. The 

selectivity of the partitioning of ions into the different phases will depend on the chemical 

complexes formed. The complex formed will depend on the solution medium along with the pH 

range of the solution. 

2.7.2 SX extractants 

A number of extractants used to facilitate extraction are commercially available and fall into 

different categories i.e. 

1. Phosphorus-based extractants 

2. Sulphur-based extractants 

3. Nitrogen-based extractants 

4. Other extractants 



(Abbasi & Streat, 1998 & Kumar et al., 2011 ;) further elaborate on the different extractants that 

may be used for SX. 

2.8 U purification using solvent extraction into TBP 

In nitric acid media, kerosene (and other various organic diluents) are commonly used when 

extracting uranium in many industrial applications due to the ability to meet environmental 

regulations, availability, cost-effectiveness and the low toxicity they present when compared to 

other diluents (Kumar et al. , 2011 ). Kumar et al. (2011) also mentioned that TBP proved to be the 

best extractant for uranium. TBP is the most used solvent in the process of liquid-liquid extraction 

for fuel reprocessing as well as in nuclear chemistry mainly for the recovery of actinides such as 

Np, Pu, Th and U. Another point to consider in favouring TBP as a solvent for the process of 

solvent extraction is that, compared to other purification processes, it has a high selectivity for 

uranium metal therefore providing an outstanding decontamination factor for a lot of impurities. 

TBP is able to remain stable in environments which may cause degradation during uranium 

purification. In addition, TEP/kerosene solutions have low vapour pressure this meaning that they 

may be stored and handled without excessive caution against fires (Schulz & Navratil, 1984; Stas et 

al. , 2005). The challenge with using TBP is that it has similar viscosity and density when compared 

to water; therefore, it presents a problem when having to separate TBP from water. This challenge 

is overcome by diluting TBP with a light, saturated hydrocarbon, i.e. kerosene, n-dodecane, normal 

paraffin hydrocarbon (NPH), etc which ultimately reduces the density value of the TBP and 

encourages phase separation (Schulz & Navratil, 1984). 

A study conducted by Alibrahim & Shlewit (2007) showed that 20% TBP was able to extract 78 g/1 

uranium in nitric acid solutions. 

An extensive study was conducted on TBP-diluent-nitric acid system in detail by Alcock et al. 

(1956). They investigated the TBP-diluent-water-HNO3 system and measured TBP and water 

mutual solubility in the presence of nitric acid along with the presence of a variety of diluents such 

as benzene, cyclohexane, heptane, hexane, kerosene and toluene. The partitioning of HNO3 between 

water and TBP in kerosene measured at different concentrations was also determined. Alcock et al. 

(1956) also reported on the extraction of HNO3 in the organic phase; that extraction took place with 

the formation of a 1: 1 compound with TBP. Siddall III et al. (1957) presented their findings after 

investigating the distribution equilibrium of thorium, uranium and nitric acid with solutions of n­

TBP in kerosene, along with the different aqueous solutions encountered in the separation of 

uranium and plutonium for the recovery of 235U from reactor spent fuel (Siddall III et al. , 1957). 



Homg (1984) developed an extraction model which was based on the extraction kinetics of 

UO2(NO3)2-TBP-kerosene system in an acidic medium by proposing that the extraction rate of 

uranyl nitrate is a pseudo first order reaction with regards to its concentration in the aqueous phase 

in addition to the concentration of free TBP. During the course of reprocessing spent nuclear fuel , 

an aqueous based method involving the use of TBP is used, therefore forming a UO2(NO3)2·2TBP. 

The mechanism proposed by Naito (1960) is presented as equation (23) : 

(UO?+)aq + 2(NO:;)aq + 2(TBP)arg H (U02(N03 ) 2 · 2TBP)arg (23) 

In the extraction method, uo?+ and NO3- constitute the aqueous phase, while TBP (with kerosene 

as a diluent, for example) represents the organic phase, thereby forming UO2(NO3)2·2TBP in the 

organic phase shown by equation (23) (Ye et al. , 2010). 

The rate of stripping was also found to be pseudo first order with respect to the concentration of 

tributyl phosphate complexed by uranyl nitrate. The calculated values of Bet.HI RT (where B 

represent the proportional constant times the equilibrium concentration of nitric acid, in the aqueous 

phase, llH the heat of extraction, R the gas constant and T, , the absolute temperature) of 20% TBP 

in kerosene could be utilised to forecast the equilibrium values of the system of 30% TBP (Homg, 

1984). Homg (1984) further stated that the Langmuir model was used to characterise the extraction 

equilibrium isotherms, where the absolute errors in the correlation coefficients between the 

experimental data and the projected values were in the ranges from 2.68% and 6.73% (Homg, 

1984). A chemical model for extraction of uranyl nitrate with TBP was suggested by (Kopecni & 

Petko vie, 1994 ). This model could use chemical activities of the extracted species in the aqueous 

phase. The model was developed and centred around the chemical reaction where a neutral 

extractant would interact with an inorganic salt present in the aqueous phase thus forming a neutral 

complex that would be extracted into the organic phase. The model appeared to fit effectively with 

the distribution results over the complete concentration range of the extraction isotherm (Kopecni & 

Petkovic, 1994). 

2.9 U purification using ion exchange 

Adsorption treatment is not to be confused with ion exchange as they are similar in many ways such 

as their basis of matrix composition, polarity, physical and chemical resistivity, particle size 

distribution, inner and specific surface areas, density, porosity and the effect of pore size radius on 

distribution; therefore, the process of ion exchange is a chemical mechanism rather than adsorption 

(Harland, 2007; Kammerer et al. , 2010). With adsorption, it is normally used for purifying or 

adsorbing atoms, ions, or molecules from a gas, dissolved solid or liquid substance stick to the 

surface of surface ( e.g. activated carbon). Materials utilized for ion exchangers comprise of 

insoluble constituents that contain weakly bound ions which are able to be easily exchanged with 



other ions in solution when they come in contact with each other. The ionic exchange takes place 

without any physical alteration to the exchange material. The insolubility of ion exchanger material, 

rendered by insoluble salts present on the beads allows for cations or anions to be removed 

successfully (Patel, 2016). 

The method of ion exchange can be explained as the removal/interchange of an ion in a solution and 

the replacement of that ion by a different ionic species (Alexandratos, 2008). Mahbub Hasan et al. 

(2014) further elaborated that it is a process in which ions present in an aqueous solution are 

transferred to a solid matrix which, in exchange, liberates different type of ions that have the same 

polarity (Mahbub Hasan et al. , 2014). The history behind ion exchanging dates back from the Bible 

after preparing water to drink from brackish water, this was taken further by agricultural chemists, 

Thompson (1850); Way (1850), when they discovered that some soils were able to absorb ammonia 

from fertilizers better than others. Progress in ion exchange occurred during the middle and late 

eighteenth century when a polystyrene-divinylbenzene-based anion exchanger was able to remove 

all anions, therefore, making it possible to demineralize water (Kumar & Jain, 2013). Pashalidis & 

Tsertos (2004) were able to recover uranium from seawater using a cation exchanger, Chelex-100. 

Recovery was conducted at pH levels below 7 (specifically at 5.3), at that level, the dominating 

uranium species in the solution are uoz2+ and UO2OH+. The percentage recovery of uranium was 

analysed by spectrophotometry using Arsenazo(III) and found to be 97±2%. Studies conducted by 

Ladeira & Morais (2005) utilized ion exchange resins in recovering uranium from synthetic 

solutions (Ladeira & Morais, 2005). It was reported that the extent to which uranium had absorbed 

in the resin was influenced by the concentration of uranium in the solution compared to other ions, 

the pH of the solution along with the relative affinity of the resin for the anionic species (Merritt, 

1971 a). 

In this study, two types of ion exchangers were tested for their ability to effectively recover uranium 

from a nitric acid solution and purify it from aluminium; i.e. a cation exchange resin BioRad 

AG50W-X4 and two chelating resins, i.e. Amberlite IRC747 and Amberlite IRC748. Multidentate 

chelating agents are intentionally made for their specific affinity to desired metal ions from 

contaminants. These chelating agents use electrostatic and covalent bonds, and in some cases, use 

steric factors that are combined to produce an anticipated complex strength and selectivity (Nash & 

Nilsson, 2015). 

The AG50W-X4 resin is a strong acid cation exchange resin, composed of sulfonic acid functional 

groups (- SO3H) attached to a styrene divinylbenzene copolymer lattice. In dilute nitric acid, it has 

the ability to exchange uoz2+ ions with reasonably high selectivity (Strelow et al. , 1965). 



A special type of cation exchanger exists, called a chelating resin, which forms a chemical bond 

with ion to be exchanged. Chelating resins are almost always used to bind cations. They utilize 

chelating agents covalently attached to a polymer matrix. Chelating resins have the same bead form 

and polymer matrix as the usual ion exchangers. As chelating groups, various ligands with nitrogen 

(N), oxygen (0), and/or sulfur (S) donor atoms, are immobilized on the matrix. Common chelating 

groups are iminodiacetic acid (figure 2.2); used in Amberlite IRC748 and Chelex 100, and 

aminophosphonic acid (figure 2.3), used in Amberlite IRC747 and Purolite S940. 

Figure 2.2: Iminodiacetic acid functional group 

Figure 2.3: Aminophosphonic acid functional group 

These functional groups could form a complex with the uoi+ ion from dilute nitric acid solution, 

thereby removing it from the feed solution. 

2.10 Characterization of the uranium residue generated during alkaline dissolution of U/ Al 
plates 

The unirradiated residue along with the chemical impurities were characterised using XRF, ICP­

OES, Glow Discharge Mass Spectrometry, neutron activation analysis, combustion analysis and 

thermogravimetric analysis, by Stassen & Suthiram (2015). It was recorded that the main 

contributors to impurities were Na and Al; the Na being due to the solvent used in dissolving the 

99Mo production process targets and Al (main constituent) from the target plates. In another 

experiment conducted by Stassen & Suthiram (2015) using X-ray Diffraction (XRD), UVNis/NIR 

and FTIR, the characterised residue revealed that the U was most likely to be present as a mixture 

of UO2, UO3 and a2U2O1. From characterising the residue, the U(IV) - U(VI) ratio had to be 

determined from two different batches where one had a ratio of 86: 12 and another had the ratio of 

88: 12, respectively. When comparing the measurements, nearest value similarities were observed 

where U(IV) was present as UO2 and U(VI) as either UO3 or Na2U2O1. Due to the importance of 

lower water content in both cases, along with U(VI) being present as UO3, residual quantity of the 

sodium hydroxide is required in order to account for the residue's Na content. It is reported that the 



results showed a discrepancy of 4% in the total mass, which may have stemmed from the under 

determination of both U and O in the residue (Stassen & Suthiram, 2015). 



Chapter 3: Methods of investigation 

For this chapter, the experiments are described which were conducted in order to ; 

1. Determine the optimum dissolution conditions for pure aluminium. 

2. Determine the optimum dissolution conditions for the uranium residue generated from 

alkaline dissolution of U/ Al target plates 

3. Determine the optimum conditions for solvent extraction of uranium into TBP, and the 

effect of Al on extraction 

4. Determine if uranium can be successfully purified from the nitric acid solution using ion 

exchange resins 

3.1 Effective alkaline media 

Two experiments were conducted to determine the optimum dissolution media. The two media 

tested were NaOH (~97.0%) and KOH (~85.0%) supplied by Sigma-Aldrich of ACS (analytical 

grade). Dissolution media were tested to determine the optimum concentration along with the 

requirement for excess alkali to keep the dissolved Al stable in solution, the influence of 

temperature, stirring rate and the addition of aN03 (~99.0%), supplied by Sigma-Aldrich of ACS 

(analytical grade), has on the reaction rate. 

The test vessel used for Al dissolution is shown in Figure 3.1. 
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Figure 3.1: Dissolution setup used to conduct experiments in a non-radiation environment. 



3.1.1 Experimental procedure 

The aluminium sheets (99.0% purity, supplied by Sigma-Aldrich of ACS (analytical)) were cut into 

2 cm x 2 cm x 0.3 cm and 1 cm x 1 cm x 0.3 cm pieces. The pieces were then weighed to about 

16.2 g for each reaction. The Al sheets were not pretreated in any way prior to dissolution. 

To test for the optimum concentration and the requirement of excess alkali, solutions of 6.0 M 

NaOH and KOH were prepared, and different vo lumes of these solutions were used to determine 

the effect of a stoichiometric vs excess amount of Na OH on the dissolution rate. 

3.1.1.1 Concentration test 

Dissolution of aluminium in sodium hydroxide is represented by equation (24) 

2Al + 2NaOH + 2H2 0 ~ 2NaAl02 + 3H2 (24) 

From this reaction equation, 2 mol of Al reacts with 2 mol of NaOH to completely dissolve, and it 

can then be shown that the stoichiometric volume of 6.0 M NaOH required to dissolve 16.2 g of 

aluminium (the standardized mass chosen for these tests) is 100 ml. A solution of 6.0 M NaOH was 

prepared in a 1.0 L volumetric flask and used to dissolve 16.2 g ± 0.47 of Al for each experiment. 

A Radwag PS 750/C/2 ± 3 mg balance was used to weigh out the masses of aluminium. Thereafter 

100 ml, 133 ml and 200 ml of the alkali solutions (representing stoichiometric 6.0 M NaOH 

solution, 1.5 M excess NaOH and 3.0 M excess NaOH) were measured and placed in a three­

necked round bottom flask, placed in a heat-on block system that was connected to the temperature 

monitor. The flask was connected to a Liebig condenser that used tap water ( at temperature of 

25°C) as a coolant. The solutions were heated to 80°C and stirred at 1000 rpm. The stirring rate and 

temperature were kept constant so that the variable tested would only be the amount of NaOH 

(stoichiometric vs excess). The time was recorded until the reaction was complete for all the 

reactions. The completion of the reaction was noted when no more effervescence was observed; by 

that observation, it was assumed that all the aluminium had been dissolved. The dissolution rate was 

calculated using equation (25); 

Dissolution rate = mAi 
t 

where mA1 is the mass of aluminium (g) 

tis the time taken for aluminium to be dissolved (min) 

(25) 

A stopwatch was used to record the time taken for each reaction to complete. The optimum 

concentration for both sodium hydroxide and potassium hydroxide was determined to be a 

stoichiometric volume of 6.0 M NaOH plus 3.0 M excess above the required stoichiometric amount 

for complete dissolution of the weighed amount of Al discussed below in Section 4.2) and was 

applied in dissolving Al in order to optimise other dissolution parameters. 



3.2 Optimising dissolution parameters 

3.2.1 Temperature 

The results obtained from concentration optimisation, were applied for optimising the temperature 

for Al dissolution. A total of 200 ml of 6.0 M alkali solution was used to dissolve 16.2 g Al, 

representing an excess of 3.0 M alkali above the stoichiometric amount needed for dissolving the 

mass of Al used. To test for temperature, the solutions were heated at varying temperatures of 30°C, 

60°C and 80°C, the stirring rate was kept constant at 1000 rpm. To monitor the temperature of the 

solution before adding Al, a HeidolphMR Hei-Tec hotplate stirrer with Pt 1000 (PIN 505-30081-00) 

temperature probe, supplied by Separations, was used. The optimum temperature in terms of 

dissolution rate and re-precipitation time was selected to be 80°C (discussed in Section 4.2.2). 

3.2.2 Stirring rate 

For the stirring rate test, 0, 500 and 1000 rpm rates were chosen and implemented on both of the 

alkali media containing an excess of 3.0 M alkali above the stoichiometric amount needed for 

dissolving the mass of 16.2 g of Al and heated to 80°C. 

3.2.3 NaN03 

Sodium nitrate was added to prevent the production of hydrogen gas that would pose as a threat to 

the investigator. Dissolving aluminium in sodium hydroxide in the presence of Na 0 3 is 

represented by equation (26) 

8Al + SNaOH + 3NaN03 + 2H2 0 ➔ 8NaAl02 + 3NH3 (26) 

From this reaction equation, 8 mol of Al reacts with 5 mol of NaOH and 3 mol of NaNO3 to 

completely dissolve, and it can then be shown that the stoichiometric volume of 6.0 M NaOH 

required to dissolve 16.2 g of aluminium is 62.5 ml. Since the other optimization experiments were 

all performed with a 3.0 M excess of NaOH above the stoichiometric amount, this was also added 

in these tests, requiring an additional 62.5 ml, i.e. a total of 125 ml 6.0 M NaOH. The amount of 3.0 

M Na 0 3 required to stoichiometrically bind all hydrogen as NH3 in the above reaction, is 75 ml, 

therefore a total reaction volume of 200 ml. In these tests, the effect of adding additional NaNO3 

above the required stoichiometric amount was investigated by adding the same volume ofNaNO3 at 

higher concentrations. 

To achieve that, sodium nitrate ACS reagent of ~99.0% purity supplied by Sigma-Aldrich was 

prepared in three 500 ml volumetric flasks each containing different concentrations 3.0 M, 3.5 M, 

and 4.0 M. The experiments were conducted using 125 ml of 6.0 M alkali solution and 75 ml of3 .0 

M, 3.5 Mand 4.0 M NaNO3 solution that were heated to 80°C and stirred at 1000 rpm. 

From the results acquired from the tests, the optimum dissolution medium between NaOH and 

KOH, was chosen. After optimising the parameters in terms of concentration, temperature, stirring 



rate and addition of NaNO3 at different concentrations, they were implemented on the three 

different types of aluminium pieces used at UChem, and the reaction rates were determined. 

3.3 UChem aluminium dissolution 

The optimised dissolution parameters being sodium hydroxide at 6.0 M concentration in 3.0 M 

excess with the presence of 3.5 M NaNO3 heated to 80°C and stirred at 1000 rpm were tested on 

UChem aluminium. The aluminium was supplied by UChem and were already sheared to square 

pieces with the dimensions shown in Table 3.1. The dissolution setup shown in figure 3.2 was used. 

Table 3.1: UChem samples dimensions. 

Sample ID Len2th (cm) Thickness (cm) 
LP-COC-12/41 1.3 0.66 

LP-COC-11 /238 0.91 0.4 
LP-COC-14/54 1.12 0.22 

3.4 Dissolution of DU target plate 

The test vessel for TP dissolution is shown in figure 3.2. 
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Figure 3.2: Dissolution setup used to conduct TP dissolution experiments in a radiation controlled 

environment 



The optimised factors from section 3.1 and 3.2 were applied to dissolving TP pieces containing 

depleted uranium (DU). Two dissolution experiments were performed on the TP pieces, where each 

piece was about a quarter of the target. The pieces were further cut into rectangular pieces (figure 

3.3) in order to fit through the neck of the boiling flask. The overall dimensions and chemical 

specifics are tabulated in Tables 3.2 and 3.3. 

Figure 3.3: ¼ of TP that has been sheared further to smaller pieces. 

The time for each reaction was recorded using a stop watch with the end point of the reaction noted 

by the absence of effervescence and lowered temperature shown by the temperature monitor. 

Table 3.2: U/Al TP dimensions and volume content of Al and U. 

TP dimensions 

Length 20 cm 

Width 5cm 

Total thickness 1.585 cm 

Typical TP 

Meat length 18cm 

Core alloy mass 24.8 g 

Al mass in the core 15.8 g 

Al mass in cladding 25 .6 g 

Total Al mass 41.3 g 

Total plate mass 50.4 g 

Volume specifications ofTP 

Volume ofTP 15.85 cm3 

Volume of meat 6.48 cm3 



Volume of c ladding 9.37 cm3 

Volume of end pieces l.585 cm3 

Volume ofTP without end pieces 14.27 cm3 

Ratio of end piece to Al cladding 0.16916 

Mass of U and Al in TP 

U in meat 9g 

Al in meat 16.1 g 

Al in cladding 25.3 g 

Al in end pieces 4.28 g 

Al without end pieces 37.12 g 

If TP without end pieces is divided into equal quarters 

Al in each piece 5.26 g 

U in each piece 2.25 g 

Total mass of each piece 7.51 g 

Ratio of Al to total mass in each piece 0.7002 

Table 3.3: TP pieces and end pieces showing calculated Al and U content. 

Piece 1 (2) Piece 2 (t!) Piece 3 (t!) Piece 4 (t!) Total(!!) 

Al content 9.71 9.43 8.73 9.25 37.12 

U content 2.35 2.29 2. 12 2.24 9.00 

Total mass of 12.07 11.72 10.84 11.49 46.12 
piece 

Actual mass of l l.82 l l.38 10.63 11.38 45.66 
piece 

End piece masses (2) 

Piece 1 2.475 

Piece 2 2.104 

Calculations were made to compute the volume of NaOH solution needed to dissolve each U/AI 

piece. A volume of 119.9 ml of NaOH was poured into a four-necked flask, and when the solution 

reached 80°C, the first piece was dissolved. The second piece was dissolved with 73 ml of NaOH 

and 44 ml of 3.0 M aNO3 concentration were added to the reaction. After dissolving the TP, 20 ml 

samples of each solution were diluted to 100 ml, and these samples were taken to Pelindaba 

Analytical Laboratories (PAL) to analyse the solution using Inductive Coupled Plasma Optical 

Emission Spectrometry (ICP-OES) to detect how much aluminium had dissolved in each piece. 

After dissolution, an attempt to filter the solution was made but the residues were too fine and 

would get lodged into the 541 and 1001-125 Whatman filter papers. Residue from previous 



dissolutions that had been stored on site at ecsa was collected to conduct the rest of the 

experiments. 

3.5 U residue dissolution 

The residue from the dissolved U/ Al TP was packaged and weighed to about 1.04 g for each vial 

(total of 4 vials) that were further dissolved in 150 ml HNO3 (ACS grade ( 65% ), supplied by 

Merck). The nitric acid concentrations used for residue dissolution were 1.0 M, 3.0 M and 6.0 M. 

The parameters tested were (a) temperature of the solution before dissolution and (b) different 

concentrations of HNO3, the stirring rate was kept constant at 1000 rpm. Four dissolution runs were 

conducted as followed , 

Run 1: 1.0321 g of the U/Al residue was dissolved in 150 ml of3.0 M HNO3 at 25°C 

Run 2: 1.0431 g of the U/Al residue was dissolved in 150 ml of3.0 M HNO3 at 50°C 

Run 3: 1.0494 g of the U/Al residue was dissolved in 150 ml of6.0 M HNO3 at 25°C 

Run 4: 1.0402 g of the U/ Al residue was dissolved in 150 ml of 1.0 M HNO3 at 25°C 

Completeness of dissolution was determined visually when no uranium residue could be observed 

in the dissolution flask. After dissolving, the residue, the solutions were left to cool and later the 

volume of the solutions were measured and placed in Kartell bottles for further analysis. The 

dissolution rate was determined using equation (25). 

3.6 Solvent extraction and effect of Al on extraction 
For solvent extraction, the optimised conditions in terms of concentration of extractant (30% TBP 

in Kerosene), concentration of stripping solution (0.5 M (NH4)2CO3), organic: aqueous phase ratio 

(1:1) and acid concentration of the feed solution (3.0 M HNO3) as stated by (Dixit et al., 2012, Stas 

et al. , 2005 & Fourie et al. , 2016 )., were followed . 

Five experiments were conducted with 30 ml of the 3.0 M HNO3 uranium solution obtained during 

dissolution Run 1. From each of the 30 ml solutions, a 20 ml aliquot was mixed with 20 ml of 30% 

TBP in kerosene (97% supplied by Sigma-Aldrich of ACS (analytical grade)) and transferred into 

50 ml falcon tubes. Different amounts of Al(NO3)3·9H2O (ACS reagent (>98%) supplied by Fluka) 

were added to the uranium solution to observe if Al had any influence on the recovery and 

purification of uranium. From each of the 30 ml solvent extraction (SX) solutions, 10 ml was kept 

for pre-extraction analysis to determine the concentration of uranium. 

SX Run 1 was the control test where only 20 ml of uranium solution and 20 ml of 30% TBP in 

kerosene were contacted. 

SX Run 2, was conducted using 20 ml of uranium solution with 1.25% m Al/ m U and 20 ml of 

30% TBP in kerosene. 



SX Run 3, was conducted using 20 ml of uranium solution with 6.02% m Al/ m U and 20 ml of 

30% TBP in kerosene. 

SX Run 4, was conducted using 20 ml of uranium solution with 12.38% m Al/ m U and 20 ml of 

30% TBP in kerosene. 

SX Run 5, was conducted using 20 ml of uranium solution with 18.09% m Al/ m U and 20 ml of 

30% TBP in kerosene. 

For each of the SX runs, the solutions were shaken with the aid of a rotating shaker for 15 minutes 

at 7 rpm. After the 15 minutes had elapsed, the solutions were transferred into separatory funnels 

(figure 3.4) and left to settle for about an hour. 

Figure 3.4: Organic phase and aqueous (uranium solution) phase in separatory funnels settling after 

being contacted with one another. 

After settling, the aqueous and the organic phases were separated and the organic phase kept 

separate for further use. 5 ml of the aqueous phase was pipetted out and kept aside for analysis. 



3.6.1 Optimising (NH4)2CQ3 concentration for uranium stripping 

The organic phases that were kept separate (20 ml) were further contacted with 20 ml of stripping 

agent, (NH4)2CO3 (supplied by Sigma-Aldrich of ACS (analytical) grade) of 0.5 M concentration 

and shaken on the rotating shaker (figure 3.5) for 15 minutes at 7 rpm using a Stuart Rotator (model 

SB3). 

Figure 3.5: Process of stripping uranium from organic phase using 0.5 M (NH4)2CO3. 

After rotating them, the solutions were poured into separatory funnels and left to settle in order to 

fully separate the phases. The organic and aqueous phases were separated, with 15 ml (5 ml used 

for analysis) of the aqueous kept separate whilst the organic would be utilized for uranium strip 

using 1.0 M (NH4)2CO3. The same procedure for stripping uranium with 0.5 M was used for 

stripping with 1.0 M ammonium carbonate. 

To calculate the percentage extraction of uranium from the feed, equation (27) and (28) were used. 

D . _ [VJ organic 
extraction - [ ] 

U aqueou s fee d 
(27) 

where D extraction is defined as the ratio of uranium concentration in organic phase over concentration 

in aqueous phase 

[U]organic is the concentration of uranium in the organic phase (mol/L) 

[U]aqueous feed is the concentration of uranium in the aqueous feed (mol/L) 



Equation (27) was used to further calculate the percentage extraction, 

D extraction %Eu = Vaqueous 
D extraction+ v . 

organic 

(28) 

where %Eu is the percentage extraction (indicating how much uranium was extracted from the 

organic phase) 

Dextraction is defined as the ratio of uranium concentration in organic phase over concentration 

in the aqueous phase 

Vaqueous is defined as volume of the aqueous feed (ml) 

Vorganic is defined as volume of the organic phase (ml) 

To determine the mass of uranium in the organic phase before conducting the second strip, 

calculated by using equation (29) 

Uorg s2 = Uorg sl - Uaq sl 

Where Uorg s2 is uranium mass in organic phase before the second strip (mg) 

Uorg sI is uranium mass in organic phase before first strip (mg) 

Uaq sI is uranium mass in aqueous phase after first strip (mg) 

3. 7 Ion exchange as alternative method for U purification 

3.7.1 Determination of distribution coefficients 

(29) 

This purpose of this experiment was to determine the distribution coefficient (Ko-values of uranium 

on various ion exchange resins identified as possible candidates for U purification in nitric acid 

solution. The three chosen resins were a cation exchange resin BioRad AG50W-X4, and two 

chelating resins, Amberlite IRC747, and Amberlite IRC 748. The distribution coefficient or Ko of a 

chemical species A on an ion exchanger describes the distribution of the species between the 

solution and the solid exchanger; therefore, Ko = ([A]exchanger / [A]solution); measured in ml/g, and 

calculated using equation (30) : 

K 
concentration before-concentration after solution volume (ml) =---------------x----------

0 concentration after dry mass of ion exchanger(g) 
(30) 

It represents the theoretical volume of solution containing these species that can be processed per 

mass of exchanger under equilibrium conditions. It is very useful as a screening method to compare 

the capability of different ion exchangers to remove a specific species from a specific solution 

medium, since it describes in essence the affinity of an ion exchanger for a species under the 

particular experimental conditions such as pH, ionic strength and temperature. 

The resins are stored moist in their containers, therefore, 1 g portions were weighed out in poly-top 

containers and left to dry in an oven overnight at 100°C, to determine the equivalent dry mass. Dry 

masses of resins Amberlite IRC747, Amberlite IRC748 and AG50W-X4, were 0.3783 g, 0.4173 g, 



and 0.4477 g per g wet resin, respectively. To make up the feed solution for the distribution 

coefficient determination, 10 ml of the U solution from Run 5 (in 1.0 M HNO3), were diluted 100 

ml with demin water. This was done to increase the pH of the solution from 0 to 1. To obtain a 

solution with 5% Al(m/m U), 0.0172 g Al(NO3)3·9H2O was added to 50 ml of the diluted solution, 

to determine the influence Al has on the Ko of U on the resins. Aliquots of 10 ml from the 50 ml 

solution were dispensed in centrifuge tubes that had weighed portions (0.1679 g AG50W-X4, 

0.1855 g Amberlite IRC747 and 0.1575 g Amberlite IRC748 wet mass) of the ion exchangers. This 

is equivalent to 0.0752 g AG50W-X4, 0.0702 g Amberlite IRC747 and 0.0657 g Amberlite IRC748 

dry mass. The mixtures were rotated ( figure 3. 6) for about 12 hours at 15 rpm. Calculations 

indicated that there would be 26 mg U in each 10ml solution. 

Figure 3.6: Uranium solution contacted with three resins to determine the distribution efficiency of 

each. 

From each vial, 9 ml aliquots of the supernatant were filtered through a 0.22 µm syringe filter that 

would be analysed. From the filtered solutions, the following aliquots were used for U analysis: 8 

Al"\ 



ml from each of the AG50W-X4 and Amberlite IRC747 solutions, and 7 ml from the Amberlite 

IRC748 solution. The distribution coefficient Ko, was calculated using equation (30). 

From the obtained results from recovering uranium using two chelating resins and a cation 

exchanger, Amberlite IRC747 produced better results when compared to Amberlite748 and BioRad 

AG50W-X4. Amberlite IRC747 was further used to determine uranium recovery and purification 

from the feed solution. 

3.7.2 Column experiment on Amberlite IRC747 

A glass column with a plastic stopcock was used, with glass wool sandwiching the Amberlite 

IRC747 resin at the top and bottom to keep the resin bed stable (figure 3.7). The resin was poured 

into the column as a slurry in demineralized water and allowed to settle. The final column 

dimensions were a height of 70 mm and 20 mm diameter. The column was equilibrated with 0.1 M 

HN03 prior to doing the uranium run, to convert the resin from the supplied a+ form to the H+ 

form. 

(a) Glass wool 

(c) HNOs collectio 
beaker 

(b) Amberl it e IRC 
747 resin 

(d) O.l M HNOsin 
Kartell bottle 

Figure 3.7: Amberlite IRC747 resin column setup prepared for uranium extraction. 



To make up the feed solution for the column experiment, 130 ml of the U solution from Run 5 (in 

1.0 M HNO3), were diluted 1300 ml with demin water, to obtain a solution with 0.1 M HNO3 (pH 

1). To obtain a solution with 5% Al (rn/m U), 0.045 g Al(NO3)3·9H2O was added to the diluted 

solution, to determine if Al can be separated from U on the column. An aliquot of 20 ml was kept 

separate for U and Al analysis, and a total volume of 1252 ml of this solution was fed through the 

column, adding 20 ml of the feed as soon as the solution would just be above the top glass wool. 

The eluate from the column during the feed, was collected in 200 ml fractions in Kartell bottles. 

The beads changed from beige to a deep orange/rust colour, therefore confirming the sorption of 

uranium from the feed solution onto the resin beads (figure 3.8). 

After the feed, the column was washed with 100 ml 2.0 M NaOH, and the uranium was thereafter 

eluted using 100 ml of a 1.0 M (NH4)2CO3 solution with 30 % H2O2 in an 85: 15 volume ratio. Each 

of these solutions was collected in separate 100 ml fractions in Kartell bottles. The reason for doing 

a NaOH wash before the carbonate elution, is to neutralize and wash the acid from the column 

before contacting with carbonate, to avoid formation of CO2 gas during neutralization of HNO3 

with (NH4)2CO3, which would cause gas bubbles to form and lead to break-up of the resin bed. 

Figure 3.8: Uranyl ions adhering to the cation exchange beads. 



3.8 Analysis of U solutions using UV Nis carbonate method for U analysis 

For analysis ofU in solution, a UVNis spectrophotometric method was used. This method is based 

on the intensely coloured complex of uranium with peroxide in an alkaline carbonate medium. It is 

suitable for samples in the U concentration range 20-200 ppm, when diluted to 25 ml. The method 

has been investigated and utilized during the Manhattan project (Rodden, 1950), and also in the past 

at ecsa (Huyser et al., 1986). Prior to analyzing all the U solutions, a uranium standard of 1000 

ppm (uranium atomic absorption standard solution, 1000 ppm in 1.2 wt% HNO3) was used to 

prepare a calibration curve for the UV Nis spectrometer. The linear curve (figure 3 .9) was 

constructed with 50, 100, 150, and 200 ppm uranium standard. For 50, 100, 150, and 200 ppm, 

1.25, 2.5, 3.75, and 5 ml of the standard was pipetted into 25 ml volumetric flasks respectively, 3 ml 

of 2.0 M Na2CO3 (chemically pure, anhydrous (>98%) supplied by Merck) and 1 ml of H2O2 (GR 

for analysis (30%) supplied by Merck) added, and further made up to the mark with demineralised 

water. The absorbance for each standard was measured against a reagent blank at 450 nm using a 

PerkinElmer Lambda 1050 UVNis spectrophotometer. The calibration curve is shown in figure 3.9. 

Aliquots of uranium solutions to be analysed, were mixed with 3 ml of 2.0 M Na2CO3 (with 

addition of a calculated volume of 2.0 M Na2CO3 required to neutralize acidic solutions) and 1 ml 

H2O2, and analysed at 450 nm. 
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Figure 3.9: Calibration curve for uranium using 1000 ppm standard. 



Chapter 4: Results and discussion 

4.1 Alkali media 

4.1.1 Optimising effective alkali media 

In order to find the most effective alkaline solution to be used later in the dissolution process of 

UChem aluminium samples and thereafter a TP, optimisation of alkali media concentration to 

dissolve commercial aluminium using aOH and KOH at stoichiometric 6.0 M solution, 1.5 M 

excess and 3.0 M excess alkali were conducted. 
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Figure 4.1: The dissolution rate of commercial Al at varying 6.0 M alkali volumes (100 ml = 

stoichiometric amount; 150 ml = 1.5 M excess; 200 ml= 3.0 M excess) 

Figure 4.1 shows the dissolution rate of the commercial Al with a stoichiometric volume of 6.0 M 

alkali (100 ml), 50 ml excess volume representing 1.5 M excess, and 100 ml excess volume 

representing 3.0 M excess, at 80°C and stirred at a rate of 1000 rpm. For both alkali ' s, dissolution of 

commercial Al was fastest when 100 ml excess 6.0 M NaOH volume representing 3.0 M excess was 

used, with a dissolution rate of 0.470 and 0.373 g/min for NaOH and KOH, respectively. NaOH had 

consistently higher rates of dissolution than KOH. 

The optimized volume of 6.0 M alkali , that is 200 ml per 16.2 g Al samples (representing a 3.0 M 

excess amount of alkali , above the stoichiometric amount required to dissolve the 16.2 g mass of 

Al), was thereafter used for optimization of the other dissolution parameters. 

It was also observed in these experiments that during dissolution of commercial Al with the 

calculated stoichiometric volume, the reaction would reach super-saturation leading to re­

precipitation of Al over time. Therefore, excess alkali was determined to be a requirement for both a 

AA 



fast dissolution rate, and to avoid super-saturation leading to re-precipitation occurring soon after 

dissolution. This is supported by Mcfarlane et al. (2014), stating that factors that influence 

dissolution of aluminium include pH, Eh, solvated species in the aqueous phase, temperature and 

inadequate caustic solution (Mcfarlane et al., 2014). Wymer et al. (1955) have revealed that upon 

aging, solids will precipitate. Conversely, the sodium aluminate is a metastable compound and will 

therefore remain in solution for about 4.2 days in a 1.5 to two-fold excess of the caustic solution. 

After that period of time, the aluminate compound will ultimately convert to an insoluble 

aluminium oxide, that when examined by XRD it is revealed - depending on temperature of the 

solution and minor chemicals included in the aluminium - to be gibbsite, bohemite (Gong et al., 

2003 ; Ruff et al., 2008) or bayerite (Taylor-Pashow & Hobbs, 2012). 

4.2 Optimising dissolution parameters in NaOH and KOH 

4.2.1 Stirring rate 

4.2.1.1 Effect of stirring rate on dissolution rate 
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Figure 4.2: The effect of stirring rate on the dissolution rate of Al in NaOH with 3.0 M excess. 

Stirring is one of the traditional methods of increasing the rate of the reaction. As shown in figure 

4.2, there was an increase in the rate of dissolution as the solution was stirred at a rate of 500 rpm as 

compared to when there was no stirring. Increasing the stirring rate further has a faintly negative 

effect on the rate of dissolution, with a slight decrease in the dissolution rate. This decrease is 

minute enough to consider that a human error in recording the time to complete dissolution may 

have led to the results shown in figure 4.2. If KOH is used instead of NaOH, the same trend is 

observed (figure 4.3), with the only difference being sharper drop in dissolution rate as the stirring 

is increased from 500 to 1000 rpm. 
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Figure 4.3: The effect of stirring rate on the dissolution rate of Al in KOH with 3.0 M excess. 

4.2.1.2 Effect of stirring rate on re-precipitation 
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Figure 4.4: The effect of stirring rate on the time taken for NaOH solution with 3.0 M excess to 

start re-precipitation. 

Another parameter tested in optimizing the dissolution of aluminium was the re-precipitation of the 

solution after implementing the stirring rate of both alkali solutions. The trend observed shows that 

re-precipitation time of NaOH solution (figure 4.4) increases with the increase of the stirring rate. 

The limiting factor to not increasing the stirring further was that there was a slight decrease in the 

dissolution rate when surpassing 1000 rpm. The contrast to NaOH, KOH (figure 4.5) experiences a 

slight decrease in the time it takes to re-precipitate when increasing the stirring rate from 500 rpm to 

1000 rpm. The maximum time it took for KOH solution to re-precipitate was still less (5472 

minutes) than that ofNaOH (5760 minutes) 
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Figure 4.5: The effect of stirring rate on re-precipitation time of KOH solution with 3.0 M excess. 

4.2.1.3 Summary 
In terms of dissolution rate with NaOH, there is a 2% difference between using the stirring rate of 

1000 rpm and 500 rpm. When looking at the time it takes for the solution to re-precipitate at 1000 

rpm, it was 40% higher than that at 500 rpm. Therefore, the optimized stirring rate for NaOH was 

determined to be 1000 rpm. With KOH, a higher dissolution rate and re-precipitation time was 

observed when stirring the solution at 500 rpm, but even with that, when comparing the re­

precipitation time of KOH with NaOH, KOH solution was still lagging behind. 

4.2.2 Temperature 

4.2.2.1 Effect of temperature of dissolution rate 
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Figure 4.6: The effect of temperature on the dissolution rate of Al in NaOH solution with 3.0 M 

excess. 
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Figure 4.6 and figure 4.7 show the effect of temperature on the dissolution rate of Al in NaOH and 

KOH solutions, respectively. When the solvent is NaOH, the rate of increase in dissolution rate as 

the temperature is increased from 30 to 60°C is very dramatic, increasing more than five-fold. The 

increase in the dissolution rate is less pronounced as the temperature is increased from 60 to 80°C. 

However, with KOH, the increase in dissolution rate is less pronounced as the temperature is 

increased from 25 to 80°C, but it is more sustained compared to aOH. Using NaOH, a higher 

dissolution rate is attainable, with a dissolution rate of about 0.27 g/min at 30°C while with KOH 

the rate is below 0.20 g/min even at temperatures above 80°C. 
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Figure 4.7: The effect of temperature on the dissolution rate of Al in KOH solution with 3.0 M 

excess. 

4.2.2.2 Summary 

When dissolving aluminium, the best temperature to conduct the experiment is at 80°C for both 

alkaline solutions, because at any temperature below 80°C there is a decrease in dissolution rate. 

Alternatively, dissolving aluminium in aOH may be conducted at 60°C when considering the 

costs of increasing the temperature of the solution on an industrial scale because the difference in 

the dissolution rate between 60 and 80°C is negligible. 

4.2.3 The effect of different concentrations of NaN OJ 

4.2.3.1 Effect of NaN OJ on dissolution rate 

The reason for adding sodium nitrate to the reaction is that it reduces the production of hydrogen 

gas (Foster, 1955) that a flammable gas with the ability to cause explosive accidents when not 

properly handled. Hydrogen gas is also odourless and colourless, therefore detection would be 

problematic (Cadwallader & Herring, 2007). 
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Figure 4.8: Effect of Na 0 3 concentration on Al dissolution rate using NaOH as a solvent. 

The effect of adding aNO3 in the dissolution of Al using aOH in 3.0 M excess was studied by 

adding three different concentrations of Na Q3, 3.0, 3.5 and 4.0 M. As seen in figure 4.8 the rate of 

the dissolution increases as the concentration of NaNO3 is increased from 3.0 M to 3.5 M. A further 

increase in concentration to 4.0 M leads to the dissolution rate decreasing. However, as observed in 

figure 4.9, with KOH in 3.0 M excess the dissolution rate increases as the amount of NaNO3 added 

increases. The optimum NaNO3 concentration to be used with KOH could not be determined in this 

study as the trend was a linear relationship between the KOH added and the dissolution rate. 
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Figure 4.9: Effect ofNaNO3 concentration on Al dissolution rate using KOH in 3.0 M excess as a 

solvent. 
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4.2.3.2 Effect of NaN OJ on re-precipitation rate 
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Figure 4.10: The effect of Na 0 3 at different concentrations on the re-precipitation rate of Al in 

NaOH in 3.0 M excess. 

Figure 4.10 shows a dramatic increase in the re-precipitation time of Al in NaOH when increasing 

the concentration of sodium nitrate from 3.0 M to 3.5 M, but at concentrations higher than 3.5 M 

the trend stabilises. In figure 4.11 , the results revealed that the addition of NaNO3 significantly 

increases the re-precipitation time also in KOH, however showing a steady increase with the 

amount of sodium nitrate added to the solution. The optimum concentration of aNO3 with KOH 

could not be determined as it is an increasing linear trend. Therefore, the conclusion made for this 

parameter is that, although KOH showed an increasing trend, the highest re-precipitation time at a 

higher concentration of NaNO3 being 10080 minutes, NaOH still has a higher re-precipitation time 

with both 3.5 Mand 4.0 M Na 0 3. 
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Figure 4.11: The effect ofNaNO3 at different concentration on re-precipitation time. 
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4.2.3.3 Summary 

Not only was the addition of sodium nitrate to the dissolution of aluminium in both alkali media 

beneficial in terms of reducing the production of hydrogen gas, it also increased the dissolution rate. 

Dissolving aluminium in sodium hydroxide in the presence of NaNO3 increased the dissolution rate 

by over five-fold , with the dissolution rate of KOH increasing by over seven-fold. This method 

saves time on dissolving aluminium targets in an industrial setting. Another advantage of adding 

aNO3 in both alkali media is that it increases the time it takes for the solutions to re-precipitate to 

insoluble aluminum oxides. 

4.2.4 Conclusion 

From section 4.1 , it was determined, that NaOH was the best alkali solution for the dissolution of 

aluminium. After conducting experiments to optimise parameters for the dissolution of aluminium, 

sodium hydroxide by addition of 6.0 M with an excess of 3.0 M, with temperature set to 80°C, with 

stirring of the solution at 1000 rpm and adding sodium nitrate with concentration of 3.5 M produced 

the best results. By implementing the aforementioned parameters, aluminium took a longer period 

to re-precipitate, therefore ensuring sufficient time for further processing of the solution. 

4.3 UChem aluminium dissolution 
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Figure 4.12: The effect of dissolving UChem aluminium in 6.0 M aOH plus 3.0 M excess with 

3.5 M NaNO3 and without NaNO3. 

After optimising all the relevant parameters to be implemented on UChem aluminium samples, 

figure 4.12 evidently shows that the optimum factors were not matched for samples LP-COC-12/41 

and LP-COC-11 /238 in terms of the dissolution rate. The aforementioned samples experience 

dissolution rate of 0.0159 and 0.0443 g/min, respectively. However, LP-COC-14/54 did perform 



just over the expected dissolution rate of 0.2822 g/min that was observed when dissolving pure 

aluminium in the optimised parameters, the dissolution rate was recorded at 0.2889 g/min. 

Therefore, aluminium sample LP-COC-14/54 confirmed the optimised dissolution parameters. The 

reason why the LP-COC-12/41 and LP-COC-11/238 samples dissolved so much faster, cannot be 

ascertained without further investigations, but unfortunately, only a very limited amount of this 

material was available. 

The method followed at UChem is the KOH dissolution route, and it has not been optimised in 

terms of alkali dissolution of the TP for the recovery of uranium in them. UChem also does not use 

sodium nitrate to facilitate the dissolution. When comparing the method implemented by UChem to 

the optimised parameters that follow NaOH/NaNO3 in this study, the results show an improvement 

to the existing dissolution process. 

4.4 Testing optimized parameters on dissolution of aluminium containing DU 

After demonstrating the effectiveness of the optimized parameters from sections 4.1 and 4.2, 

dissolution studies were conducted on a TP that had been sheared into rectangular pieces. Two tests 

were conducted with NaOH + 3.0 M excess only and another with NaOH plus 3.0 M and 3.0 M 

NaNO3. The TP pieces weighed 11.5963 and 11.1596 g, respectively. 

Table4.1: Target plate aluminium content and dissolution percentages in NaOH. 
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Figure 4.13: Effect of sodium nitrate on the dissolution rate of TP pieces. 
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Figure 4.13 shows that there is a huge difference in the reaction rate between the solution without 

sodium nitrate and that with sodium nitrate. The decrease in dissolution rate from only using NaOH 

(0.5328 g/min) and using NaOH/NaNO3 (0.1488 g/min) is evident. 

4.4.1 Summary 

ICP-OES obtained results showed that the dissolution of the first piece of the TP was successful. A 

concentration of 16064 mg/L was detected in the solution, which amounted to 99.26% dissolution 

of aluminium. This substantiates that NaOH is a good dissolving agent for aluminium. The second 

piece was dissolved in the optimum concentration of sodium hydroxide with the addition of sodium 

nitrate. When dissolving the TP with sodium hydroxide coupled with 3.0 M sodium nitrate, the 

dissolution rate drastically decreased by over three-fold. Only 33.29% of the total 9430 mg Al in the 

piece dissolved, this method is not as efficient as using sodium hydroxide on its own as a solvent. 

The revelation in figure 4.13 is in conflict with the results previously reported from sections 4.1 and 

4.2 that the addition of sodium nitrate to the reaction had a positive impact on the dissolution rate. 

These results can be explained by the fact the target plate is made from alloyed aluminium that 

contains uranium. The uranium may be a factor in the decrease in dissolution rate. Another possible 

explanation is that re-precipitation of aluminium has started in the solutions prior to analysis at 

PAL, due to the long waiting times for these analyses, even though the samples were diluted with a 

factor of five in an attempt to prevent this re-precipitation over time. If that is the reason, although 

the dissolution efficiency of aluminium in the TP dissolved with addition of a 0 3 may not have 

been as low as indicated by the analysis result, extensive re-precipitation is still a negative for 

dissolution with addition of NaN 0 3. Nevertheless, the use of sodium nitrate in caustic dissolution of 

aluminium does prevent the production of hydrogen gas. 

4.5 Uranium dissolution and analysis 

The residue used in these experiments was obtained by dissolving the unirradiated U/ Al target 

plates using an alkaline based method. 

Due to the inefficiency of filtering the residue after dissolution, the residues from TPs that were 

previously dissolved in NaOH (from 10/04/2014) were further dissolved in nitric acid. The results 

to the dissolution reactions in nitric acid are tabulated in table 4.2. 

4.5.1 Effect of HNOJ concentration on U dissolution 

Lacher et al. (1961) stated that it is apparent that the reaction of uranium and nitric acid 1s 

autocatalytic. This statement was confirmed by Carrott et al. (2012). 



4.5.1.1 Effect on dissolution rate 

Table 4.2: Dissolution results of U residue in nitric acid of different concentrations, at 25°C and 

stirring rate of 1000 rpm. 

Residue mass (g) 
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Figure 4.14: The effect of HNO3 concentration on the dissolution of U dissolution at 80°C at 1000 

rpm. 

Dissolving uranmm residue in nitric acid showed an mcrease m dissolution rate when the 

concentration of the acid increased. Figure 4.14 shows that increasing the concentration of the acid 

does have a positive effect on the dissolution rate. The reaction rate increased sharply from using 

3.0 M acid to 6.0 M acid. 

Studies (Hermann, 1984; Marc et al., 2017) have determined and reported that the increase of nitric 

acid concentration for the dissolution of uranium does increase the dissolution rate. The use of nitric 

acid to dissolve uranium has been widely reported and investigated by Hermann (1984). Marc et al. 

(2017) state that the increase of nitric acid concentrations results in the increase of dissolution 

kinetics (Marc et al. , 2017). This statement is supported by (Taylor, 1962; Nishimura et al. , 1995 

Delegard et al., 2008; Zhao and Chen, 2008) 
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4.5.1.2 Effect on dissolution efficiency 
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Figure 4.15: The effect of HNO3 concentration on dissolution efficiency of uranium in the residue. 

The trend observed in figure 4.15 shows that when the concentration of nitric acid was increased, 

there was a decrease in uranium dissolution efficiency. Dissolution efficiency decreased with 

increasing nitric acid concentration following a second order polynomial (R2 = 1). Although at 6.0 

M nitric acid concentration, the dissolution rate (figure 4.14) was at its peak, the efficiency of 

dissolution was at the lowest compared to the other concentrations of nitric acid. In the case of 

dissolution efficiency for uranium, a high concentration of nitric acid is not good. 

4.5.2 Effect of temperature on U dissolution 

4.5.2.1 Effect on dissolution rate 

Table 4.3: Dissolution results of U residue in nitric acid at different temperatures keeping the 

stirring rate at 1000 rpm and HNO3 concentration constant. 

Residue mass Temperature (°C) Dissolution time (min) 

1.0321 25 20 
1.0431 50 8 

c:.c:. 
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Figure 4.16: The effect of temperature on the dissolution rate of U residue with 3.0 M HN03. 

A test on how temperature affects the dissolution rate of uranium was conducted where the results 

showed that at higher temperatures the dissolution rate increased. 

When increasing the temperature of the solution/acid for dissolving uranium residue, an increase of 

the dissolution rate was observed. Another factor that has been stated is that the increase of uranium 

dissolution rate is influenced by the total nitrate concentration when the temperature is increased 

(Delegard et al. , 2008). 

In the investigation of dissolving uranium at different temperatures, it is reported that there is a 

significant increase in the dissolution rate with increase in temperature. (Broczkowski et al. , 2007) 

reported their findings that were conducted at 22°C and 60°C. Srinivasan et al. (2004) also 

mentioned that by increasing the solvent's temperature, it enabled the decrease of dissolution time 

the uranium would undergo. Delegard et al. (2008) further elaborated that by dissolving uranium 

metal in nitric acid solution, the rate of dissolution increased with the increase of temperature. 



4.5.2.2 Effect on dissolution efficiency 
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Figure 4.17: The effect of temperature on the dissolution efficiency of uranium residue at 3.0 M 

HN03. 

A higher temperature of 50°C for dissolving uranium had a slightly negative effect on the 

dissolution efficiency compared to the temperature of 25°C (figure 4.17). When the temperature 

was increased from 25°C to 50°C, the difference in dissolution efficiency was only 2.8%. Higher 

temperatures were beneficial when relating to the dissolution rate (figure 4.16), however, not the 

dissolution efficiency when using nitric acid. 

4.5.1.3 Summary 

Dissolution of uranium residue in either a high concentration of nitric acid solution or at a high 

temperature, resulted in high dissolution rates. Therefore, the best possible results in terms of 

dissolution rates may be obtained by using a high nitric acid concentration (6.0 M) and a high 

temperature (50°C). However, these combinations will most likely produce comparatively lower 

uranium dissolution efficiency. 

4.5.3 Conclusion 

In conclusion, the highest dissolution efficiency could be obtained be dissolving uranium residue at 

a temperature of 25°C in 3.0 M nitric acid. In this study, the dissolution rate was highest when 

temperature was set to 50°C in 6.0 M nitric acid. According to this study, dissolution rate can be 

optimised by dissolving uranium residue at a high temperature with high nitric acid concentration. 

Dissolving the uranium residue at a low temperature coupled with a low nitric acid concentration, 

may result in a higher dissolution efficiency. A compromise can be made by either dissolving 

uranium residue at a high temperature with a low nitric acid concentration or at a low temperature 

with a high nitric acid concentration. 
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For the next stage in this study, a compromise was made between optimising for either a high 

dissolution rate or high dissolution efficiency by using 3.0 M nitric acid concentration. It was 

decided that a high dissolution efficiency was more important than a high dissolution rate and 

therefore, the uranium residue was dissolved at 25°C. An advantage of using nitric acid as a solvent 

is stated by Germain & Plout (1980) that the distribution value ratios of TBP increases with the 

increase in nitric acid concentration. The results from the study conducted by Germain & Plout 

(1980) showed a maximum distribution ratio at 3.0 M HNO3 with the minimum at 0.3 M HNO3. 

Germain & Pl out ( 1980) also reported that the cause of TBP being soluble in nitric acid is due to the 

complex formation by hydrogen bonds along with the distribution ratio values increasing with nitric 

acid concentration are due to a lower solubility of TBP in the concentrated range of HNO3 

(Germain & Pluot, 1980) 

4.6 Solvent extraction 

The reason for analysing the influence that aluminium has on uranium extraction was due to the fact 

that during target plate fabrication, aluminium powder was added to the uranium fuel powder. This 

is practised due to uranium being pyrophoric and that during fission, the fuel plate gets heated. 

Therefore, the use of aluminium powder alleviates from potential risks of the fuel overheating and 

cracking causing leaching of fuel and inevitable contamination. Aluminium therefore aids as it has 

good neutron economy and good heat transfer properties (Gibson, 1966). The target plates therefore 

consist of a U/Al alloy "meat", with aluminium cladding surrounding the "meat". A lot of 

aluminium therefore needs to be dissolved during alkaline target plate dissolution, and the 

possibility is high that undissolved aluminium remain in the uranium residue after dissolution of the 

TP that may hinder the solvent extraction of uranium, and also needs to be separated from uranium 

during the extraction process. 

To determine the effect of aluminium on uranium extraction, various amounts of Al(NO3)3·9H2O 

were added to each solution except Run 1. Run 2, 3, 4 and 5 had 1.25%, 6.02%, 12.38% and 

18.09% Al (rn/m U), respectively. 



4.6.1 Effect of aluminium on uranium extraction 
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Figure 4.18: The effect of Al concentration on uranium extraction. 

Figure 4.18 shows the percentage of uranium that was extracted with different amounts of 

aluminium added. A slight increase in extraction was observed from the solution that had 1.25% Al 

compared to the solution that had no Al in it. Adding 1.25% Al resulted in maximum uranium 

extraction. Increasing Al beyond 1.25% to 12.38% led to a decrease in uranium extraction. A 

further increase of the Al from 12.38% to 18.09% had a positive effect on the extraction. The range 

in extraction percentage is 3.08%, which on an industrial scale may be the difference between 7 and 

10 g uranium recovery. Since no obvious reasons exist for the drop in U extraction % at 12.38% and 

thereafter increasing again at 18.09%, the low value at 12.38% could just be due to an analysis error 

and is an outlier. In this case, the % U extraction stays in a narrow band and no significant effect of 

Al on U extraction is observed. 

4.6.2 Effect of (NH4)2C03 concentration on stripping 

In this study, the effect of ammonium carbonate on stripping of uranium was investigated. Two 

concentrations were considered; 0.5 M (NH4)2CO3 adopted from (Fourie et al. , 2016) and a higher 

concentration of 1.0 M (NH4)2CO3. Each of these concentrations were tested on the five solutions 

prepared with different concentrations of Al in the feed 

Table 4.4: Stripping efficiency at 0.5 M (NH4)2CO3 and 1.0 M (NH4)2CO3 

%Al (m/m U) present in feed % U stripped (0.5 M (NH4)2CO3) % U stripped (1.0 M 
(NH4)iCO3) 

0.0 24.45 81.83 
1.25 24.25 73.29 
6.02 24.07 85.82 
12.38 23.44 91.74 
18.09 23.24 86.82 



At a concentration of 0.5 M (NH4)2C03 uranium stripping ranged from 23 .24% to 24.25% which 

were low values in terms of the desired stripping percentage. When a concentration of 1.0 M 

(NH4)2C03 was used, uranium stripping efficiency ranged from 73.29% to 91.74%. These values 

were much higher compared to those obtained when 0.5 M (NH4)2C03 was used. 

The reason why ammonium carbonate can act as an effective stripping agent for U from TBP, is due 

the strong coordination and complexation of the uranyl ion with the carbonate ions in solution 

according to equation (31 ). 

uo?+ + 3Coi- ~ [U02(C03)3] 4
- (31) 

An overall stability constant calculated according to equation (31) has been determined as log ~ = 

21.54 at 0.1 M NaHC03 (Cinneide et al. , 1975). This corresponds well with stability constants 

reported from literature in the seminal overview of uranium thermodynamics (Guillaumont & 

Mompean, 2003), where log~ values varied between 21.6 and 21.9. 

4-
- [U02(C03)3 ] 

{] - [ uo/ +][col-p (32) 

A negative effect which was observed during uranium stripping, was due to the formation of a third 

phase between the aqueous phase and organic phase after they had been rotated and allowed to rest 

and settle in a separatory funnel for an hour (figure 4.19). Fortunately, this did not have a 

detrimental effect on the efficiency of U stripping observed, but will have to be further investigated 

if this method of stripping should be implemented at UChem (note that UChem currently use dilute 

HN03 for stripping, which is much less effective and requires far larger stripping volumes). 

Whenever liquid-liquid extraction systems are utilised, the development of a third phase normally 

denotes the occurrence whereby the original organic phase separates into two immiscible organic 

phases that jointly coincide with the immiscible aqueous phase. Many different liquid-liquid 

extraction systems generally experience the formation of a third phase (Jassim, 2011 ). After 

studying the extraction of hydrochloric acid with TBP-kerosene system, (Irving and Edgington, 

19 5 9) found out that above 5. 0 M hydrochloric acid concentration, three phases were observed to be 

separated. The upper phase ( containing most of the kerosene which had very little amounts of water 

or acid), a middle phase of TBP that had been saturated with water and HCl but with little kerosene 

in it. Suresh et al. (2009) explored the formation of third phases in the extraction of Th(IV) using 

TBP/n-dodecane, while Plaue et al. (2006) investigated with Pu(IV) nitrate using 30% TBP and 

Jensen et al. (2002) conducted the experiment with U(IV) nitrate-TBP. In the process of extracting 

uranium nitrate, Poczynailo et al. (1973) discovered, by means of spectroscopy, the occurrence of 

disolvate and trisolvate of U02(N03)2 by TBP, whereas with the aid of infrared studies of 

U02(N03)2 - 20% TBP in dodecane system, a disolvate of U02(N03)2 was stated (Alibrahim & 



Shlewit, 2007). Boukis & Kanellakopulos (1983) explained that in a system that contained 

UO2(NO3)2 - HNO3 - 30% TBP in dodecane, the critical temperature in order for the third phase to 

be formed has been studied as a function of the uranyl-concentration and/or the aqueous phase 

acidic nature (Boukis & Kanellakopulos, 1983). Boukis & Kanellakopulos (1983) further explained 

that the quantity of the third phase either increased with the decrease in temperature or with the 

increase of acidity in the aqueous phase. 

(b) Organic 
phase 

(d) Aql!leous 
phase 

(a) Separatory funn el 

Figure 4.19: Separatory funnel with the organic phase (b), third phase (c), and aqueous phase (d) 

after the settling period. 

4.6.3 Aluminium decontamination factor 

The aluminium decontamination factor was calculated to evaluate the level of aluminium/uranium 

co-extraction and the purification of uranium from aluminium that can be obtained using solvent 

extraction. Table 4.5 shows the decontamination factors calculated for different amounts of 

aluminium added to uranium solutions. It should be noted that the decontamination factors 

presented in table 4.4 were underestimated due to the analytical instrument used, which had a 

detection limit of 1 ppm for Al. 



Table 4.5: Decontamination factors of different amounts of aluminium in uranium solutions. 

Al added (% m/m Al concentration Al concentration after Decontamination 
U) before extraction extraction (mg/L) factor 

(mg/L) 
0 21.5 < 1 >21.5 

1.25 89. 1 < 1 >89.1 
6.02 447 < 1 >447 
12.38 720 < 1 >720 
18.09 983 < 1 >983 

The results obtained for the decontamination of aluminium from uranium ore supported by Stas et 

al. (2005), who reported that TBP is highly selective for uranium and also offers exceptional 

decontamination from most contaminants. During a typical separation process of uranium, a step 

that entails scrubbing is included in the process to separate all contaminants from uranium, this 

ensures the purity of uranium before being stripped and further precipitated (Awwad, 2004). 

4.6.4 Conclusion 

The addition of Al to the uranium solution has an almost negligible effect on uranium extraction. 

The percentage extraction range as the amount of aluminium added is increased from 1.25% to 

12.38% is only 3.08%. During uranium stripping, a third phase was formed in this study, which 

fortunately had no detrimental effect on the stripping efficiency. This hypothesis was proposed by 

Germain & Pluot, (1980). Stripping using 1.0 M (NH4)2CO3 was seen to be the optimum 

concentration to use compared to the use of a 0.5 M (NH4)2CO3 for stripping uranium from TBP. 

The amount of Al in the final U strip was in all cases below the detection limit of the analytical 

instrument (1 mg/1), indicating no extraction of Al occurred and very efficient separation from U, 

for even the highest amount of Al added. This shows that solvent extraction of U from 3.0 M HNO3 

into 30% TBP, is an effective method for purifying U from Al. 

4. 7 Ion exchange as an alternative purification method 

Solvent extraction has generally been the most common method of recovery for uramum, 

particularly with the aid of TBP. In this study, an alternative method was suggested to recover 

uranium by using ion exchange technology. Reynier et al. (2016) mentioned that the process of ion 

exchange has been regarded as the favoured method for separating uranium from accompanying 

impurities in order to produce a purified and concentrated uranium solution that will qualify for 

producing a uranium product (Reynier et al. , 20 16). This technology was investigated in this study 

to show the effectiveness of recovering uranium using ion exchange technique. 



4.7.1 Distribution coefficient determination 

The distribution coefficient is characterized by the capability of an ion exchange resin to absorb 

ions from a solution. In this study, the ion of interest was uranyl ion from a uranium solution. The 

distribution coefficient can be used to calculate the theoretical maximum capacity of the ion 

exchange bed to purify a volume of waste solution (Ojovan & Lee, 2013). 

Figure 4.20: (a) Solution before using resin, (b) solution after using Amberlite IRC748, (c) solution 

after using AG50W-X4, and (d) solution after using Amberlite IRC747. 

The feed solutions for ion exchange testing were diluted to 0.1 M HNO3, due to the declining 

distribution coefficients of U on cation exchange resins at increased acidity (Strelow et al. , 1965). 

Another factor that was considered was that a high concentration of acid may have an influence on 

the elution of uranium from the chelating resin. This experiment was conducted to test the sorption 

of uranium on Amberlite IRC748, AG50W-X4 and Amberlite IRC747 resins using 10 ml of 

solution that contained 5 mg of U. After contacting the uranium solution with the resin, the 

distribution coefficients were calculated using equation (30). 

The results showed that Amberlite IRC747 had the highest uranium distribution coefficient of 

4461.9 ml/dry g while Amberlite IRC748 and BioRad AG50W-X4 performed poorly, with only 

167.0 ml/dry g and 433.1 ml/dry g, respectively (figures 4.20 and 4.21). The Amberlite IRC747 

resin was therefore chosen to test further for U recovery and purification from Al, in a column 

experiment. 
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Figure 4.21: Distribution coefficient of uranium on three different resins in 0.1 M HNO3. 

4.7.2 Column sorption of uranium from nitric acid solution by Amberlite IRC747 

Amberlite IRC747 is a macro-porous resin that has a styrene di-vinyl-benzene copolymer matrix 

that is crosslinked with DVB, containing amino-phosphonic groups (-CH2-NH-CH2-PO3Na2). The 

main reason for possessing such amino-phosphonic groups is so that it is able to form complexes 

with desired metal ions. The resin, according to Rohm and Haas - a chemical manufacturing 

company - has a capacity of ~1.75 eq/L of ions in the form of Na+. The resin is supplied in Na+ 

form where it is washed with water and subsequently equilibrated with 0.1 M HNO3 in order to 

convert it to H+ form. 
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Figure 4.22: The breakthrough of uranium feed using Amber lite IRC747 resin. 



The total amount of feed was 1252 ml or 60.69 bed volumes (BV), followed by a NaOH wash of 

100 ml between 62.60 and 67.51 BV, with the elution taking place after 67.51 BV (figure 4.22). 

The breakthrough point is defined as the volume fed to the column until the effluent reaches a 

uranium concentration equal to 2% of the concentration in the feed (Merritt, 1971 b ). In this study, 

the breakthrough point was observed at 60.69 BV, with the flow rate set at 1.65 ml/min and a 

uranium feed concentration of 480 ppm. Uranium was eluted from the resin using 85 ml ammonium 

carbonate mixed with 15 ml of 30% hydrogen peroxide. Figure 4.23(a) shows a yellow colour on 

the resin which is due to the uranium loaded. In figure 4.23(b), the yellow colour has disappeared 

showing that most of the uranium has been eluted from the resin. 

Figure 4.23: Elution of uranium from the resin using ammonium carbonate and hydrogen peroxide. 

Breakthrough of uranium occurred when the resin was loaded with 577 .65 mg. The breakthrough 

capacity was 29.11 g U/L resin. The breakthrough occurred at 13 .98% (0.245 eq u o i+/L resin) of 

the theoretical capacity of Amberlite IRC747 which is 1.7 eq/L resin. 



4.7.3 Separation of aluminium from uranium on Amberlite IRC747 

An amount of 5% Al (m/m U) was added to the feed solution of the column, to study the behaviour 

of Al on Amberlite IRC747, and determine if it can be successfully separated from U using this 

resm. 

Due to the high cost of aluminium analyses at PAL, it was not possible to analyse each fraction of 

the column to determine the breakthrough point of Al, and therefore only the feed solution and the 

last two fractions (the NaOH wash and the carbonate/peroxide eluate) were analysed for Al, since 

the real matter of importance is only whether it is eluted from the column with U or not, which will 

indicate the possible extent of separation from U. The results are given in table 4.5: 

Table 4.6: Aluminium analysis results for the Amberlite IRC747 column experiment 

Solution Volume Al Cone. Al mass (mg) 
(ml) (m~/1) 

Column feed 1230 2.1 2.58 
Fraction 8 98 .07 48 .6 4.77 
Fraction 9 100.62 14.7 1.48 

=> %Al eluted: 24 1.8% 

The Al mass balance in the three solutions analysed do not tally with each other (amount of Al 

recovered in the wash and eluate fractions is 242% of that in the feed) , and this is probably due to 

the very low Al concentration in this solution, leading to a relatively large analysis error. However, 

the results do indicate that most or all of the aluminium in the feed solution was eluted in the same 

fractions where U was recovered, signifying that no separation between U and Al is possible using 

ion exchange on Amberlite IRC7 4 7. 



Chapter 5: Conclusion and recommendations 

5.2 Conclusion 

During the production of U/ Al target plates, a lot of scrap is generated that contains high valued 

uranium that need to be recovered, purified and recycled into the target plate manufacturing 

process. The use of alkaline (KOH) medium for target plate dissolution has been followed by Necsa 

but is not optimised. 

The aim of this study was to determine the optimum dissolution medium for the U/ Al scrap material 

in either NaOH and KOH, optimise conditions for dissolving uranium from the residue generated 

during alkaline dissolution of the target plate scrap, test the separation of U and Al using solvent 

extraction into TBP, and evaluate ion exchange as an alternative purification technology. The 

objectives of this study included finding the most effective alkaline solution to dissolve aluminium 

and its requirement for excess solution in order to keep Al stable in solution, by comparing kinetics 

of dissolution in aOH and KOH. We optimised all dissolution parameters in the chosen alkali, that 

is temperature, stirring rate, NaOH or KOH concentration, NaNO3 on dissolution rate and solution 

stability. More tests were on the validity of the optimised parameters on aluminium samples 

provided by UChem. Other tests were on the optimized parameters on aluminium containing 

depleted uranium (DU); determining the optimum dissolution parameters (optimum HNO3 

concentration and temperature) for U residues in nitric acid. The effects of the various amounts of 

Al added to the dissolved uranyl nitrate were determined. This was executed based on the efficacy 

of uranium extraction with TBP and further used to determine the viability of using ion exchange 

technology to recover and purify U from the generated solution with added Al on chelating ion 

exchange resins (Amberlite IRC747 and Amberlite IRC748). The cationic exchange resins (BioRad 

AG50W-X4) was also used as an alternative for uranium purification. 

To determine the best dissolution medium between NaOH and KOH, a senes of tests were 

conducted to optimise the volume of alkali to dissolve the standardised 16.2 g of Al. The 

effectiveness of these parameters was evaluated based on the dissolution rate and re-precipitation 

time. Once concentration was optimised for both hydroxides, the effects of temperature, stirring rate 

and aNO3 were assessed. Temperature was varied from 30 to 80°C, stirring rate varied from O to 

1000 rpm and NaNO3 concentration was optimised using 3.0, 3.5, and 4.0 M concentrations. Once 

all the parameters were optimised along with the best dissolution medium, they were implemented 

on aluminium alloy samples that are used for 99Mo production. The optimum parameters were 

compared to the current method of dissolution utilised by UChem. 



The optimum parameters were further applied to dissolve a non-irradiated target plate containing 

depleted uranium. Subsequently, the residue recovered after caustic dissolution of the target plate 

was dissolved in HNO3 at different concentrations and temperatures. The effects of nitric acid 

concentration and temperature were assessed using the dissolution rate and dissolution efficiency. 

Uranium was separated and recovered using solvent extraction, with 30% TBP in kerosene as an 

extractant and (NH4)2CO3 as a stripping agent. A purification method of ion exchange was explored 

as an alternative. Three different resins, Arnberlite IRC747, Arnberlite IRC748 and BioRad 

AG50W-X4, were tested. The partition coefficient of uranium in each resin was determined and the 

resin with the highest sorption was further used to purify and recover uranium from the solution in a 

column experiment. 

NaOH was found to be the optimum medium at the concentration of 6.0 M with 3.0 M excess above 

the stoichiometric amount required for complete dissolution of Al. This conclusion was reached 

based on the results that dissolving aluminium with sodium hydroxide at a 3.0 M excess resulted in 

the fastest dissolution rate of 0.470 g/min, whereas KOH with a 3.0 M excess had a dissolution rate 

of 0.373 g/min. 

Dissolution parameters tested showed that dissolution of 16.2 g Al at 80°C, stirred at 1000 rpm with 

3.5 M aNO3 yielded the highest dissolution rate and the longest re-precipitation time. NaOH with 

3.0 M excess with 3.5 M NaNO3 had a higher dissolution rate of 0.7718 g/min and a rep­

precipitation time of 12960 minutes, whereas with KOH plus 3.0 M excess and 4.0 M NaNO3 the 

dissolution rate was 0. 7048 g/min and a re-precipitation of 10800 minutes (KOH plus 3 .0 M excess 

with 3.5 M NaNO3 were even lower). 

The two determining factors ( dissolution rate and time to re-precipitation) were considered as the 

industry is constantly looking for a method to dissolve target plates in less time also assuring that 

solutions remain stable over a longer period to allow for complete workability and analysis of the 

solution. 

The optimised parameters worked for all aluminium samples as they were all able to dissolve 

completely. Judging from the dissolution rate results, LP-COC-14/54 performed better than LP­

COC-12/41 and LP-COC-11/238. The optimisation from this study led to an improvement in the 

dissolution parameters compared to the method employed at that time. 

The optimum dissolution parameters were further applied to a target plate that contained depleted 

uranium. The rate of dissolving the TP in only sodium hydroxide was higher (0.5328 g/min) than 

with the inclusion of sodium nitrate at concentrations of 3.0 M (0.1488 g/min). This was a 

contradiction of the results reported when optimising the dissolution parameters for pure 



aluminium. This could be due to the impurities amalgamated in the alloying of Al to form the 

specified target plate. 

The effects of varied nitric acid concentrations and temperatures were optimised for the dissolution 

of uranium residue. The results showed that increasing the temperature and nitric acid concentration 

leads to an increase in dissolution rate. However, when increasing both parameters this also led to a 

poor uranium dissolution efficiency. Reducing the temperature and nitric acid concentration, led to 

a lower dissolution rate but ensured a higher uranium dissolution efficiency. 

When using solvent extraction to recover uranium, adding aluminium to the solution affected 

uranium recovery only minimally. It was observed that the difference between the highest and the 

lowest extraction was 3.08%. The optimisation of uranium stripping from TBP was executed with 

different concentrations of ammonium carbonate. Concentrations of 0.5 M and 1.0 M (NH4)2CO3 

were used to check the percentage strip from uranium solutions. The results showed that at a 

concentration of 0.5 M only an average of 23 .89% uranium was stripped from all five solutions. 

Using 1.0 M (NH4)2CO3 increased the uranium stripping to an average of 83.90%. After stripping, 

decontamination of uranium from aluminium was determined. TBP had a high selectivity for 

uranium therefore decontaminating it from impurities. Due to the sensitivity of the analytical 

equipment used (with an Al detection limit of 1 ppm), only a lower limit of the decontamination 

factors for different amounts of aluminium added could be determined. 

Three ion exchange resins were compared using their uranium distribution coefficients. Amberlite 

IRC747 had the highest distribution coefficient of 4461.9 ml/dry g with AG50W-X4 and Amberlite 

IRC748 having 433.1 ml/dry g and 167.0 ml/dry g, respectively. Amberlite IRC747 was further 

used to recover uranium in a column experiment. The breakthrough point was observed at 60.69 

BV, with the flow rate set to 1.65 ml/min and a uranium feed concentration of 480 ppm. The 

breakthrough capacity was 29.11 g U/L resin. Breakthrough occurred at 13.98% (0.245 eq u o z2+/L 

resin) of the theoretical capacity of Amberlite IRC747 which is 1.7 eq/L resin. 

In this study, solvent extraction and an alternative uranium recovery method, ion exchange, were 

used to recover uranium from a solution. Solvent extraction recovered 86.27% in a single stripping 

step of 20 ml volume, but this could be improved by using a number of sequential stripping steps, 

as is routinely practiced in industry. With the ion exchange column, U recovery of 82.08% was 

achieved with a 200 ml wash and eluate volume. The difference in recovery between the two 

methods is 4.19%. Solvent extraction method performed better not only in the percentage recovery 

of uranium, but also with the time it took to conduct recovery, and in terms of the volume in which 

U was recovered. Furthermore, complete separation of Al was achieved using SX, while with the 



ion exchange column, all of the Al was eluted with uranium, indicating no possibility of separation. 

Using SX, several extractions can be performed in parallel with little training required. For this 

specific application, the solvent extraction process already implemented at UChem Necsa, therefore 

seems to be superior to ion exchange technology 

5.2 Limitations 

1. When the optimized dissolution parameters for pure aluminium were tested on aluminium 

samples from UChem, a large variation in dissolution rates between the three available samples was 

observed. Due to a lack of enough material to experiment with, the reasons for this difference could 

not be further investigated. 

2. When the optimized dissolution parameters for pure aluminium were tested on pieces of target 

plate containing U/Al alloy, a discrepancy was observed in that the addition of NaNO3 had a 

severely negative effect on the dissolution efficiency of aluminium, while when dissolving pure 

aluminium it had a positive effect. Due to a lack of enough target plate material, this discrepancy 

could not be further investigated. Because the addition of NaNO3 has such a huge beneficial effect 

on eliminating evolution of dangerous quantities of flammable hydrogen gas, this should be further 

investigated. 

3. Another limitation that was met during this study was during the process of dissolving uranium 

residue. Due to a limited amount of the residue available, the study of dissolving the residue at a 

wider range of temperature was not conducted. 

5.3 Recommendations for future work 

For future work in optimising parameters for TP dissolution studies the following are 

recommended: 

• When dissolving aluminium in sodium hydroxide, it is recommended that the stirring rate be 

tested at 1000, 1500 and 2000 rpm. This would provide a broader spectrum of rpms that 

would be deemed optimal. The aforementioned rpms were not tested due to the time 

constraint. 

• Dissolving aluminium in potassium hydroxide, higher temperatures should be explored to 

optimise dissolution temperature. 

The above recommendations have been made because they could not be implemented in the study 

due to time constraints. 

• While dissolving aluminium in potassium hydroxide and sodium nitrate, it is recommended 

that the concentration of sodium nitrate be increased to 4.0 M, 4.5 Mand 5.0 M to determine 

the optimum concentration. 



• A wider range of samples of the aluminium used for actual target plate manufacture should 

be tested with the optimized Al dissolution parameters. 

• Further investigations should be done with U/ AL target plate material, to investigate the 

effect ofNaNO3 on the dissolution process 

• During the dissolution of uranium residue, only two temperatures were tested. A wider 

range of temperature (30, 45 , 60 and 70°C) is recommended to determine the optimum 

temperature. 

• Two (NH4)2CO3 concentrations were tested for uranium stripping. Although a higher 

concentration of 1.0 M stripped a higher percentage of uranium, increasing the stripping 

agent concentration to 1.5 M and 2.0 M is recommended in order to evaluate their stripping 

percentages. 

The above recommendations have been made due to unavailability of resources during the study. 
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