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Abstract 

This work presents a novel electro-electrodialysis (EED) system for laboratory-scale uranium 

electrowinning based on a simple process of reactive electrodialysis of solutions of uranium (VI) 

oxide (UO3) dissolved in aqueous hydrofluoric acid (HF), leading to the formation of deposits 

of uranium tetrafluoride (UF4). For stainless steel cathodes, the best operating conditions for a 

concentration of 25 g/L for uranium were 𝑖 = 40 A/m2, T = 40°C and 18 L/h recirculation 

flowrate. The specific energy consumption (W) and current efficiency (𝜌) for tetra uranium 

fluoride electrowinning was 4500 kWh/kg and 10.15%. When the cathodic metal was changed 

from stainless steel to aluminium, seeking to optimize the system, improved values of W and ρ 

were achieved (645 kWh/kg and 68%, respectively). 

In the EED cells, the release of gaseous hydrogen is significantly lower for aluminum, due to 

its lower exchange current density (i0), with a magnitude of 10-7 A/m2. On the contrary, a 

considerable release of gaseous hydrogen is observed when the stainless-steel cathode is used, 

mainly due to the H+/H2 reaction being catalysed by the stainless steel, inducing an increase in 

the acid consumption rate, devoting most of the energy consumed by the system in the proton 

reduction reaction. Polarization cathodic curves indicate that uranium has an estimate resting 

potential close to that of aluminium, which is −0.89 V. 

Finally, by chemical analysis (X-ray mass diffraction), 𝑈𝐹4 and hydrated 𝑈𝐹4, were identified 

as the main components of the electrodeposited product 
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1. Introduction 

Radioactive materials usually take the spotlight based on their relevance as sources of energy for 

varied applications [1]. In particular, a considerable amount of attention is placed on uranium as 

one of the most known radioactive materials currently in use [2]. Interestingly, not much attention 

is drawn to the complete nuclear fuel cycle of uranium, which includes all the processes that the 

uranium undergoes, from its ore extraction to its use in a reactor and its latter elaboration or storage 

[3].  

The concentration and purification of uranium-rich ores is a complex undertaking [4], involving 

several processes such as: i) steps associated with the discovery of suitable deposits for mining, 

quality sorting of the obtained ores, ii) milling and processing of the raw material and iii) sequential 

physico-chemical processing of the material, in both dry and wet processes, to achieve a low yield 

of uranium. This is an issue that arises from the initial low concentration of uranium found in the 

ores deemed as suitable for processing, with a uranium content lower than 20%, mainly in the form 

of uranium oxide [1]. Coupled with the intricacies inherent in the uranium mining process, 

important considerations need to be taken to establish adequate and traceable radiological control 

[5], to control the generation of radioactive waste according to the governmental regulations in 

place during the radioactive material processing [5].  

On the uranium enrichment process, the treatment of the ore is produced by two main routes, an 

acid route, and an alkaline route [6], both dealing with successive steps of dissolution, 

neutralization, precipitation, and redissolution, which involve the treatment of large volumes of 

leachates which require treatment and concentration to obtain the desired material. 

To achieve the desired concentration of uranium in the wet stages of the ore treatment, novel 

strategies need to be considered to optimize the use of aqueous resources as well as to improve the 



amount and purity of the uranium [7], [8]. Considering the above-mentioned limitations, 

electrochemical processes have usually been considered as ideal candidates for processes of 

selective separation of chemical species [9], [11]. The complementary use of several 

electrochemical techniques, as well as other physicochemical processes, can lead to the 

development of cost-effective systems with good recovery performance of the desired chemical 

species. 

The Chilean Commission of Nuclear Energy (CCHEN) developed novel Lab-scale electrowinning 

cells [12], which use membranes as a separator of catholyte and anolyte fluids. In the latter case, 

it has been stressed that the nature of the anodic material has shown itself to be highly relevant. 

Even though membrane-cells were first proposed for the recovery of copper [12], [14], its use has 

been extended to several applications [15], [16], [17], [18], [19], [20], [21], [22]. The present work 

describes the experimental development of a uranium electrowinning cell design aiming to develop 

a laboratory-scale cell based on reactive electrodialysis. To achieve these objectives, a two-

compartment cell (one for cathode and catholyte and another for anode and anolyte) operating 

under continuous flow regime was developed. 

In the CCHEN institute, several studies have been carried out for the extraction of uranium, based 

on the use of electro-electrodialysis (EED) processes. This method consists of a combination of 

electrolysis and electrodialysis, which allows to obtain different chemical products in two 

electrolytes (anolyte and catholyte) separated by one or more membranes, anion and/or cation 

exchange ones, using electric current between two electrodes (anode and cathode) as the driving 

force for the process to take place under different experimental conditions, such as substrate 

concentration, acidity, temperature and so on [23]. EED systems have found considerable use in 



water purification processes [17], organic and inorganic acids and the recovery of bases [22], as 

well as treatments for metal recovery from liquid samples [10]. 

The current iteration of the system, presented in this work, corresponds to a reactive electro-

electro dialysis system (REED). This system was used for electrowinning of 𝑈𝐹4, to reduce the 

uranium in solution as solid 𝑈𝐹4, from 𝑈𝑂3 dissolved in HF [24-26]. The reduction of uranium 

occurs in the cathode [27], equation (1); and therefore, gaseous hydrogen is produced, equation 

(2). The anode contains 𝐻2𝑆𝑂4 1M and the reaction is the water hydrolysis, equation (3). ¡Error! 

No se encuentra el origen de la referencia. show a diagram of the REED system. 

 

Figure 1. Schematic representation of a reactive electro-electrodialysis cell (REED). (1) 

Anodic electrode. (2) Cathodic electrode. (3) Cationic membrane. 

The cathodic half reactions with standard hydrogen potentials electrode (SHE) are: 



𝑈𝑂2
+2 + 4𝐻+ + 2�̅� → 𝑈+4 + 2𝐻2𝑂             0.3 𝑉𝑆𝐻𝐸      (1) 

2𝐻+ + 2�̅� → 𝐻2(𝑔)                0.0 𝑉𝑆𝐻𝐸             (2) 

 

The anodic half reactions with standard potentials are: 

 

𝐻2𝑂 →
1

2
𝑂2 + 2𝐻+ + 2�̅�            − 1.23 𝑉𝑆𝐻𝐸        (3) 

 

 

 

 

Uranium tetrafluoride (UF4) is a solid green crystal, and is used primarily as a reagent for the 

manufacture of a nuclear fuel element. The electrochemical production of UF4 is well documented 

[1] and several strategies have been tested throughout the years; one of the most well-known 

processes associated with the production of UF4 is the EXCER process [29]. In this process, a 

solution of uranil nitrate (UO2(NO3)2) is put into contact with a cationic resin, from this, the 

product, uranil fluoride (UO2F2) which is then thoroughly reduced to hydrated UF4. The proposed 

electrochemical reaction taking place in our studies (vide supra), and the ease of use provided by 

the proposed REED system, coupled with properties of UF4 such as thermal stability and low 

solubility in water [25], allow for the development of a simple and efficient system which can be 

easily escalated for the development of large-scale processes for purification and concentration of 

uranium compounds. 

 

 

 

 



2. Experimental procedure 

¡Error! No se encuentra el origen de la referencia.2 (Above) show the reactive electrodialysis 

system from 𝑈𝐹4 extraction, with the configuration deployed at a workbench scale. 

 

 

  

Figure 2. (Above) Complete view of the reactive electro-electrodialysis (REED) system for UF4 

extraction. (Below) Detailed view of the REED components. a) electrolytic cell, b) membrane, c) 

cathode and anode d) pumps, e) solution containers, f) DC power supply and g) heating plate. 

 

 

 

The system consists of a homemade two-compartment acrylic cell (Fig. 2.a) separated by a 

sulphurated polystyrene cationic membrane (Fig. 2.b), the catholyte and anolyte solutions were 

recirculated. The cathode was made of stainless steel, its dimensions were 4.9 × 4.9 × 0.1 cm, and 

the anode was made of graphite, and was 6 × 3 × 1 cm (Fig. 2.c). 



The cell is connected to two drums that contain 25 g/L 𝑈𝑂3 with 𝐻𝐹 (1M), and the other with 

𝐻2𝑆𝑂4 (1M) (¡Error! No se encuentra el origen de la referencia..d), each drum has a 10L 

capacity, through which hot water circulates, coming from a heater, heating the solutions to 20, 30 

and 40°C. 

Peristaltic pumps with a flow rate of 20 L/h (¡Error! No se encuentra el origen de la 

referencia..e), and a DC model ATTEN TPR3003T power supply were used (¡Error! No se 

encuentra el origen de la referencia..f), with a current density of 40, 80 and 100 A/m2. The cell 

operated at normal pressures in all the experimental conditions tested. 

All experiments were carried out at least by triplicate, unless otherwise stated. For a given set of 

replicates, data was deemed adequate when no differences larger than 20% between them where 

observed. 

3. RESULTS AND DISCUSSIONS 

After five hours of continuous work of the REED cell, an inspection of the stainless steel cathode 

allowed for the visualization of a greenish fine layer of 𝑈𝐹4, with a discernible concentration of 

the deposited UF4 at the center of the cathode, deposits that decrease when moving toward the 

outer limits of the cathode Fig. 3. 

Figure 3. Tetrauranium fluoride electrodeposited on a stainless-steel bed 



 

Regarding the amount of UF4 deposits obtained in the cycle of operation, to standardize the 

mass determination, the mass of UF4 deposit obtained was estimated after 18 experiments 

performed in different conditions of temperature, UO3 concentration and current density. The 

results of UF4 extracted mass are shown in Fig. 4. 

 

Figure 4. UF4 deposit mass vs. current density on a REED cell equipped with a stainless steel 

cathode. The dashed line delimits the different operating catholyte temperature tested (20, 30 and 

40 ºC). For each pair of bars, the bars on the left represent mass of deposit obtained at a UO3 

concentration of 15 g/L, whereas the bars to the right correspond to mass of deposit obtained at a 

UO3 concentration of 25 g/L. 

 

At the lowest temperature tested (20 °C), when the system is operating at the lowest concentration 

of the uranium solutions tested (15 g/L), no significative differences are observed in the deposited 

mass of UF4 with the increase of the current density. On the contrary, at the highest uranium 

concentration (25 g/L) tested, a 50% increase on the amount of deposited UF4 is observed at 100 



A/m2 current density, compared to 80 A/m2 and 40 A/m2. At the largest current density tested, the 

increase of Uranium solution concentration induces almost a tenfold increase in UF4 deposit, 

whereas at 80 A/m2 and 40 A/m2, a twofold increase is observed. An intermediate increase of 

temperature in the system (30 °C), overall improves the UF4 deposit performance of the system at 

15 g/L uranium solution concentration, irrespective of the current density of the system. At 25 g/L 

uranium solution, no striking differences are overall observed in the mass of UF4 deposits, 

compared to that observed at 20 °C. Interestingly at 30 °C, the difference in UF4 deposit efficiency 

is lessened between 15 g/L and 25 g/L uranium solutions. t the highest temperature tested (40 °C), 

a significative improvement on the mass of UF4 deposited is observed at 25 g/l uranium solution, 

where the maximum UF4 deposit efficiency, from all the condition tested, is observed, where the 

highest amount of extracted mass was 0.22 g, achieved at 40 °C, 100 A/m2 current density and a 

25 g/L uranium concentration. 

The observations based on the data presented in Fig. 4, can be explained by considering the impact 

of the current density of the system on the ability to create nucleation centers during the 

electrodeposition stage on the EED process [13]. For the nucleation process, the current density 

controls the rate at which the metal crystals are formed as well as their growth kinetics, with lower 

current densities leading to the formation of reduced number of highly ordered and nucleation 

centers, while high current densities lead to the formation of a larger number of nucleation centers 

with a more unstructured disposition leading to more porous deposits. As expected, the use of high 

concentration of UO3 (25 g/L) and high current densities, leads to the highest values of UF4 

deposited mass due to the formation of a large number of nucleation centers able to grow on the 

surface to grow until the final mass of deposited UF4 is achieved. 

 



When the temperature influence is considered [30], it can be observed that irrespective of the 

concentration of UO3, the deposition of UF4 is improved with the increase of temperature. From 

this it can be inferred that the formation of the UF4 deposited is not only favoured by the large 

number of nucleation centers induced by the high current densities, but also by the increased size 

of the metal crystals led by the increase in temperature. Besides this, the increase in temperature 

can induce and improved transport of metal mass to the surface of the electrode, due to increased 

solubility and conductivity of the solution. 

 

Regarding the data obtained at 30 °C, the behaviour of the systems appears to be rather different 

compared to that observed at 20° and 40 °C. Particularly considering that at 30°, an intermediate 

condition appears, where the largest amount of deposited material (irrespective of UO3 

concentration) is achieved at a lower current density value (80 A/m2). The most likely explanation 

for the observed differences is the presence of hydrogen occlusion mechanisms [31] that can be 

patent at lower temperatures, having a direct impact in the amount of deposited material, due to 

the large amounts of gaseous hydrogen being trapped in the newly formed metallic structures. The 

hydrogen occlusion might have a lessened impact in our systema operating at 40 °C, due to the 

decreased solubility of hydrogen and the increased evolution of gas from the system. Particularly, 

the conditions achieved at 30 °C acting as a “tipping point” for the influence of the hydrogen 

occlusion phenomena. 

The determination of the theoretical deposited mass (MT) at the cathode was made using by 

Faraday equation (4) and the current efficiency is calculated by the equation (5): 

𝑀𝑇 =
𝐼⋅𝑃⋅𝑀

𝑛⋅𝐹
            (4)  



𝜌 =
𝑀𝑅

𝑀𝑇
               (5)  

Where in eq. 4, I is the current, P is the process elapsed time, M is the deposited substance molar 

mass. n and F are substance moles and faraday constant respectively. 

With the real (MR) and theoretical mass, the current efficiency (ρ) was calculated, Fig. 5 shows 

the current efficiency of every operational condition. 

Now, with equation (6) the energy needed to extract one kilogram of uranium (W) can be 

calculated: 

𝑊 =
𝑈𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙⋅𝐼⋅𝑡

𝑀𝑅
             (6)  

Uterminal is the potential applied to the system, I correspond to the current and t is the time required 

for the deposition of a given amount of UF4 

 Fig. 5 shows data obtained for the evaluation of the correlation between current efficiency and 

current density in the REED system. 

Figure 5. Current efficiency vs. current density on a REED cell equipped with a stainless 

steel cathode. The dashed line delimits the different operating catholyte temperature tested (20, 

30 and 40 ºC). For each pair of bars, the bars on the left represent mass of deposit obtained at a 



UO3 concentration of 15 g/L, whereas the bars to the right correspond to mass of deposit 

obtained at a UO3 concentration of 25 g/L. 

 

From the data in Fig. 5, interesting observations can be made. First, overall current efficiency 

increases with the increase of the operating temperature in the system, with the estimated current 

density increasing almost linearly with the increase in temperature from 20 to 40 °C, irrespective 

of the uranium solution concentration employed. Similarly, in all the experimental conditions 

considered, the largest current efficiency is achieved when the system is operating with the 

catholyte at the highest uranium concentration studied (25 g/L). Also, in all of the conditions tested, 

lower current density induces the highest current efficiency, irrespective of the temperature of the 

system and the concentration of uranium solution. The observed increase in current efficiency with 

the applied current density into the system, is concomitant with the increase on the UF4 deposited 

mass, higher current density indicates an enhanced supply of electrochemically active species (i.e. 

UO3) to the electrode surface. This is further supported by the increase in temperature, which 

indicates that the mass transfer coefficients of the electroactive species are increasing thus 

enhancing the deposition process. Another factor that might be contributing to the current 

efficiency trend is the minimization of potentially competing reactions taking place during the 

deposition process. 



Regarding the relationship between the specific energy consumption and current density for the 

deposition of UF4 in the REED cell, from the data collected in Fig. 5, the specific energy 

consumption of the systems under study was calculated. Fig. 6 shows that the efficiency is 

inversely proportionate to the specific energy consumption. At low temperatures (20 °C), 

significative differences are observed in specific energy consumption, where comparisons are 

made between the two concentrations of UO3 tested (15 g/L and 25 g/L). These differences are 

further reduced with the increase in temperature of up to 40 °C, where an overall decrease in 

specific energy consumption is observed at both UO3 concentrations. Concomitant with this, the 

more impactful decrease is observed at 15 g/L UO3 solutions. 

Figure 6. Specific energy consumption vs. current density on a REED cell equipped with a 

stainless steel cathode. The dashed line delimits the different operating catholyte temperature 

tested (20, 30 and 40 ºC). For each pair of bars, the bars on the left represent mass of deposit 

obtained at a UO3 concentration of 15 g/L, whereas the bars to the right correspond to mass of 

deposit obtained at a UO3 concentration of 25 g/L. 

After the data analysis and with the linear regression of the results presented in 5, model 1 was 

created, (current efficiency, with an R2); and with the results of 6, model 2 was created, (specific 

consumption, with an R2). 



𝜌 = −0.04 ⋅ 𝑖 + 0.146 ⋅ 𝑇 + 0.407 ⋅ 𝐶 −  4.5       (7)  

𝑊 = 4,025 ⋅ 𝑉 −  194 ⋅ 𝑖 −  562 ⋅ 𝑇 −  1,513 ⋅  𝐶 + 36,324        (8) 

 

In a REED system, the evaluation and control of parameters such as current density, current 

efficiency (and hence cell voltages) is no trivial matter, given the fact that the accurate 

manipulation of the efficiency of the system has direct impact on the long-term operation of the 

system and control of the cost associated with the deposition of the chosen uranium compounds. 

At a given operational set of the aforementioned parameters, the conditions under which the REED 

cell operates, such as electrode configuration (geometries and materials), uranium and acid 

concentration, temperature, agitation, can have a direct impact on the power required to deposit a 

set amount of Uranium-rich material. From this, the specific consumption estimated in the 

operational conditions considered indicate that the configuration of the REED cell provides 

adequate operational conditions to achieve an efficient production, considering the simplicity of 

the proposed system. 

One of the most important considerations to be taken into account for the operation of a system 

based on electrochemical processing of solution of considerable acidity, is that it relies on the 

behaviour of the electrodes used in a given system design. In particular, for the system proposed 

in this work, the behaviour of the cathodes is relevant, taking into consideration that this electrode 

is in direct contact with HF, and any variation in the behaviour of the electrode due to undesired 

processes such as corrosion of the electrode or other secondary reactions can directly affect the 

capacity of the system to maintain the desired current densities and efficiencies required for 

adequate operational conditions. 



Due to the overall low current efficiencies estimated for the REED system studied, experiments 

with different cathodes were performed, to assess the impact of the cathodic material on the 

performance of the REED system, and to be able to establish further considerations that can lead 

to improvement on the UF4 deposition process. To achieve this goal, experiments were performed 

at a limited set of conditions, previously estimated for the system operating with stainless steel 

cathodes, namely, a temperature of 40 °C, 40 A/m2 of current density and a uranium concentration 

of 25 g/L. The metallic material tested for comparison against stainless steel were aluminium, 

Monel (a nickel/copper alloy) and Inconel (a nickel/chromium alloy) [32], [33]. Table 1 shows the 

results for current efficiency and specific energy consumption. 

Table 1: Results for current efficiency and specific energy consumption using other cathodic metals for the 

electrodeposition of UF4 in the studied REED cell. 

 

 

Metal 

Stainless steel Aluminium Monel Inconel 

𝝆 (%) 10.15 68.29 6.83 17.07 

W (kWh/kg) 5045 675 5250 2100 

Current density i=40 A/m2, temperature T=40C° and [U]=25 g/L 

 

Compared to stainless steel, aluminum is by far the best cathodic material tested, inducing a 

considerable improvement in both current efficiency and energy consumption, evidenced in a 

seven-fold increase in current efficiency, and a massive reduction in energy consumption (from 

5045 kWh/kg to 675 kWh/kg). Contrary to what is observed for aluminium, Monel performs 

almost identically to stainless steel, with current efficiencies of 10.15% and 6.83% respectively 

and energy consumptions of 5045 kWh/kg and 5250 kWh/kg. In a similar comparison, Inconel 



displays an intermediate behaviour between that observed for stainless steel and Monel, with a 

current efficiency of 17.07% and an energy consumption of 2010 kWh/kg. 

To delve further into the behaviour observed for the data in Table 1, cathodic polarization 

measurements were performed. After data collection of four cathodic polarization curves, using 

the different electrodes, the average polarization curves obtained (Fig. 7) show that the resting 

potential for the cathodes considered are −0.10 V for stainless steel and Inconel, followed by 

Monel with −0.48 V, and aluminium showing the largest potential magnitude with −0.89 V. 

 

 

Figure 7. Cathodic polarization curve. (A) Stainless steel, (B) Aluminum, (C) Inconel, (D) Monel.  

rom the data shown in Fig. 7, the polarization curve of the aluminium reveals that this material 

has the resting potential that most closely approaches the uranium reduction potential [34], 

required for the studied electrodeposition process. Therefore, most of the system energy goes to 

the production of UF4, and not gaseous hydrogen. A considerable release of gaseous hydrogen is 



observed when the stainless-steel cathode is used, mainly due to the H+/H2 reaction being catalysed 

by the stainless steel, inducing an increase in the acid consumption rate, devoting most of the 

energy consumed by the system in the hydrogen reduction reaction..  

To verify that the electrodeposited material is in fact UF4, 2 g of the solid were sampled using 

X-ray mass diffraction. The diffractogram provided by the X-ray system software is shown in 

Figure A1 (refer to Appendix 1) with signals for the electrodeposited samples and standard UF4 

signals. The X-ray mass diffraction shows that the sample contains UF4 and minor impurities that 

could not be identified to any associated by-product. 

 

5. CONCLUSIONS 

Based on the findings presented, regarding the performance of the reactive electro-electrodialysis 

system considered for the electrodeposition of UF4, the conclusions can be best summarized when 

the metallic cathodes considered (stainless steel and aluminum) are compared. For stainless steel, 

the maximum current efficiency was 10,15%, almost seven times lower than that observed when 

aluminum is considered (68, 29%). The performance of stainless-steel cathodes can be somewhat 

improved by moderately increasing the catholyte temperature (40 °C) and the uranium 

concentration (25 g/L). The use of aluminum cathodes involves less energy expenditure per 

kilogram of Uranium (675 kWh/kg U). Similarly, the release of gaseous hydrogen is significantly 

lower for aluminum, due to its lower exchange current density (i0), with a magnitude of 10-7 A/m2. 

On the contrary, a considerable release of gaseous hydrogen is observed when the stainless-steel 

cathode is used, mainly due to the H+/H2 reaction being catalysed by the stainless steel, inducing 

an increase in the acid consumption rate, devoting most of the energy consumed by the system in 

the hydrogen reduction reaction. Polarization cathodic curves indicate that uranium has an 



estimated resting potential close to that of aluminium, which is −0.89 V. Zinc alloy cathodes 

(Monel and Inconel) show intermediate performance between that of stainless steel and 

aluminium, with Inconel being the alloy with the best relative performance. 
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