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Oxalic acid is encountered within industrial processes, spanning from the nuclear sector to various chemical applications. The persistence and potential environmental risks associated with this compound underscore the need for effective management strategies. This article presents an overview of different approaches for the destruction of oxalic acid. The study explores an array of degradation methodologies and delves into the mechanistic insights of these techniques. Significant attention is channeled towards the nuclear industry, wherein oxalic acid arises as a byproduct of decontamination and waste management activities. An integral aspect of decommissioning efforts involves addressing this secondary waste-form of oxalic acid. This becomes imperative due to the potential release of oxalic acid into waste streams, where its accommodation is problematic, and its capacity to solubilize and transport heavy metals like Pu is a concern. To address this, a two-tiered classification is introduced: high concentration and low concentration scenarios. The study investigates various parameters, including the addition of nitric acid or hydrogen peroxide, in the presence of metallic ions, notably Mn2+ and Fe2+. These metallic ions are common components of effluents from metallic waste treatment. Additionally, the impact of UV light on degradation is explored. Investigations reveal that at high concentrations and with the influence of hydrogen peroxide, the presence of metallic cations accelerates the rate of destruction, demonstrating a direct correlation. This acceleration is further enhanced by exposure to UV light. At low concentrations, similar effects of metallic cations are observed upon heating the solution to 80°C. The rate of destruction increases proportionally with hydrogen peroxide concentration, with an optimal oxalic acid to hydrogen peroxide ratio of 1:100. Interestingly, a low-power UV light exerted no discernible effects on the destruction rate; heating alone proved sufficient. In essence, regardless of concentration, the degradation of oxalic acid with hydrogen peroxide experiences acceleration in the presence of metallic ions such as Mn2+ and Fe2+.
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1 INTRODUCTION
Oxalic acid (C2H2O4) is a naturally-occurring organic compound found in plants (Mitchell et al., 2019). The use of oxalic acid is observed over a variety of industries and applications. This ranges from the removal of rusts for managing the environmental quality of metals (Wang Q et al., 2023), the conservation of contemporary acrylic paintings (Solbes-García et al., 2017) and the synthesis of graphitic carbon nitrides (Zhang et al., 2022), among many others.
Decontamination is an essential step in the life cycle of nuclear power plants to limit the potential release of radioactive species and reduce the risk to those working on plants. Contamination may be deemed “fixed”, where it is firmly adhered to a surface, or “loose”, where it may be easily removed from a surface via non-destructive methods; both of these present individual challenges. While washes with water or weakly concentrated nitric acid may be suitable for loose contamination, more invasive techniques may be required for the removal of fixed contamination of metal surfaces. Some decontamination methods explored include, but are not limited to the implementation of laser technology (Wang F et al., 2023), plasma decontamination (Zhong et al., 2021) as well as chemical decontamination encompassing the use of gels and foams (Gossard et al., 2022) and reagents like oxalic acid (Zhong et al., 2021).
Oxalic acid is known to strongly solubilize most iron oxides (Ocken, 1999). It is used as a rust-removal complexing agent that is also good for decontaminating highly damaged corroded surfaces. Oxalic acid dissolves deposited MnO2. It can also serve as a corrosion inhibitor for carbon steels, limiting over-aggressive digestion during decontamination and so protecting the structural integrity of structures made of such steel. When oxalic acid is used in concentrations of less than 1 wt%, the decontamination process can be slow but has minimal impact on the corrosion of the metal surfaces. Whereas at higher concentrations, typically up to 10 wt%, the decontamination coefficient and treatment time are optimized, but corrosion increases along with chemical secondary waste requiring treatment (Zhong et al., 2021). The treatment of this oxalic acid rich secondary effluents is also an important part of decommissioning activity; this is a necessity due to the potential release of oxalic acid into waste streams where it is unable to be accommodated, or the ability of oxalic acid to solubilize and carry heavy metals such as Pu into waste streams, increasing the criticality risk (Orr et al., 2015).
Oxalic acid can be harmful to both humans and the environment when not properly handled or disposed of. High concentrations of oxalic acid can cause skin and eye irritation, respiratory problems, and even kidney failure (Kliegman and Geme, 2019). Therefore, it is essential to understand the methods for the destruction of oxalic acid to minimize its impact on the environment and human health. Methods for the destruction of oxalic acid to eliminate the risks associated with the secondary waste have been identified in literature. Some techniques, which may be particularly challenging to deploy on licensed nuclear sites and were therefore discarded, include electrolysis (Martinez-Huitle et al., 2004; Shih et al., 2019), ultrasonic degradation (Dükkanci and Gündüz, 2006) and catalytic wet air oxidation (Lee and Kim, 2000; Santos et al., 2021). Other methods from literature which were assessed to be more compatible with nuclear plant operations due to their ease of implementation, potentially using existing plant infrastructure, were identified to be heating with nitric acid (Mason et al., 2008) alongside manganous nitrate (Mn(NO3)2) (Kubota, 1982; Nash, 2012) and hydrogen peroxide (H2O2) (Berry, 1957; Chung et al., 1995; Kim et al., 2000), and well as ultra-violet (UV) light (Beltrán et al., 2002) and ozonation (Ketusky and Subramanian, 2012; Martino et al., 2012). These techniques–thought to be more appropriate for use on nuclear power plants–have been experimented with, as outlined in this paper.
Hydrogen peroxide is used because of the safety of the manipulation and the low cost of the reagents. In the presence of hydrogen peroxide, oxalic acid decomposes to form water and carbon dioxide as shown in Equation 1. UV acts as a catalyst in this reaction and speeds up the process. In parallel, hydrogen peroxide decomposes by a disproportionation reaction to generate water and oxygen, seen in Eq. 2 (Kim et al., 2000).
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In addition to hydrogen peroxide used during the process, it is possible to use manganese as a cation or manganese oxide to increase the reaction kinetics. Indeed, in the presence of nitric acid, manganese is a very powerful catalyst for oxidizing organic compounds such as oxalic acid (Saeed et al., 2013), even in low concentration (few mM). In the case of the Chemical Oxidation Reduction Decontamination (CORD) process, discussed later, various metals are present in solution, including manganese. That is why the catalytic reaction is studied here.
The presence of iron also plays a significant role during this process, acting as the Fenton reagent. Hydrogen peroxide oxidizes iron (II) to iron (III) and produces a hydroxyl radical and a hydroxide ion via the Fenton reaction mechanism shown in Eqs 3–5 (Metelitsa, 1971; Pawar and Gawande, 2015; Haber et al., 1934; Brillas et al., 2009). Iron (III) is then reduced back to iron (II) by another molecule of hydrogen peroxide, producing a hydroperoxyl radical and a proton as seen in Eq. 4. This results in the disproportionation of hydrogen peroxide to create two different oxygen-radical species, with water (H+ + OH−) as a byproduct.
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The free radicals generated by this process then engage in secondary reactions. The hydroxyl radical is a powerful, non-selective oxidant. Fenton’s reagent is a rapid and exothermic method of oxidizing organic compounds. It results in the oxidation of contaminants to primarily carbon dioxide and water (Kim et al., 2019; Cai et al., 2021). The reactions are accelerated in the presence of UV, therefore known as UV photo-Fenton reaction (Oturan and Aaron, 2014; Kim et al., 2019). The important radical formation steps are seen in Eqs 6, 7 while the radical termination is seen in Eqs 8, 9.
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As part of the European Union (EU) project ‘Pre-disposal management of radioactive waste’ (PREDIS), technical work is being carried out internationally across EU-country labs and the United Kingdom. This focuses on innovations in nuclear waste treatments, among which the management of oxalic acid as a secondary waste form is a topic. As previously mentioned, oxalic acid as a decontaminant can be applied at high or low concentrations depending on the desired balance of reaction and corrosion rates (Zhong et al., 2021). This work, carried out at the UK’s National Nuclear Laboratory (NNL) and Subatech Laboratory, IMT Atlantique in France has provided an opportunity to test destruction methods using both high and low concentrations of oxalic acid collaboratively. However, the results for the destruction at higher and lower concentrations may not be directly compared due to the differences outlined in the relevant sections. At a higher concentration of oxalic acid (520 mM), destruction using heating with nitric acid with Mn(NO3)2 and H2O2, UV light with H2O2 and Fe, and ozonation has been tested by NNL. At a low concentration of oxalic acid (10 mM), the use of H2O2 in combination with heating and application of UV light was experimented for oxalic acid destruction at Subatech Laboratory, IMT Atlantique.
2 MATERIALS AND METHODS
2.1 Destruction of oxalic acid at higher concentration
Oxalic acid is being considered for use by Sellafield Ltd. due to its ability to capture and solubilize radionuclides. However, it is considered necessary to establish an effective method for the destruction of oxalic acid as a precaution for its release into waste streams which cannot accommodate it; evaporation methods or in situ intervention have both appeared to be attractive destruction methods due to the minimal intervention with existing plant infrastructure which would be required. Hence, for the destruction of oxalic acid at higher concentration starting at 520 mM, methods of heating with nitric acid and use of UV light, Fe (II) and H2O2 were experimented. A higher concentration of 520 mM oxalic acid was selected for these experiments, influenced by an existing thermal evaporator at the Sellafield nuclear site where it is thought this destruction process could be carried out, and the solubility limit of oxalic acid in high molarity nitric acid. Experiments were generally run up to a 14-day point, or until analysis indicated that the oxalic acid had been fully destroyed to the limit of detection (3 mM).
Oxalic acid dihydrate (C2H2O4·2H2O), standard grade nitric acid (HNO3, 70% w/w), standard grade sulfuric acid (H2SO4, 95%–98% w/w), Mohr salt ((NH4)2Fe(SO4)2.(H2O)6), hydrogen peroxide (H2O2, 30% w/v), chromium nitrate (Cr(NO3)3), nickel nitrate (Ni(NO3)2), iron (II) nitrate (Fe(NO3)2), manganese nitrate (Mn(NO3)2), potassium permanganate (KMnO4), sodium hyposulfite (Na2S2O3), amido sulfuric acid (H3NSO3), potassium iodide (KI) and ammonium molybdate ((NH4)6Mo7O24) were sourced from Fisher Scientific UK Ltd. to their highest available purity and used. 18 MΩ cm deionized water used was sourced from the laboratory water purifier system.
2.1.1 Heating with nitric acid
For this technique 250 mL of liquor was heated to either 50°C, 75°C or 100°C in a round bottomed flask placed within a thermostatically controlled isomantle accurate to ±3°C. To prevent the evaporation of liquor from each heated round bottomed flask, glass condensers cooled with water at approximately 10°C were employed. Each round bottom flask was equipped with three ports; one of which was used for the condenser, one for the thermostatic temperature probe, and another which was stoppered but used for taking samples of ∼2 mL using a Pasteur pipette. Aliquots (1 mL) of this sample were then used for analysis once the solution had cooled to room temperature to ensure accurate volumes were analyzed.
The liquor of all experiments contained 520 mM oxalic acid and 8 M HNO3. Varying concentrations of Mn(NO3)2 between 0.025 and 50 mM were also added to the experiments for catalytic purposes. A small number of experiments were also supplemented with minor concentrations of nitrates of Fe, Cr and Ni (100, 25 and 14 ppm, respectively) so as to account for the corrosion products of stainless-steel evaporator systems on the Sellafield site. For solutions also containing H2O2, the required amount of 30% w/v H2O2 was added. All solutions were made to 250 mL with the addition of 18 MΩ cm deionized water.
2.1.2 Use of UV light, Fe and H2O2
For this method, 250 mL solution with a starting concentration of 520 mM oxalic acid was used. Fe (II) in the form of Mohr salt (ammonium iron (II) sulfate) was also added to some experimental solutions, equating to a concentration of 5.2 mM Fe. With the solution in a clear glass Drechsel vessel, UV light at a wavelength of 365 nm was shone towards the solution; the intensity of the UV light was controlled by using either one or two UVP UVGL-58 handheld lamps. In order to initiate a photo-Fenton-like reaction, each experiment was also dosed at regular intervals with 30% w/v H2O2 to give an addition of 12 mmoles or 23 mmoles to the solution. Control experiments for this technique were also carried out without exposure of the solution to UV light. For one type of control, the glass Drechsel vessel containing an experimental solution was not exposed to the UV lamp but was left uncovered in the laboratory, therefore being exposed to environmental light. For the other control, the glass Drechsel vessel containing an experimental solution was covered entirely with aluminum foil, thereby preventing the solution from being exposed to any light. In order to direct any gases produced during the destruction process away from the operator, all vessels were fitted with an air condenser (not temperature controlled) in the port of the Drechsel vessel.
For the consistent dosing of the experiments and the regular taking of samples for analysis, the condenser was removed from the Drechsel port. When taking samples, a 1 mL volume was taken from the vessel and used for analysis. The UV lamps, if used, were turned off during dosing or sampling to avoid UV exposure to the operator.
2.1.3 Sampling and analysis
Samples were taken from experiments at regular intervals, each laboratory working day. Oxalic acid concentration was quantified for each sample by two analysis methods: ultraviolet-visible (UV-Vis) spectroscopy and titration with KMnO4. These techniques were selected to allow for simple and quick quantification of oxalic acid while the experiments were ongoing. For both analysis techniques, the 1 mL sample taken from the experiment was first diluted by a dilution factor (DF) of 10.
2.1.3.1 UV-vis analysis
For UV-Vis analysis, 0.25 mL of the DF 10 sample was added to 10 mL of a solution containing 3 M HNO3 and 0.03 M H3NSO3. Then 0.1 mL of 0.1 M KMnO4 was added, and the mixture agitated by swirling the container; this was then left undisturbed for 5 min to allow a pink color to develop. After this point, two Fisherbrand™ disposable semi-micro cell cuvettes were filled with approximately 1.5 mL of the solution. The cuvettes were then each placed in a Thermo Scientific™ GENESYS™ 40 UV-Vis spectrophotometer and the solutions analyzed at 526 nm. The absorbance of the sample at this wavelength was recorded. As analysis at this wavelength produced similar results to analysis with KMnO4 titration, it is not believed that interferences occurred at this wavelength.
A calibration curve using solutions of known concentrations of oxalic acid (0–0.7 M) was plotted to establish the relationship between absorbance and oxalic acid concentration. The straight-line equation from this calibration was used to calculate the concentrations of the samples taken from the experiments.
2.1.3.2 KMnO4 titration for oxalic acid
For the analysis by KMnO4 titration, 7 mL 18 MΩ cm deionized water and 5 mL 1 M H2SO4 were added to a conical flask and agitated on a magnetic stirrer heater plate. A 3 mL aliquot of the DF 10 experimental sample was then also added to the flask, and the mixture was heated to 60°C whilst being stirred at 60 rpm. A 0.005 M KMnO4 solution was prepared and added to a burette over the heated solution; this was added to the solution dropwise until a color change from colorless to pale pink. The concentration of oxalic acid in the sample was calculated by using the volume of KMnO4 titrated, taking into account the DF and the molar ratio between the oxalic acid and KMnO4 in the reaction shown by Eq. 10.
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The limit of detection for this method was established to be 3 mM oxalic acid.
2.1.3.3 Titration with Na2S2O3
For experiments where H2O2 was added, a further analysis method was also necessary to first quantity the concentration of H2O2 in the sample. This was essential as H2O2 can react with KMnO4 (Bailey and Taylor, 1937; Li et al., 2011; Sun et al., 2019; Khan, 2021), meaning that its presence interferes with the analysis outlined above and result in an overestimation of the concentration of oxalic acid in a sample.
For this analysis, the DF 10 experimental sample was added to a conical flask along with 50 mL 18 MΩ cm deionized water, 10 mL 1 M H2SO4, 12.5 mL 0.09 M KI solution and 2 drops of ammonium molybdate solution. The mixture was stirred at ambient temperature at 60 rpm. Na2S2O3 at 0.001 M was then added dropwise from a burette until a subtle color change from colorless to pale yellow was observed. At this point, 2 mL of starch solution was then added to the flask to initiate a color change from pale yellow to black to indicate the presence of iodine. At this point, further additions of Na2S2O3 were made from the burette until a color change from black to colorless, indicating the end point of the titration, was observed. The total volume of Na2S2O3 titrated was then used to calculate the concentration of H2O2 in the sample, taking into account the DF and the molar ratio between the H2O2 and Na2S2O3 in Equations 11, 12.
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This analysis technique was used alongside the methods for oxalic acid quantification. Therefore, the calculated concentration of H2O2 from this analysis technique was subtracted from the calculated oxalic acid values. This achieved an oxalic acid quantification representative of the sample, as the interference of H2O2 with KMnO4 was considered.
2.2 Destruction of oxalic acid at lower concentrations
The lower concentration of oxalic acid comes from the Chemical Oxidation Reduction Decontamination (CORD) process used for decontamination of stainless steels and Ni based alloys. CORD is a decontamination technique used during maintenance and decommissioning of nuclear power plants, mainly for the primary circuit and steam generator circuit (Ocken, 1999). It is a multi-step process where potassium permanganate/permanganic acid is used in the oxidation step as seen in Eq. 13, followed by oxalic acid in the destruction and reduction step, which destroys the MnO2 formed during the oxidation step, and also dissolves and complexes the iron oxides, as in Eqs 14, 15 respectively (Ocken, 1999; Rivonkar et al., 2022).
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The final solution is therefore rich in oxalic acid and its destruction is a precursor to the treatment of CORD effluents, as it is seen to affect the efficiency of precipitation of chrome (Remoundaki et al., 2007; Rivonkar et al., 2022).
2.2.1 Oxidation by H2O2 under effects of temperature and UV
The concentration of oxalic acid was determined from the concentrations used during the CORD process (ranging from 5 mM to 18 mM) (Ocken, 1999; Rivonkar et al., 2022). A middle ground concentration of 10 mM oxalic acid (dihydrate, ACS reagent, ≥95.0%, Alfa Aesar) was used and a volume of 100 mL was used. The hydrogen peroxide (30% in water, ThermoFisher) was mixed into the solution once the solution was at the desired temperature, i.e., when the solution reached 80°C, by heating on a heating plate, in the case of high temperature tests. The parameters temperature, concentration of H2O2 and UV radiation were evaluated. The concentrations of hydrogen peroxide tested were 100 mM, 500 mM and 1 M. Tests were carried out at 80°C corresponding to the operational temperature of the CORD process. The effects of UV radiation were tested at room temperature (22°C) and at 80°C temperature, using an UV lamp (VL-6. C, 254 nm, 6W, Fisher Bioblock Scientific). The summarized methodology of the different conditions is shown in Figure 2. Contact times of 2, 4, 6 and 24 h were applied under all conditions. The measurement of oxalate concentration was carried out by taking 5 mL aliquots at all contact times and done by ion chromatography (881 Compact Pro - Anion, Metrohm) with an anion column (Metrosep A Supp 16–250/2.0, Metrohm), a flow rate of 0.15 mL/min, and a conductivity detector. The eluent used are prepared for 7.5 M Na2CO3 (anhydrous, 99.95%, Acros Organics) and 0.5 M NaOH (50%, Merck).
For the high temperature experiments using UV, the sample volume was increased to 300 mL to account for the increased volume of the loop, was placed in a glass bottle and heated on a heating plate up to 80°C and pumped through a UV chamber using a peristaltic pump (Masterflex ISM945D, 4 channels, Ismatec), at a flow rate of 10 mL/min through a Tygon R3607 flexible tube (ID 2.79 mm, Saint-Gobain Tygon LMT-55). A total length of 1 m of tube was exposed to UV which implied a contact time of 38 s. The solution was then mixed into the same bottle on the heating plate. An illustration of this setup can be seen in Figure 1. For room temperature, the solution was placed into 40 mL polypropylene bottles and placed under the UV lamp.
[image: Figure 1]FIGURE 1 | Illustration of the dynamic system used with the UV lamp.
2.2.2 Influence of Mn and Fe ions
To test the influence of manganese and iron cations on the kinetics of oxalic acid destruction, three different solutions were created using salts of manganese (II) chloride (dihydrate, 99%, Merck) and iron (II) chloride (tetrahydrate, 99%, Sigma Aldrich). Concentrations of 0.8, 3 and 7.5 mM Mn2+ and 0.14, 0.5 and 1.25 mM Fe2+ were used, respectively. A ratio of 6:1 between Mn:Fe was maintained. The reasoning behind these values is explained in Section 3.2.3.
A summary of all the different conditions can be seen in Figure 2.
[image: Figure 2]FIGURE 2 | Overview of the different parameters tested in order to optimize the low concentration of oxalic acid destruction stage.
3 RESULTS
3.1 Destruction of oxalic acid at higher concentration
3.1.1 Heating in nitric acid and Mn
Figure 3 shows the data plotted from the 50°C experiments, with and without the presence of Mn(NO3)2 as a catalyst. When no manganese was present, very little oxalic acid was destroyed, and after approximately 16 days, the oxalic acid concentration was similar to the starting concentration. As the concentration of manganese increased, so did the rate of oxalic acid destruction. Very little destruction of oxalic acid was also observed at a manganese nitrate concentration of 5 mM, however at 10 mM and above, the rate of destruction increased greatly. At concentrations of 10 and 25 mM of manganese the reaction between the nitric acid and oxalic acid did not start immediately. Complete oxalic acid destruction occurred in approximately 8 days in 50 mM Mn at 50°C.
[image: Figure 3]FIGURE 3 | Destruction of 520 mM oxalic acid by heating with 8 M nitric acid at 50°C as a function of time. Exponential trendlines fitted.
As illustrated in Figure 4, the time to completely destroy roughly 520 mM of oxalic acid can be further decreased by increasing the temperature from 50°C to 75°C. Different concentrations of manganese were added, from 0.025 to 50 mM to establish at what point the catalytic effect of the Mn at the concentration used would achieve total destruction of the oxalic acid at 75°C. Total destruction could likely be achieved without the presence of Mn, but over a considerably longer timescale than if the catalyst was used. Experiments at the highest Mn concentration (50 M and 25 mM) showed that destruction could be achieved in under 2 days.
[image: Figure 4]FIGURE 4 | Destruction of oxalic acid by heating with 8 M nitric acid at 75°C as a function of time. Exponential trendlines fitted.
Figure 5 shows the rate of oxalic acid destruction when heated with nitric acid at 100°C. Significantly faster oxalic acid destruction was observed with 50 mM Mn, complete destruction occurring in approximately 4 h. This time period was much longer (∼30 h) when the Mn catalyst was not present under similar conditions.
[image: Figure 5]FIGURE 5 | Destruction of oxalic acid by heating with 8 M nitric acid at 100°C as a function of time. Exponential trendlines fitted.
Using the experimental data, the half-life (T ½) of oxalic acid under the conditions tested has been calculated, shown in Table 1. In Table 1, the time to destroy 520 mM of oxalic acid to the limit of detection under the conditions is also shown. For experiments using nitric acid only and nitric acid with 50 mM Mn, the activation energy for the destruction reaction has also been calculated. Calculation of activation energy was not possible for other experiments due to these not being carried out at all three temperatures (50°C, 75°C and 100°C). Table 1 corresponds with the trends shown in Figure 3, Figure 4 and Figure 5, with increased temperature and Mn catalyst concentration being associated with quicker oxalic acid destruction.
TABLE 1 | Calculated half-life (hours) and calculated days taken to destroy 520 mM oxalic acid to the limit of detection under experimental conditions tested.
[image: Table 1]3.1.2 Treatment via UV light, H2O2 and the addition of Fe
Figure 6 shows the results obtained from the tests focused on the destruction of oxalic acid using the photo-Fenton reaction at ambient temperature. Data showed the most effective tested conditions were using UV light, doping with 23 mmoles of H2O2 twice each working day and the solution containing 5.2 mmoles Fe. Complete oxalic acid destruction was achieved within 6 days. When the mmoles of H2O2 was approximately halved the destruction time was extended to ∼8 days. Note: a plateau in the destruction rate was observed between 2 and 4 days, which coincided with a gap in the H2O2 doping over a weekend where addition of the H2O2 was not able to be done by an operator. This plateau was not observed when the experiment was doped with 23 mmoles of H2O2 as in this case an excess of H2O2 was added, meaning there was enough H2O2 to sustain the destruction over the weekend. Additional experiments were performed to assess the impact of removing Fe and UV light. Much slower destruction was observed under these conditions, the complete destruction is estimated to be achieved in between 9 and 11 days when the data is linearly extrapolated.
[image: Figure 6]FIGURE 6 | Destruction of oxalic acid by UV light, H2O2 and Fe as a function of time. H2O2 addition is given in mmoles as this is the amount added to the experiment periodically twice each working day. Lines drawn to guide the eye.
3.2 Destruction of oxalic acid at lower concentration
3.2.1 Effects of different concentrations of hydrogen peroxide
Figure 7 shows the effects of different concentrations of hydrogen peroxide observed over 24 h at 80°C, for a fixed concentration of 10 mM oxalic acid. It was observed that the efficiency of oxalic acid destruction increased as the concentration of hydrogen peroxide was increased, with the highest efficiency seen at 1 M H2O2, a ratio of 1:100 oxalic acid:hydrogen peroxide (O:H). With this ratio of 1:100, about 94% of the oxalic acid was destroyed in 24 h. It was also observed that the degradation of the oxalic acid is rapid after mixing with hydrogen peroxide and slows down as H2O2 starts to be consumed. Due to the excess of hydrogen peroxide, the rate of reaction is initially high but slows down as it is consumed. It could potentially lead to increased gas production or heat generation (exothermic reaction). As there was no sampling carried out between 6 and 24 h, the rate of degradation during this period is not precisely determined. Therefore, it is possible that the degradation stopped before 24 h.
[image: Figure 7]FIGURE 7 | Influence of H2O2 concentration on oxalic acid concentration over time at 80°C. Initial H2C2O4 concentration is 10 mM.
These results were in accordance with the work published by Mailen et al. and Kim et al., who found the oxalic destruction rate increases with increasing concentration of hydrogen peroxide (Mailen et al., 1981; Kim et al., 2019). Kim et al. noticed a significant reduction in oxalic acid concentrations with a ratio of 1:2 in oxalic acid:hydrogen peroxide (O:H), albeit with the use of UV. The minimum ratio in our case was 1:10 (O:H), and the rate of destruction increased at 1:50 and was the highest at 1:100. The best-case ratio of 1:100 (O:H) was therefore selected for further tests going forward.
3.2.2 Effect of different conditions of treatment
Figure 8 shows the influence of UV at room temperature (22°C) and at 80°C using the system in Figure 1, in comparison to only heating at 80°C without UV exposure. At a 1:100 (O:H) ratio, it was observed that heating the solution to 80°C led to the highest degradation of oxalic acid (94% destroyed in 24 h), as in section 3.2.1, whilst exposure to UV at room temperature appeared to be least efficient (29% destroyed in 24 h). This suggests the relative inefficiency of the 6 W, 254 nm UV at the testing conditions. The combination of heating and UV lead to lower destruction efficiency as compared to just heating over 24 h, which was contradictory to section 3.2.1 and not seen in literature either. But after several tests, it was observed that the temperature of the solution at the exit of the UV chamber seen in Figure 1, was roughly 65°C, which was significantly lower than the intended temperature (80°C) used in the heating tests in the absence of UV. The loss of temperature was due to the long length of the loop, and there was no thermal insulation in place. The temperature of the bulk solution was therefore not stable at 80°C and the lower temperature would explain the lower efficiency as it led to a more gradual degradation.
[image: Figure 8]FIGURE 8 | Influence of UV radiation and heating on oxalic acid oxidation over time at 80°C. Initial concentration of H2C2O4 is 10 mM. Ratio of 1:100 (O:H).
These results using the UV source are in contrast to the work done by Kim et al. and Ketusky et al., who found a 254 nm UV source to significantly affect the reaction rate and therefore the oxalic destruction rate even at lower H2O2 concentrations. A couple of hypotheses for this could be drawn with the fact that the power of the UV source in our testing was only 6 W as opposed to 120 W used during the testing by Kim et al., and 1500 W used the decomposition loop of Ketusky (2018); Ketusky et al. (2010). Further reducing the efficiency of the 6 W source used, was the fact that our tests utilized comparatively higher concentrations of H2O2 beginning from 100 mM up to 1 M, while Kim et al. described a significantly lower UV transmittance (%) even at 50 mM at 120 W (Kim et al., 2019). This would suggest the combination of higher concentration and lower power of the UV, meant an even lower transmittance through the solution.
It appears that in this scenario, the shortcomings of the UV source were overcome with the use of higher concentrations of H2O2 alongside mixing at higher temperature, which led to efficient destruction of the oxalic acid over a period of 24 h.
3.2.3 Effects of Mn2+ and Fe2+ ions on the destruction efficiency
Mn and Fe ions tend to influence the reaction by accelerating the reaction rate in the absence of UV as seen in Eqs 3–5 (Saeed et al., 2013; Kim et al., 2019; Cai et al., 2021). Their influence was studied as they are present in solution after the CORD process (Rivonkar et al., 2022). The selection of 0.8 mM Mn2+ and 0.14 mM Fe2+ concentrations are based on a previous work (Rivonkar et al., 2022) using the CORD process before effluent treatment. The Mn2+ concentration is mainly coming from the KMnO4 used in the CORD process whereas the Fe2+ arises from the total dissolved iron after the CORD process. The concentrations of Mn were further increased to 3 mM and 7.5 mM, again arising from the tests done during the optimization of the CORD process published in the same work (Rivonkar et al., 2022). In the initial tests, the Mn2+ to Fe2+ ratio was set at 6 (with 0.8 mM Mn2+ and 0.14 mM Fe2+), the concentrations of Fe2+ in the subsequent tests was increased to 0.5 mM (with 3 mM Mn2+) and 1.25 mM (with 7.5 mM Mn2+) in order to preserve the 6:1 ratio. This adjustment was made to simplify the testing process.
The oxalic acid destruction appears to be significantly enhanced with the presence of metallic cations as shown in Figure 9. At 1 M H2O2, at 80°C, the oxalic acid is completely decomposed after 6 h of agitation for metal concentrations of 7.5 mM of Fe2+ and 1.25 mM of Mn2+ whereas for concentrations ten times lower in Fe2+ and Mn2+ (0.8 and 0.14 mM), 97% of the oxalic acid is destroyed after 24 h of contact time. The impact of the metallic cations is even more apparent at short contact times. For an initial oxalic acid concentration of 10 mM, 6.1 mM is still present in solution for the sample containing the lowest concentrations of iron and manganese, 5.4 mM for the intermediate concentrations (3 mM of Fe2+ and 0.5 mM Mn2+) and only 2.8 mM for the highest concentrations which gives a destruction 39%, 46% and 72% respectively in just 1 h.
[image: Figure 9]FIGURE 9 | Influence of Mn2+ and Fe2+ concentration on oxalic acid concentration over time while heating the solution to 80°C. Initial concentration of H2C2O4 is 10 mM. Ratio of 1:100 (O:H).
These results are in line with the research found in literature (Kubota, 1982; Saeed et al., 2013; Kim et al., 2019; Cai et al., 2021). They found the presence of metal cations and especially Mn2+ in solution during the destruction of oxalic acid accelerates the kinetics of this reaction. These results also show the correlation between the metal concentration and the reaction kinetics of oxalic acid destruction. The higher the metal cation concentration, the faster the decomposition of oxalic acid. Due to the presence of both Mn and Fe in CORD solutions, the effects of these ions were not studied individually, and therefore the critical ion amongst Mn and Fe, if any, cannot be identified.
3.2.4 Effects of UV lamp under the influence of Mn2+ and Fe2+ ions
The influence of metal cations in solution during the destruction of oxalic acid was also tested in a closed loop system in the presence of UV light as in Figure 1. The initial solution was heated to 80°C but the temperature decreased in the loop tube as stated previously, so an average temperature of 65°C is considered during this experiment.
The results are presented in Figure 10 and, as in the previous experiment, the presence of cations accelerates the reaction kinetics of oxalic acid destruction, although slower than in the absence of UV in section 3.2.3, possibly due to lower reaction temperature (65°C). Indeed, in the presence of a high concentration of iron and manganese (7.5 and 1.25 mM) oxalic acid decomposes by more than 70, 86% and 98% after 2, 6 and 24 h of contact respectively. For lower cation concentrations (0.8 mM Mn2+ and 0.14 mM Fe2+), the destruction of oxalic acid seems to be slower since its efficiency of destruction is just 32, 50% and 80% for 2, 6 and 24 h of contact time, respectively.
[image: Figure 10]FIGURE 10 | Influence of Mn2+ and Fe2+ concentration on oxalic acid concentration over time while heating the solution to an average of 65°C under UV lamp due to temperature loss through the loop. Initial concentration of H2C2O4 is 10 mM. Ratio of 1:100 (O:H).
However, the effects of the UV lamp cannot be concretely established as described by Kim et al. (2019); Ketusky (2018); Ketusky et al. (2010). Like in Figure 7, Figure 8 does not show a benefit of using the UV but once again, this is probably due to the reasons mentioned in the previous section 3.2.2, namely, a different power for the UV lamp but also a different solution temperature due to the use of the loop.
4 DISCUSSION AND PERSPECTIVES
This study has provided valuable insights into the crucial factors influencing the destruction of oxalic acid under various conditions and the catalytic effects of Mn coming from Mn(NO3)2 and metallic cations (Fe and Mn) coming from the decontamination of metallic wastes. The results underscore the significant impact of temperature, catalyst concentration, and UV exposure on the efficiency of oxalic acid degradation.
At higher concentrations of oxalic acid, the presence of Mn as a catalyst demonstrated remarkable potential in accelerating the rate of oxalic acid destruction, showing a positive correlation between catalyst concentration and reaction kinetics. Elevating the reaction temperature to 75°C further expedited the decomposition process, with a minimum concentration of 0.5 mM Mn2+ required for complete destruction. Notably, higher concentrations of Mn2+ (25 mM and 50 mM) achieved rapid destruction within just 2 days. Elevating the temperature to 100°C achieved rapid destruction in less than 2 days of the oxalic acid even without presence of the catalyst.
For the photo-Fenton reaction at ambient temperature, the most effective conditions for complete oxalic acid destruction were identified, with an UV lamp, 23 mmoles H2O2 doping twice daily, and a solution containing 5.2 mM Fe2+ exhibiting optimal results. The absence of Fe2+ and UV light resulted in notably slower destruction rates, highlighting their crucial roles as accelerators in the process.
At lower concentrations of oxalic acid, the study investigated the effects of different H2O2 concentrations and found a 1:100 ratio of oxalic acid to hydrogen peroxide to be the most optimal for the concentrations tested. Additionally, heating to 80°C displayed high degradation efficiency, while UV exposure at various temperatures showed comparatively lower efficiency, potentially due to limitations in UV transmittance and UV source power in addition to the loss of temperature through the loop.
The presence of metallic cations (Fe2+ and Mn2+) significantly enhanced the destruction of oxalic acid, with higher concentrations leading to accelerated degradation rates. The study revealed a notable increase in destruction efficiency as the concentration of Mn2+ (and therefore Fe2+) increased, though the individual effects of Mn2+ and Fe2+ were not studied.
These findings hold significant implications for industrial and environmental applications, particularly in the nuclear industry where oxalic acid plays a critical role in decontamination techniques like the CORD process. Efficient and sustainable methods for destroying oxalic acid wastes are of paramount importance, and the knowledge gained from this study offers a pathway for improved degradation methods.
Future investigations could explore combining the conditions from the lower concentration oxalic acid destruction study, utilizing higher concentrations of H2O2 at 80°C in the presence of metallic cations like Mn2+ for destruction of higher concentrations of oxalic acid. Additionally, the effects of more powerful UV sources and different wavelengths could be studied under these conditions.
Further research should also include pilot-scale experiments to validate the scalability of these results for practical applications. As the volumes of oxalic acid wastes increase, ensuring scalability is crucial for proper waste management.
Industrial stakeholders seeking effective chemical decontamination options can leverage the information gained from this research to make informed decisions and optimize their waste treatment processes.
5 CONCLUSION
The key conclusions as a result of the work carried out are.
1. The destruction of oxalic acid at high concentrations can be successfully achieved by heating with nitric acid and a Mn catalyst, and via photo-Fenton reaction.
2. At lower oxalic acid concentrations, oxalic acid destruction was successfully achieved via use of H2O2 and heating.
3. The methods tested have identified that metallic cations Fe2+ and Mn2+ significantly catalyze oxalic acid destruction.
4. While further research could be carried out to combine the learning from oxalic acid destruction at both high and low concentrations, the results presented in this paper indicate that the methods investigated should be considered for the treatment of secondary chemical waste during the decommissioning of nuclear facilities.
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