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          Air management in a submarine environment is crucial. In particular, CO2 concentration management is directly associated with crew respiration. The CO2 scrubbing characteristics of LiOH are used to control the CO2 concentration inside a submarine; however, recently, the lithium requirement for manufacturing batteries used in electric vehicles has increased significantly, and the price of LiOH has increased accordingly. From the viewpoint of logistics support, the CO2 scrubbing efficiency of the LiOH canister for submarines must be improved, and the regeneration of Li2CO3 to LiOH should be considered. The X-ray diffraction and inductively coupled plasma atomic emission spectroscopy analyses of Li2CO3 discharged after use in the submarine confirm that impurities are extremely rare, and that impurities such as Si and Al are sufficiently removed via high-temperature heating. Therefore, in this study, Li2CO3 discharged after its actual use in a submarine is heated to a high temperature in an electric furnace to regenerate it to Li2O. This process is assessed based on differential thermal and thermo-gravimetric analyses, in addition to 99% Li2CO3; the findings show that the efficiency of the LiOH canister for submarines can be maximized by further reacting unreacted LiOH. Therefore, the existing static rectangular parallelepiped canister is changed to a rotating cylindrical canister, and changes in its performance in a closed environment with a CO2 atmosphere, such as a submarine, are examined. Using the modified canister, the CO2 scrubbing efficiency with only 15% less LiOH is higher than that of the existing canister.
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      1. Introduction
      The air quality inside submarines that perform underwater operations, particularly the carbon dioxide (CO2) concentration, must be controlled. As the level of CO2 increases, the crew’s respiratory rate increases. High levels of CO2 can result in headaches, confusion, and eventual loss of consciousness. The CO2 emitted by the crew from underwater submarines may allow external air to flow into the room and ventilate when the submarine rises above the water. However, the ascent of submarines during missions and operations is limited significantly by the increased risk of operations due to location exposure. Therefore, in submarines, a method of chemically scrubbing CO2 using lithium hydroxide (LiOH) is used. In this process, LiOH is converted to lithium carbonate (Li2CO3), and the CO2 concentration in the submarine is maintained between 2,000 and 3,000 ppm on average. The use of LiOH in powder form may increase the CO2 scrubbing efficiency, but the leakage of LiOH particulates is detrimental to the human body; therefore, the granular type is used [1]-[2]. LiOH granules are packed into a rectangular parallelepiped canister that is statically loaded inside a ventilation cabinet to adsorb CO2. The LiOH canister cam be used to effectively adjust the CO2 concentration in spaces and conditions where ventilation is restricted, such as spacecraft [3], submarines, and deepsea divers, and several related studies have been conducted [4]-[8].

      The price of LiOH used in submarines and that of Li2CO3 discharged by the use of submarines have increased by approximately 500% owing to the high demand for lithium batteries, as a result of the increase in electric vehicles. Additionally, the price of lithium is expected to increase in the future. Therefore, for the long term, Li2CO3 must be regenerated into LiOH, and the mechanism for reuse in submarines must be introduced. Research pertaining to LiOH regeneration has been conducted in the fields of chemistry and electricity, but not on ships and equipment [9]-[12]. In addition, the CO2 scrubbing performance of LiOH canisters for submarines currently in use must be analyzed; their use efficiency must be improved to reduce the use of LiOH.

      In this study, when a submarine entered the home port after an underwater voyage, the LiOH canister that adsorbed CO2 formed due to the breathing of the crew was recovered; subsequently, analysis and improvement measures for this were examined. First, the regeneration potential of LiOH under high heat was examined using differential thermal analysis (DTA) and thermogravimetric analysis (TGA). After verifying the presence of unreacted LiOH inside the LiOH canister used based on the results of TDA and X-ray diffraction (XRD), we propose an improved canister for the further CO2 adsorption of unreacted LiOH. Next, we report the results of chamber experiments, such as the atmospheric condition of submarines, to confirm the change in CO2 scrubbing tendency as a result of using the improved canister. 

      The materials and figures related to security are not disclosed, and the used LiOH samples (Li2CO3) for the study are supported by the ROK navy submarine command.

      
        Table 1: 
				
        

        
          Review of various publications pertaining to LiOH canister
        
        

      

      
        
          
            	[#] Authors
            	Main contents
          

        
        
          	[4] J. Anthony et al. 
          	· The dual CO2/H2O control with LiOH has been demonstrated to be a feasible strategy for spacecraft life support, particularly in short-duration, volume-constrained applications
        

        
          	[5] Jennifer R. Jaunsen
          	· LiOH must been stored properly and carefully to guard against excess moisture absorption. 
        

        
          	[6] Dorsch M.P. et al. 
          	· The absorptive capacity of the LiOH absorbents can range from similar to Sodasorb, to more than Amsorb and even 5 times more.
        

        
          	[7] P. Zilberman
          	· 2 kg of LiOH can remove one person’s daily carbon dioxide from the cabin environment.
        

        
          	[8] P.L. Perrotta et al.
          	· Although canisters that were stored in warmer areas (e.g. engine room), appeared to be slightly less effective than those stored in other areas, the differences were not statistically significant.
· Canister effectiveness was independent of measured air velocity.
· The external damage did not negatively impact canister performance.
· Discard all canisters of lithium hydroxide 10 years after the date stamped on the canister by the manufactures.
· Continue replacing canisters that exceed 10% of their initial weight.
        

      

      

      
        Table 2: 
				
        

        
          Reviews of various research paper for LiOH regeneration
        
        

      

      
        
          
            	[#] Authors
            	Main contents
          

        
        
          	[9] J.-E. Park et al. 
          	· When graphite crucible was used in the process of LiOH regeneration, complete lithium oxide power was obtained.
· The regenerated lithium oxide showed high crystallinity at 1100℃ for 1 hour in a nitrogen atmosphere.
· Lithium oxides were reacted at 100℃ to convert to lithium hydroxide.
        

        
          	[10] Q. Zhao et al.
          	· For the lithium battery material regeneration technology, new powder treatment technology (such as high temperature ball milling) is considered to jointly realize the calcination, refinement, homogenization treatment, and precise control of valence of materials, so as to reduce the introduction of impurities.
        

        
          	[11] D.-W. Kim et al.
          	· Research is underway to recover lithium through an ion substitution reaction using an additive instead of a chemical substance, and a method for recovering lithium as a circulating resource by various methods have been proposed even for lithium-based secondary batteries.
        

        
          	[12] P. Zhang et al.
          	· The importance of technological development to recover and commercially recycle cobalt, nickel and lithium, which are recognized as the national major strategic resources, has increased significantly in recent years.
        

      

      

    

    

  
    
      2. CO2 Scrubbing in Submarines
      The CO2 concentration during the underwater voyage of a submarine is measured at 15 to 20 detection points depending on the submarine type; the measurement is controlled to avoid reaching the CO2 concentration limit of 1%. Figure 1 shows the CO2 concentration measurement results for 7 h during the day and 7 h at night during the actual underwater voyage of the submarine.

      
        
        

        Figure 1: 
				
        

        
          CO2 concentration change inside of the submarine based on underwater navigation
        
        

        

      

      During the underwater voyage of the submarine, the average CO2 concentration is approximately 3400 ppm during the day and 2450 ppm at night. The high CO2 concentration during the daytime is due to the activity of the crew. Owing to the characteristics of the submarine, which was operated in three shifts, two-thirds of the crew were sleeping (15ℓ / h∙person), and the remaining one-third was on duty (18-24ℓ / h∙person). Therefore, the CO2 concentration during dawn hours increased gradually from low levels. However, it remained at a high level during the day when the entire crew was engaged in activities such as training and maintenance (24–90/ h∙person). Additionally, the increase in the CO2 concentration was significant.

      The decrease in CO2 concentration between 9 and 11 h and between 13 and 16 h was due to CO2 scrubbing by the LiOH canister (Figure 2). 

      
        
        

        Figure 2: 
				
        

        
          Scrubber and LiOH granules for the submarines
        
        

        

      

      CO2 from the crew’s respiration can be chemically scrubbed from a submarine’s atmosphere via the following overall reaction with LiOH:
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      When this reaction proceeded to completion, 0.919 g of CO2 reacted with each gram of LiOH. These data are termed the stoichiometric limits of the reaction. Furthermore, this reaction is highly exothermic, i.e., the temperature of LiOH crystals increases as they react with water vapor and CO2, releasing 21.4 kcal per mole of CO2 scrubbed [9]. However, these temperature changes are not important for air management in submarines.

      The LiOH canister (Figure 2), an important element for CO2 adsorption, used in this study is based on the same principle as the astronaut respiratory CO2 removal (Figure 3) in the Apollo 13 project. In fact, the same mechanism was used previously. LiOH powder is a strong alkaline substance and is toxic to the human body when inhaled; therefore, LiOH powder must not flow out of the canister. During the Apollo 13 project, LiOH granules were wrapped in the endothelium and stored in a canister (Figure 3); this is similarly performed in canisters currently used in submarines [3]. Meanwhile, in nuclear submarines that operate regenerative CO2 scrubbers, the passive method using LiOH is operated as a backup plan. The navy of some countries, such as the UK, operates LiOH in the form of a suspending curtain [9]. 

      
        
        

        Figure 3: 
				
        

        
          LiOH scrubber for the Apollo 13 [3]
        
        

        

      

    

    

  
    
      3. DTA, TGA, and XRD results for LiOH
      The results of DTA, TGA, and XRD of LiOH granules (Li2CO3) discharged after their use on a submarine are reported in the section. The sample used in this study was LiOH granules discharged after use on a ROK navy submarine that were further exposed to CO2 for approximately 60 d under submarine atmospheric conditions for better CO2 adsorption. Using DTA and TGA, Li2CO3 with a purity of 99.0% was analyzed as a comparative substance. Figure 4 shows the DTA results of the granular LiOH sample after its use in a submarine. 

      
        
        

        Figure 4: 
				
        

        
          DTA results for the granular LiOHs used
        
        

        

      

      As a result of heating the sample to 1200 °C in an electric furnace, two sections of endothermic reaction were observed in the sample (red line), in which the reference substance (99.0% Li2CO3) was not observed prior to the melting point (723 °C). First, the endothermic reaction observed at approximately 75.15 °C was manifested by the H2O vaporization of the water in the sample, i.e., LiOH∙ H2O. The endothermic reaction in the second section occurred at approximately 425.94 °C owing to the arrival of some unreacted LiOH in the sample at the melting point. The theoretical melting point of LiOH is 445 °C. The second endothermic reaction indicates that some LiOH remained in the sample. In other words, the LiOH canister used in the submarine could not utilize all the internal LiOH granules, and the remaining were discharged. Beginning from 700 °C, the sample showed almost the same reaction mode as the reference; additionally, CO2 was separated from Li2CO3 and discharged, whereas Li2O was generated.

      Li2O is formed in a vitrified state; when it reacts with distilled water, LiOH∙H2O is formed. When LiOH∙H2O is heated to approximately 150 °C and dried, LiOH is formed [13]. Prior to the formation of LiOH, it is advantageous to produce its granular form using LiOH∙H2O.

      Figure 5 shows the TGA results for the LiOH granules used. The results show a decrease in weight due to the vaporization of H2O at approximately 75 °C. However, no change was observed at approximately 425 °C, where a secondary decrease was observed in the DTA. This is because the mass difference between hydrogen and lithium is slight during the melting of unreacted LiOH into Li2O. Subsequently, in the Li2O formation process at 700 °C or higher, the reference and sample show the same tendency in weight change. The TGA results quantitatively complement the DTA results.

      
        
        

        Figure 5: 
				
        

        
          TGA results for LiOH granules used
        
        

        

      

      The results of DTA and GTA confirmed that the LiOH used, i.e., Li2CO3, which absorbed CO2 generated in the crew’s respiratory process, can be heated to 1200 °C and regenerated to Li2O.

      Subsequently, XRD pattern analysis was performed on the LiOH samples. The XRD pattern shows a plot of the intensity of X-rays scattered at different angles by the sample. Copper K-α was used as the X-ray energy for the analysis. The XRD pattern analysis was commissioned by the Korea Advanced Institute of Technology. The LiOH canister installed in submarines is used only to adsorb CO2 emitted by the crew’s breathing; therefore, the substances formed after its use are primarily Li, O, H, and C compounds, whereas impurities are slight. Only the diffraction peaks of LiOH, LiOH∙H2O, and Li2CO3 were confirmed in the XRD results (Figure 6) of the discharged granular LiOH sample. constituted 97% of the metallic substance, whereas other substances constituted the remaining 3% and can be removed via high-temperature heating.

      
        
        

        Figure 6: 
				
        

        
          XRD results for LiOH used (Li2CO3)
        
        

        

      

      The following conclusions were obtained based on a comprehensive analysis of the DTA, TGA, and XRD results: First, the Li2CO3 discharged after use in the submarine indicated a high-purity lithium content that can be regenerated when heated at high temperatures. Second, when heated to a high temperature of 1200 °C or higher, the discharged Li2CO3 granules were regenerated to Li2O, which is the base material of LiOH. Unreacted LiOH was present in the LiOH canister used in the process. Third, even when the CO2 reaction conditions were sufficient, the scrubbing efficiency of the LiOH granules could not be guaranteed when using the existing canisters. Therefore, canisters with new forms and methods that can maximize the use of unreacted LiOH, as identified via TGA and XRD patterns, must be developed.

    

    

  
    
      4. Improvement in CO2 Scrubbing Efficiency
      Manufacturing costs for LiOH canisters used in submarines increased by more than 330% as of 2018. This is because of the significant increase in the price of battery raw materials (LiOH and Li2CO3) owing to the increasing demand for electric vehicles worldwide. This trend is expected to continue in the near future. 

      Therefore, improving the efficiency of the canister via the further adsorption of CO2 by unreacted LiOH in the canister can be an considered to reduce the submarine operating costs incurred for purchasing LiOH. Thus, we propose changing the canister type from static to dynamic

      To verify the effect of the canister in the dynamic state, we constructed an experimental equipment, as shown in Figure 7. A static canister, whose size is one-half that of the canister used in an actual submarine, was prepared by filling a canister completely with unused LiOH. Next, a closed chamber with submarine atmospheric conditions was constructed, and a scrubbing test was performed on a static LiOH canister under a CO2 concentration of 5000 ppm in the chamber (Figure 7(a)). Subsequently, as shown in Figure 7(b), after preparing a cylindrical dynamic canister with the same volume as the static canister, it was filled to 85% in volume with LiOH granules. The remaining 15% free space allows the particulates to mix internally as the canister is rotated, and the dynamic canister was rotated 90° once every 30 s. The inside of each canister corresponds to a completely empty space with no media or grid, and the shell of the canister is constructed using a double H14 grade high-efficiency particulate air filter (> 0.3 μm). The chamber was completely sealed. CO2 measurements were performed using a GC-2028 CO2 measuring instrument, and a fan was mounted inside the chamber to circulate the internal air.

      
        
        

        Figure 7: 
				
        

        
          CO2 scrubbing test of two typed canisters
        
        

        

      

      Figure 8 shows the results of the CO2 scrubbing tests on static and dynamic canisters. Both canisters began CO2 scrubbing at 5000 ppm, which is the initial condition of the closed air chamber. The experiment was terminated when the CO2 concentration in the chamber stabilized.

      
        
        

        Figure 8: 
				
        

        
          CO2 scrubbing test result of two typed canisters
        
        

        

      

      The experimental results show that the static canister required 11 min and 40 s to attain the indoor air quality standard of 1000 ppm, whereas the dynamic canister required 9 min and 30 s. The static canister stopped scrubbing when the residual CO2 concentration in the chamber was 205 ppm, whereas the dynamic canister performed additional scrubbing until the residual CO2 concentration reached 42 ppm. Because the LiOH granules inside the dynamic canister were only 85% of those in the reference static canister, the performance improved (20% and 4% improvements in the scrubbing speed and scrubbing rate, respectively) while 15% of LiOH was conserved when using the rotating dynamic canister.

      Considering the high market price of lithium products owing to the rapid increase in demand for electric vehicle batteries, the 15% reduction in LiOH usage affords an annual savings of $1 million from the viewpoint of naval logistics management. In addition, it results in a higher LiOH stock rate and reduces the submarine operation time.

    

    

  
    
      4. Conclusion
      In this study, LiOH granules used to maintain the concentration of CO2 generated by the crew’s breathing in a submarine were analyzed via DTA, TGA, and XRD patterns. The LiOH granules (Li2CO3) discharged from the submarines contained minute impurities. Therefore, regeneration via heating was sufficiently effective.

      The DTA and TGA results for LiOH granules (Li2CO3) discharged after use confirmed that when Li2CO3 was heated to 1200 °C, CO2 was removed. Additionally, Li2O generated during heating reacted with distilled water to yield LiOH∙H2O. The DTA results confirmed, the absence of LiOH melting in the reference Li2CO3, thus confirming that unreacted LiOH that did not adsorb CO2 was present inside the fully used LiOH granules and canister.

      Therefore, to maximize the CO2 scrubbing efficiency of LiOH granules, a cylindrical rotating dynamic canister was proposed. After considering its effect experimentally, the dynamic canister was further improved based on the 85% LiOH content of the static canister.

      Currently, based on the verified results, studies are performed to mass-regenerate Li2CO3 discharged from submarines. These studies will be continued such that the ROK navy submarine unit can demonstrate its own military-serviced regeneration capability in the future.

    

    

  
    
      Abbreviations
      
        
          	
          	
        

        
          	
            DTA : 
          
          	
            Differential thermal analysis
          
        

        
          	
            TGA : 
          
          	
            Thermogravimetric analysis
          
        

        
          	
            XRD : 
          
          	
            X-ray diffraction
          
        

        
          	
            CO2 : 
          
          	
            Carbon dioxide
          
        

        
          	
            LiOH : 
          
          	
            Lithium hydroxide
          
        

        
          	
            LIOH∙H2O : 
          
          	
            Lithium hydroxide monohydrate
          
        

        
          	
            Li2CO3 : 
          
          	
            Lithium carbonate
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