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Abstract: In order to apply lithium hydroxide (LiOH) as a low temperature chemical heat storage material, the carbonation reaction of LiOH and the prevention method are focused in this research. The carbonation of raw LiOH at storage and hydration condition is experimentally investigated. The results show that the carbonation reaction of LiOH with carbon dioxide (CO2) is confirmed during the hydration reaction. The carbonation of LiOH can be easily carried out with CO2 at room temperature and humidity. LiOH can be carbonated at a humidity range of 10% to 20%, a normal humidity region that air can easily be reached. Furthermore, the carbonation reaction rate has not nearly affected by the increase of reaction temperature. An improved storage method by storing LiOH at a low humidity less than 1.0% can be effectively prevented the carbonation of LiOH. The hydration reaction ratio of LiOH at the improved storage method shows a better result compared to the ordinary storage method. Therefore, the humidity should be carefully controlled during the storage of LiOH before hydration and dehydration reaction when apply LiOH as a low heat chemical storage material.
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1  Introduction

Enormous amounts of exhaust heat are discharged from various industries process with the consumption of fuels. The effective utilization of exhaust heat can improve the overall energy efficiency of the whole society [1]. Sensible heat storage [2,3], latent heat storage [4,5], and chemical heat storage [6,7], are the main thermal energy storage technologies. Among them, chemical heat storage systems can be applied to store exhaust heat at various temperature levels with a high heat storage density and long-term heat storage ability. Different reversible chemical reactions can be applied to storage exhaust heat at a wide range of storage temperature. For exhaust heat below 100°C, MgSO4 [8,9], MgCl2 [9–11], SrBr2 [12,13], and CaCl2 [14–17] are available. For exhaust heat between 100°C to 300°C, CaO/Ca(OH)2 [18,19], CaSO4 [20,21], and CaC2O4/CaC2O4•H2O [22] show promising results. These potential salts have been investigated in detail, varying from lab-scale to field demonstrations. LiOH is a typic chemical heat storage material for low temperature heat with a relative high heat storage density, where the reversible hydration reaction is as follows:


LiOH+H2O↔LiOH∙H2O,H=1440kJ/kg−LiOH∙H2O
(1)

The LiOH/LiOH•H2O reaction pair is promising low temperature heat storage. However, it has a list of technical problems, especially this reaction pair has a low hydration reaction rate, a low final reaction ratio, and sub reaction with CO2. In detail, the hydration ratio, which is the ratio of the amount of hydrated water with the stoichiometric one was only 0.142 at 480 s [23]. Kubota et al. [24] focused on a composite of LiOH and porous carbon (MPC). They found that LiOH supported on mesoporous carbon was very effective in improving the hydration rate of LiOH. Li et al. [25] modified LiOH by the hydrophilic substance of polyethylene glycol, lithium chloride, 13X-zeolite and NaY-zeolite. Among those hygroscopic materials, LiOH•H2O/13X-zeolite had a lowest apparent activation energy of 21.5 kJ/mol and highest heat storage density of 1949 kJ/kg. Carbon nanospheres (CNSs) and multi-walled carbon nanotubes (MWCNTs) have been applied to modify LiOH by Yang et al. [26]. The heat density can be reached to 2020 kJ/kg, 1804 kJ/kg, and 1236 kJ/kg for LiOH·H2O/CNSs, LiOH·H2O/MWCNTs, and LiOH·H2O/AC (activated carbon), respectively. Li et al. [27] also modified LiOH by 3D-nickel-carbon nanotubes (Ni-CNTs). They found that the selection of 3D carbon nano-additives was a very efficient way to enhance comprehensive performance of heat storage activity of LiOH. The hydration reaction ratio and heat density can be improved by the mentioned methods. However, we confirmed that the finial hydration reaction cannot be completely reached in our previous studies [28]. The relationship between the carbonation of LiOH and the humidity of the air was investigated by Williams et al. [29,30]. They found that LiOH can be reacted with CO2. Therefore, the limit of the final hydration reaction ratio of LiOH was depended by the carbonation reaction of LiOH, because the sub reaction of LiOH can be active with CO2 in air, leading to the conversion of LiOH to Li2CO3, but the reverse reaction was hard to carry out at the dehydration process. The carbonization reaction process of LiOH, such as the carbonization reaction conditions, and the prevention of carbonization are still unclear. Therefore, it is necessary to enhance the hydration rate and prevent the carbonization process of LiOH when apply LiOH as a low temperature heat storage material.

In this study, the carbonation reaction process of LiOH is focused. The carbonation reaction of LiOH at room temperature and humidity conditions has been confirmed. In order to improve hydration performance of LiOH during chemical heat storage process, an improved storage method of LiOH before hydration and dehydration reaction is proposed. The prevention of carbonation reaction of LiOH before hydration and dehydration reaction has been achieved. Furthermore, the hydration reaction performance of LiOH by the improved storage method is also evaluated.

2  Experimental Apparatus and Method

The experimental diagram for carbonation and hydration reaction of LiOH is shown in Fig. 1. A thermogravimetric system (TG, Shimadzu Corporation TGA-50) is applied to measure the weight and temperature change of material. LiOH (Kishida Chemical, purity 98%) was used as the heat storage material in this research. The thermophysical properties are shown in Tab. 1. In order to confirm the carbonation reaction of LiOH, the experiments under various conditions as shown in Tab. 2 have been carried out by TG measurement. The SEM-EDX (SEM: JEOL Ltd., JSM-7800F; EDX: Oxford Instruments plc, AZtec Energy X-Max20) is applied to measure the SEM image and the element of O and C, while Li and H cannot be measured with this device.

Table 1: The properties of LiOH
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Table 2: Experimental conditions for evaluation of carbonation rate
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The experimental procedures of the measurements are shown as the following four steps. 1) Nitrogen was supplied into TG to prevent carbonation before the measurement. The sample of LiOH was heated to 80°C and stayed for about an hour to dehydrate the LiOH•H2O. 2) TG internal temperature was reduced to 30°C, then the supplying of nitrogen was stopped. 3) The TG device was opened to expose LiOH in the air. The temperature and humidity meter were used to measure the temperature and humidity of air at that time. The weight and temperature changes have been recorded during the reaction process. 4) After 3 h of the measurement, nitrogen gas was injected into TG to replace the air. At the same time, the temperature of TG was raised to 80°C, the weight and temperature changes were also measured during the high temperature treatment process.

[image: images]

Figure 1: Experimental setup for thermogravimetric measurement method

3  Results and Discussion

3.1 Validation of Carbonation of LiOH

In order to confirm whether the carbonation has occurred in the sample bottle or not, raw material of LiOH before hydration reaction was directly analyzed by SEM-EDX. The raw material of LiOH produced by Kishida Chemical with a purity of 98% is analyzed. The SEM and EDX results of the raw material in the sample bottle are shown in Fig. 2 and Tab. 3. As can be seen from Tab. 2, at the measurement areas (a, b, and c) as shown in Fig. 2, the oxygen contents are 79.3 At%, 96.2 At%, and 94.7 At% (proportion of atom number), and the carbon contents are 20.7 At%, 3.8 At%, and 5.3 At%, respectively. It indicated that carbonation process of LiOH had occurred before the hydration reaction, which made the hydration reaction incomplete [27,28]. Once the purchased sample bottle of LiOH was opened, it can be carbonated with CO2 in air. Therefore, the carbonation reaction of LiOH can be easily carried out at room temperature and humidity. The XRD analysis as shown in Fig. 3 can also indicate this results. The raw material of LiOH should be properly stored in air when apply LiOH as a low temperature heat storage material.

Table 3: Summarization of EDX results at different area of the SEM as shown in Fig. 2
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Figure 2: SEM-EDX photos of LiOH from the sample bottle and the element selected analysis area
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Figure 3: The XRD analysis of samples: (a) Raw material before hydration reaction, (b) Material after 15 times of hydration/dehydration reactions

3.2 LiOH Carbonation Rate in Air

In order to confirm the carbonation ratio of LiOH, the measurements of LiOH at the conditions as shown in Tab. 1 were carried out by TG. The measurement time for these measurements was around 2 to 3 h, while CO2 in air was considered as the reactant. The relative humidity of air is varied as 32.0%, 19.3%, and 10.2%. The results are shown in Fig. 4 to Fig. 6. The weight change of the reaction sample can be from hydration reaction of LiOH with vapor in air, and carbonation reaction with CO2 in air.
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Figure 4: Temperature and weight change in TG at reaction temperature of 30°C and relative humidity of 32.0%
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Figure 5: Temperature and weight change in TG at reaction temperature 30°C and relative humidity of 19.3%
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Figure 6: Temperature and weight change in TG at reaction temperature 30°C and relative humidity of 10.2%

As shown in Fig. 4, the total weight change of the sample can be divided to two stages. The increase of weight from hydration and/or carbonation reaction stage as temperature kept at 30°C, and the decrease of weight from dehydration stage as temperature increased to 80°C. However, as shown in Figs. 5 and 6, the total weight of LiOH has only one stage even at high temperature of 80°C. As shown in Fig. 4, the total weight of LiOH has increased 0.15 mg for 5 h during the reaction process. At the first step, there were two main reasons for the weight increase of material. The first one is the absorption of CO2 by the carbonation reaction of LiOH with CO2 in air. The second one is the absorption of H2O by the hydration reaction of LiOH with vapor in air. In the high temperature treatment process (dehydration condition for LiOH•H2O), the weight of material was not decreased in Figs. 5 and 6. It can be indicated that the hydration reaction of LiOH was not carried out without enough water vapor to produce LiOH•H2O, because no LiOH•H2O is formed at low temperature treatment process (According to Pressure-Temperature equilibrium diagram of LiOH [26], the water vapor pressure at hydration reaction temperature of 30°C should be over 2 kPa, which is relative humidity of 20%, the relative humidity condition in Figs. 5 and 6 is lower than 2 kPa, which is away from the hydration conditions of LiOH). Therefore, the weight increase was only related to carbonation as shown in Figs. 5 and 6. The air condition in Fig. 4 is suitable for hydration reaction as relative humidity is as high as 32.0%. However, the relative humidity of air in Figs. 5 and 6 are 19.3% and 10.2%, which is lower than the necessary relative humidity condition for hydration reaction. Therefore, we can conclude that the total weight change of LiOH in Figs. 5 and 6 is only from the carbonation reaction of LiOH. From the above discussion, it can be predicted that LiOH could be carbonated at the humidity range of 10% to 20%, which is the most normally humidity region of air. Furthermore, the curve of the change of weight can be considered as the reaction speed of carbonation. The slope is almost the same as the slop of weight change at 30°C and 80°C during measurement process as shown in Figs. 5 and 6. Therefore, the carbonation reaction rate has not nearly affected by the increase of reaction temperature.

3.3 Prevention of LiOH Carbonation Reaction

As discussed in the previous section, the carbonation reaction of LiOH is related to CO2 and humidity of air. In order to prevent the carbonation reaction of LiOH, the humidity condition of air should be well considered. For example, LiOH could directly insulate the air, such as using a vacuum desiccator or injecting CO2-free shielding gas. In this research, we propose a storage method for LiOH as shown in Fig. 7.

[image: images]

Figure 7: Experimental pretreatment method of carbonation prevention

As for the storage method in Fig. 7, the same sample of LiOH anhydrate material was used. Generally, the material would be placed in a sealed glass bottle and stored for about 2 weeks. For comparison, an improved storage method to store LiOH in a glass bottle with dried air by using silica gel is applied. In the improved storage method, the relative humidity is controlled to be less than 1.0%. All samples have stored for 2 weeks. After this storage process, the comparison hydration reactions of LiOH between the materials with original pretreatment and those with improved pretreatment are carried out at the conditions of reaction temperature of 47°C, particle size of 32–40 μm, and initial pressure of 9 kPa. The result is shown in Fig. 8. As can be seen from Fig. 8, the hydration reaction ratio has increased by using the improved method when compared with the ordinary method, which was possible due to the prevention of carbonation, leading to an increased final reaction ratio. In the improved storage method, the raw materials can be kept dry, which is effective to prevent the sample from absorbing the water vapor in the air. Therefore, the structure and particle size can stay at a condition without the influence of vapor. The improved storage method of keeping LiOH in silica gel under a low relative humidity of 1.0% can be considered as an effective method to prevent the carbonation of LiOH before hydration reaction.

The carbonation reaction of LiOH can be considered as a two-stage reaction as follows [29,30]. LiOH is firstly hydrated to the monohydrate (LiOH•H2O), which is proved to be a necessary intermediary product to the carbonation reaction as shown in Eq. (3).


LiOH+H2O↔LiOH∙H2O
(2)


2LiOH∙H2O+CO2↔Li2CO3+3H2O
(3)
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Figure 8: Effect of reducing carbonation (Temperature 47°C, steam pressure 9 kPa, particle size 32–40 μm)

In the second stage, The LiOH•H2O can be reacted with CO2 to form Li2CO3 as shown in Eq. (3). As can be seen from the carbonation reaction of LiOH, the relative humidity plays a key role during this process. In our improved storage method, the carbonation of LiOH can be prevented by cutting down the first stage of carbonation reactions. Therefore, the hydration reaction ratio of LiOH at the improved storage method shows a better result compared to the ordinary method. Considering with the relation between the reaction and relative humidity, the carbonation reaction of LiOH can be reduced by storing raw LiOH at a low humidity condition.

4  Conclusions

To apply LiOH as a low temperature chemical heat storage material, the carbonation reaction of LiOH is focused. The carbonations of raw LiOH during storage and hydration reaction process are experimentally investigated. An improved method to prevent the carbonation of LiOH during the storage process of LiOH before hydration and dehydration reaction is proposed. The main results are summarized as follows.

(1) The carbonation reaction of LiOH is confirmed during the hydration reaction. The carbonation reaction of LiOH can be easily carried out at room temperature and humidity;

(2) LiOH can be carbonated at a humidity range of 10% to 20%, a normal humidity region that air can easily be reached. Furthermore, the carbonation reaction rate has not nearly affected by the increase of reaction temperature;

(3) An improved storage method by storing LiOH at a low humidity less than 1.0% can be effectively prevented the carbonation of LiOH. The hydration reaction ratio of LiOH at the improved storage method shows a better result compared to the ordinary method.
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