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To investigate the granule reaction of two-micron aluminum powders with water at low temperatures, differential scanning calorimetry was used to analyze the initial exothermic temperature. Additionally, adiabatic accelerated calorimetry was employed to study the exothermic reaction under adiabatic conditions. The hydrogen production and particle size variation were investigated in order to gain insights into the Al-water reaction in a reactor with no induction time. Through focused beam reflectance measurement analysis, it was observed that during the reaction process of Al-water, particle sizes initially increased and then decreased. Specifically, the particle size of 3 µm aluminum powder experienced a 189% increase after the reaction while 25 µm aluminum powder decreased by 29%. Ultimately, both types of particles reached similar final sizes around 13.89 µm. The process of Al-water reaction was explained and hydrogen production was analyzed, and the kinetic model was obtained.
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1 INTRODUCTION
Nowadays, the pursuit of novel and effective hydrogen sources poses a formidable obstacle in the realm of hydrogen energy research, impeding its advancement in contemporary times (DAS, 1996). The decomposition of water for hydrogen production is widely regarded as an optimal approach (Ilyukhina et al., 2017). While many metals have the ability to split water into hydrogen and metal hydroxides, researchers have studied the reaction of metals such as Al (Soler et al., 2009; Tekade et al., 2018; Brayek et al., 2019), Mg (Zhang et al., 2019; Li et al., 2021; Chawla et al., 2022), Zn (Chen et al., 2022; Wei et al., 2022), and alloys (Xiao et al., 2019; Aman and Pradhan, 2022; Zhang Y. et al., 2022; Zhang Y. Y. et al., 2022) with water, among which, aluminum, has the advantages of high energy density, low price, environmentally safe reaction products, easy storage, and transportation, and is the most effective metal for splitting water (1.24L H2 in 1 g of aluminum), which is considered one of the promising elements (Chen and Zhu, 2008; Chen et al., 2014; Razavi-Tousi and Szpunar, 2014; Godart et al., 2019; Chen et al., 2020; Fu et al., 2020; Trowell et al., 2020; Yu et al., 2022).
Aluminum reacts with water to form hydrogen, hydroxide or aluminum oxide, as shown in Table 1:
TABLE 1 | Aluminum water chemical reactions (Ilyukhina et al., 2017; Dong et al., 2019; Bolt et al., 2020).
[image: Table 1]In addition, metastable [Al(H2O)63+]* cluster ions can be produced by Al-water reaction under ambient condition, which can be as direct catalyst to decompose H2O2 into HO• radicals in a pH range from 2.5 to 12.0 (Guo et al., 2024).
Aluminum powder is easily oxidized at room temperature, resulting in the formation of a thin and dense oxide film on the surface (Wang et al., 2021). The existence of this oxide film makes it difficult for aluminum to react with water at room temperature (Tan et al., 2022). In order to solve this problem, the commonly used methods are ball milling of aluminum powder (Shkolnikov et al., 2011; Huang et al., 2013), adding alloy (Parmuzina and Kravchenko, 2008; Alinejad and Mahmoodi, 2009; Ziebarth et al., 2011), acid (Kumar and Muthukumar, 2020) or alkali (El-Meligi, 2011; Ambaryan et al., 2016; Milani et al., 2020; Tang et al., 2022) to the reaction, ultrasound induction (Huang et al., 2023) etc. The Al-water reaction temperature increases from 65°C to 85°C, the hydrogen production rate increases from 3.5 mL•min-1•g•Al to 5.5 mL•min-1•g•Al, and the conversion rate increases from 0.65 to 0.8 (Guo et al., 2024). Due to the limitations imposed by high temperatures on the application scenarios of Al-water reaction for hydrogen production, which not only consumes a substantial amount of energy but also entails certain risks, it becomes imperative to investigate the Al-water reaction at lower temperatures. The experiments conducted at elevated temperatures have indicated that the remarkable reactivity of aluminum powder may potentially trigger thermal runaway (Dong et al., 2019). Therefore, a comprehensive study on the Al-water reaction under low-temperature conditions is warranted.
At present, the research on the reaction mechanism of the Al-water system mainly uses the gas measurement method or calorimetry as experimental techniques. By obtaining data such as volume and generation rate of gas products (hydrogen) and heat release rate of the reaction, a reaction kinetic model is established. The form and parameters of this kinetic model are then used in combination to infer the reaction mechanism accurately. Saceleanu et al. (Saceleanu et al., 2019) used isothermal and non-isothermal calorimetry to determine the rate-determining step and corresponding activation energy of the reaction mechanism and found that there are two consecutive reaction stages in the micro/nano aluminum powder-liquid water reaction, namely, the JMAK nucleation-growth model in the first stage and the constant nuclear growth power law model in the second stage. Xinyang Wang et al. (Guo et al., 2024) observed the morphological development of hydroxide products through a series of isothermal experiments and proposed a multi-stage analysis model. In addition, Larichev Mikhail Nikolaevich (Nikolaevich et al., 2014) proposed a different hydrogen water reaction process through the hydrogen evolution rate of the near-room temperature aluminum molten reaction. However, the above studies did not pay attention to the online growth and change of particle surface structure during the reaction, which is helpful to the study of the Al-water reaction mechanism.
Due to the low ignition temperature and potential for explosion of nano-Al (Jiang et al., 2021), this paper focuses on micron aluminum powder as the subject of investigation. In this paper, the Al-water reaction process was studied experimentally and theoretically. By utilizing DSC and ARC observations, the initial exothermic temperature of the Al-water reaction is determined, providing valuable data into the temperature conditions associated with this reaction. The process of hydrogen production from the Al-water heterogeneous reaction was studied in agitated at low temperature of 45°C–85°C, because there will be a long induction time for the Al-water reaction without stirring (Gai et al., 2012), by measuring its hydrogen evolution and hydrogen generation rate, monitoring the particle size change and morphological change of process products during the Al-water reaction process to illustrate the mechanism of Al-water reaction.
2 MATERIALS AND METHODS
2.1 Materials
Two sizes of aluminum powder were used in the experiment, sample 1 was 3 μm and sample 2 was 25 μm, aluminum content of not less than 99.95%, both purchased from Shanghai Titan Technology Co., Ltd. Figure 1 shows the particle size distribution of two kinds of aluminum powder by Bettersize2600. Water used in the experiment is pure water.
[image: Figure 1]FIGURE 1 | (A, B) Particle size distribution diagram of two particle sizes of aluminum powder.
2.2 Exothermic properties of the Al-water reaction
DSC and ARC were used to study the exothermic properties of the Al-water reaction, as shown in Figure 2A. The Al-water reaction was studied via DSC using a differential calorimeter (NETZSCH, Germany) to investigate its thermodynamic behavior in a high-pressure stainless steel crucible. In the DSC experiment, the mass of aluminum powder was 3 mg ± 0.2, the mass of water was 6 mg ± 0.2, and the thermodynamic parameters such as initial exothermic temperature, peak temperature were determined at the heating rates of 5, 7.5, and 10 K/min, and the temperature range was from 30°C–200°C. ARC (Thermal Hazard Technology, United Kingdom) was used to study the heat release of the Al-water reaction in a titanium alloy sample ball under adiabatic conditions. In the ARC experiment, the mass of aluminum powder was 0.05 mg, the mass of water was 0.1 mg, choose heat-wait-search mode, and the temperature range was from 30°C–200°C.
[image: Figure 2]FIGURE 2 | (A–D) Schematic diagram of the Al-water reaction experiment.
2.3 Hydrogen production by Al-water reaction experiments
A series of isothermal experiments were performed to measure the amount and rate of hydrogen production from the Al-water reaction. The experiment was performed at 45°C–85°C, because this series of temperatures is easy to reach and more energy-efficient in production, the device diagram is shown in Figure 2B, and the evolution and rate of the generated hydrogen was indirectly measured by the drainage method, by reading the data from the electronic balance can know the mass and volume of the discharged water, and then the volume of the gas generated by the reaction. Before the experiment, the hydrogen collection cylinder is filled with enough water and plugged with a stopper with a delivery pipe, in which an empty beaker placed on the electronic balance is inserted at the other end of the long tube of the stopper to collect and measure the discharged water (the electronic balance is zeroed before the experiment, and the hydrogen is compressed because it is collected at room temperature), and the other end of the short tube of the stopper is connected to a flask that the Al-water reaction to transport hydrogen. Put a rotor in the flask and add 200 mL of pure water, put the flask with water into the water bath. After that, start heating, and when the temperature reaches the set temperature, add 0.5 g of aluminum powder and immediately open the stirring (220r/min) and plug the plug, stirring was used to speed up the Al-water reaction and shorten the induction time. The reaction time and displacement are recorded at the same time.
2.4 Focused beam reflectance measurement
To monitor the distribution of particle chord lengths during the aluminum powder reaction, the analysis was performed with a FBRM probe (METTLER, G400), shown in Figure 2C, which is inserted into the fluid at an appropriate angle and 2–3 cm above the agitator to ensure that the particles can easily flow through the probe window. The laser beam is emitted along the length of the probe tube through an array of optics and focused onto the sapphire window. The optical instrument rotates at a fixed speed (typically 2 m/s) so that the spot quickly scans the entire particle flowing through the window, as shown, and as the focused beam scans the entire particle system, individual particles or particle structures backscatter the laser beam to the detector. By detecting, counting, and multiplying the duration of each pulse by the scanning velocity of these unique pulses of backscattered light, the distance across each particle can be calculated. The distance between two particles is defined as the chord length and is the basic particle measurement distance related to particle size. Thousands of particles are typically counted and measured per second, allowing for accurate and highly sensitive real-time reporting of chord length distribution. The reaction is carried out in a flask, the reaction device is shown in Figure 2C, and the reaction conditions are consistent with the hydrogen production experiment.
2.5 Characterization
The functional groups and morphology of 25 μm aluminum powder were analyzed by FT-IR (IRAFFINITY-1) and SEM (TESCAN MIRA LMS) before reaction and after reaction for 2 h, 4 h, 6 h, 10 h and 12 h at 65°C, shown in Figure 2D.
3 RESULTS AND DISCUSSION
3.1 The initial exothermic of Al-water reaction
Figure 3 illustrates the heat flow curves of the Al-water reaction of two particle sizes under three heating rates, and Table 2 summarizes the initial exothermic temperature, peak temperature. The results of the experiment indicate that in the reaction process of aluminum and water, regardless of particle size, the heat release peak and peak temperature move backward gradually with the increase of heating rate. At the same heating rate, the initial exothermic temperature and peak temperature of reaction between sample 1 and water are lower than sample 2 in Figure 3 and Table 2. The initial exothermic temperature of reaction between sample 1 and water is about 170°C lower than that of reaction between sample 2 and water.
[image: Figure 3]FIGURE 3 | (A, B) Heat flow curves of the Al-water reaction with different ratios under three different heating.
TABLE 2 | The exothermic behavior of the Al-water reaction.
[image: Table 2]The temperature curves of the reaction system of the two aluminum powders and water under adiabatic conditions as a function of time are shown in Figure 4. It can be seen from Figure 4 that there is a period of heat release in the reaction between the two aluminum powders and water in the range of 30°C–350°C. Because sample 1 is easier to react with water, and its heat release begins at 164 min, at this time the temperature is 51.9°C, while the reaction between sample 2 and water starts at 287 min. The temperature at which heat is released is 63.8°C.
[image: Figure 4]FIGURE 4 | (A, B) Temperature change curves of the reaction of two aluminum powders with water against time under adiabatic conditions.
3.2 Hydrogen production by the Al-water reaction
Experiments to produce hydrogen via the Al-water reaction are terminated at the end of each experiment when the reaction rate approaches zero, and it is not practical to continue the experiment until the Al-H2O reaction is completely shut down. Therefore, the hydrogen production in the experiment will be slightly lower than the theoretical value. Under standard conditions, 1 g of aluminum reacts with water to produce about 1249 mL of hydrogen.
Figure 5A illustrate the hydrogen generation rate and hydrogen production with time during the reaction of sample 1 and water at 45°C–85°C. In the reaction process, the hydrogen generation rate reached the peak at the initial stage (2000–7000 s) of the reaction and began to decrease gradually. Meanwhile, hydrogen gas was accumulating continuously. When the reaction temperature increases, the time to reach the maximum reaction rate is shortened and the Al-H2O reaction rate increases sharply. The temperature increased from 45°C to 85°C, and the maximum reaction rate increased from 0.18 mL•s-1•g-1–2.10 mL•s-1•g-1. The increase in temperature has a significant impact on the hydrogen production rate of the reaction of sample 1 with water, and the hydrogen production rate accelerates significantly with the increase of temperature, the maximum hydrogen production rate increases, and the time to reach the maximum hydrogen production rate is shortened, which has little effect on the hydrogen production rate.
[image: Figure 5]FIGURE 5 | (A, B) Hydrogen evolution and hydrogen generation rates of the reaction of two aluminium powders with water over a temperature range ranging from 45°C to 85°C.
As well as in the process of reacting sample 2 and water, as the temperature increases, its maximum reaction rate increases, and the hydrogen production rate is also increasing significantly, as shown in Figure 5B, because the temperature increase can make more molecules in the excited state, accelerating the water molecules into the aluminum particles, thereby promoting the reaction. The temperature increased from 45°C to 85°C, and the maximum reaction rate increased from 0.15 mL•s-1•g-1 to 0.91 mL•s-1•g-1. It shows that the hydrogen production of sample 2 reacting with water is more affected by temperature. The increase in temperature not only has an impact on the hydrogen generation rate of the reaction of sample 2 with water, but also has a significant impact on the hydrogen production rate, and the maximum hydrogen generation rate is accelerated by the temperature increase, and the hydrogen generation rate is significantly increased. However, the overall hydrogen generation rate of sample 2 with water reaction is low, which may be related to the reaction time during the experiment.
Table 3 shows that the reaction of sample 1 with water was above 90% at 45°C–85°C, while the hydrogen production of sample 2 and water increased with increasing temperature, and the hydrogen generation of sample 2 with water was lower than that of sample 1 at the same temperature. However, the gap between the two decreased from 61% to 19% with the increase of temperature. The maximum hydrogen generation rate of aluminum powder with water increases with temperature. The difference between the maximum hydrogen generation rate and that of the sample 1 was not obvious in the range of 45°C–65°C. The maximum hydrogen generation rate of the sample 1 was significantly accelerated after the temperature was increased, which was larger than that of the sample 2.
TABLE 3 | Hydrogen production data from the Al-water reaction.
[image: Table 3]As shown in Equations 1–3 in Table 1, At the beginning of the reaction, hydrogen is not produced, but aluminum reacts with water to form AlO, AlH3 and H., The product AlO and AlH3 immediately react with water to produce hydrogen, and the hydrogen production speed is accelerated. Aluminum can also react directly with water to form hydrogen with hydroxides of different aluminum, as shown in Equation 4, 6, and 7 in Table 1. Finally, Al (OH)3 is quickly consumed and continues to react with AlH3 to form hydrogen, as shown in Equation 9.
For solid-liquid reactions, the contact area is an important factor affecting the reaction rate. The results of different particle sizes of aluminum powder at the same temperature show that the maximum hydrogen production rate of small particle size aluminum powder is higher than that of large particle size aluminum powder, and the greater the gap with the increase of temperature. Al powders of different particle sizes have different specific surface areas, and generally the larger the particle size of Al powders, the smaller the specific surface area. When the amount of pure Al powder participating in the reaction is constant, the larger the Al particle size, the smaller the total area in contact with water during the reaction, so the reaction rate is smaller. In addition, stirring is also a factor affecting the reaction rate. As stirring was carried out during the reaction in this experiment at a stirring rate of 220 r/min, stirring dispersed aluminum powder particles and increased the contact area with water molecules, thus speeding up the reaction between aluminum and water, and eliminating the influence of induction time on the reaction. Therefore, it can be seen from Figure 5 that hydrogen production basically occurred from the beginning of the reaction. However, Wang et al. (Guo et al., 2024) studied the Al-water reaction at 65°C–85°C without agitation, and the result was that hydrogen production occurred about 20–298 min after the reaction began. In this way, the speed of hydrogen production is solved and the safety hazard caused by local thermal runaway of reaction is solved.
Figure 6 shows the fitting equations for the reaction time and hydrogen production of aluminum powder with water of two particle sizes at 65°C. It can be seen from the figure that the relationship between time and hydrogen yield, and the linear fitting results are as follows:
[image: image]
[image: Figure 6]FIGURE 6 | The fitting equation of time and hydrogen production of two particle sizes aluminum powders reacted with water at 65°C.
3.3 In-situ analysis of particle size change in Al-water reaction
Figure 7 shows the particle size variation of sample 1 reacting with water at five temperatures ranging from 45°C to 85°C. The particle size of aluminum powder first increases to 13.16 μm and then decreases to 11 μm, and the particle size increases by 189% before and after the reaction. A similar trend was observed in Figure 8, which is the particle size variation of the reaction of sample 2 and water at 45°C–85°C, but the particle size of sample 2 increased to 34.86 μm and then decreased to 16.78 μm at 5 temperatures, and the particle size decreased by 29% before and after the reaction.
[image: Figure 7]FIGURE 7 | Particle size variation of 3 μm aluminum powder reacting with water over a temperature range ranging from 45°C to 85°C.
[image: Figure 8]FIGURE 8 | Particle size variation of 25 μm aluminum powder reacting with waterover a temperature range ranging from 45°C to 85°C.
It can be seen that in the reaction process of sample 1 and water, the phases with the largest particle size are all at the peak stage of gas production rate in Figure 5A and Figure 7, while in the reaction process of sample 2 and water, the phases with the largest particle size are all after the peak stage of gas production rate in Figure 5B and Figure 8. Therefore, for sample 1, the increase of particle size during the reaction is conducive to the reaction to generate more hydrogen, while for sample 2, the increase of particle size will hinder the reaction, resulting in incomplete reaction and low hydrogen production rate when it reacts with water. When two aluminum particles with different particle sizes react with water at 65°C, online particle size real-time detection shows that the final products of the reaction between the two samples and water are stable at 9.76 μm and 9.78 μm, respectively, which are very similar. It might have relationship with the reaction conditions, like temperature. Because the Al-water reaction is greatly affected by temperature, the substances generated are not the same under different temperature conditions.
The initial particle size of aluminum powder differed between the two experimental groups, however the particle size test of the final product showed similar results. It can be observed that there are different stages in the reaction process of aluminum powder with water under the same conditions, which is also related to the difficulty of the reaction between aluminum powder and water, manifested by different reaction durations. Aluminum powder with smaller particle sizes reacts with water at a faster rate and undergoes the entire stage of surface reaction in a shorter time.
Hydrogen production from Al-water reaction is a complex process, in which the hydration reaction of passive film, condensation reaction between hydration layer and Al, the formation and growth of H2 bubbles at Al/hydration layer interface until the break of hydration layer, and the direct reaction between H2O and inner Al occurred in succession (Gai and Deng, 2024). Based on the SEM scanning electron microscopy images of the surface layer of intermediate products of particles at different reaction stages in Figure 9, it is shown that the morphology of the solid phase products generated during the aluminum water reaction process has undergone significant changes. As the reaction hydrogen production continues for 2 hours, the smooth particle surface becomes rougher than the original state of aluminum powder in Figures 9A, B. The solid products that react with water have obvious small area adhesion. After the reaction, the overall shape of the solid phase product changed significantly, but there were still spherical particles. Most of the solid products after reaction have relatively independent boundaries and regular shapes, and there is a large agglomeration phenomenon between particles, as shown in Figures 9C, D. Some small particles that remain spherical are completely attached to the surface of large bonded solid products, which corresponds to the increasing trend of particle size in Figures 7, 8. Subsequently, with the large-scale aggregation of solid phase products and particle aggregation, the subsequent development of the aluminum water reaction will be inhibited, and with the gradual generation of hydrogen gas, there will be a compressive stress effect between the gas and the oxide shell. The water molecules spread further inward, and the resulting hydroxide is a porous structure in Figure 9E. Hydrogen escapes through gaps in the hydroxide layer, while water makes further contact with the aluminum core. As the reaction continued to form a compact aluminum hydroxide in Figure 9F. Figure 9D shows that the particle size is significantly smaller than the morphology in Figure 9B at the same magnification. The initial reaction between aluminum particles with smaller particle sizes and water results in faster particle size development. The subsequent reaction process is hindered by various effects such as mass and subsequent aggregation.
[image: Figure 9]FIGURE 9 | SEM images of the morphological variations of the product layer on top of the particles at different intervals of time were obtained: (A) initial aluminium powder; (B) 2 h after the start of the experiment; (C) 4 h after the start of the experiment; (D) 6 h after the start of the experiment; (E) 10 h after the start of the experiment; (F) at the end of the experiment.
When an oxide film is formed on the surface of the metal, stress occurs in the oxide film, which is caused by the volume ratio of the metal and oxide to expand or contract, corresponding to the compressive stress or tensile stress that occurs in the oxide film. The volume ratio of this metal and oxide is called Pilling-Bedworth ratio, referred to as PB ratio (Zhu, 1989), the aluminum surface to generate AlOOH volume and oxidation consumed matrix Al volume ratio is greater than 1 (calculated PB ratio is about 2.48), this stress is compressive stress, at the beginning, because the AlOOH layer thin plastic deformation is easy, can make the stress tend to ease, but with the water molecules step by step, the AlOOH layer thickens, the outermost AlOOH reacts with water to form Al(OH)3. Plastic deformation becomes gradually difficult, and the internal stress cannot be alleviated, and finally the oxide film is ruptured or falling off.
3.4 Analysis of Al-water reaction mechanism and kinetics
The kinetic calculation of the Al-water reaction was performed, and the kinetic equation was Arrhenius equation.
The kinetic equations are expressed as follows.
[image: image]
[image: image]
where g(α) = (1-α)1/2 is the reaction mechanism function; α is the reaction conversion rate (%).
The kinetic mechanism function G(α) in integral form as follows.
[image: image]
The mechanism functions of differential and integral forms for different reaction orders are shown in Table 4.
TABLE 4 | Common kinetic reaction mechanism functions.
[image: Table 4]According to Figure 5, the relationship between the conversion rate (α) and the time (t) of the reaction between aluminum powder and water of two particle sizes was calculated. The aluminum-water reaction could be divided into three stages. Figures 10–14 show the fitted reaction kinetic mechanism functions at 45°C–85°C, respectively. The aluminum-water reaction could be divided into three stages. The fitting results of kinetic mechanism functions at different temperatures and levels are shown in Supplementary Appendix A. For the reaction of 3 µm aluminum powder with water, in the first stage, the best fit was achieved at a reaction level of 1/2. In the second stage, the best fitting effect was obtained when the reaction order was 1. In the third stage, the best fit was achieved at a reaction level of 1/2. The kinetic parameters established for the three-reaction stage were Ea, 1 = 15.20 kJ•mol-1, Ea, 2 = 11.55 kJ•mol-1, Ea, 3 = 45.46 kJ•mol-1.
[image: Figure 10]FIGURE 10 | (A–D) Kinetic mechanism function fitting diagram of aluminum-water reaction at 45°C.
[image: Figure 11]FIGURE 11 | (A–D) Kinetic mechanism function fitting diagram of aluminum-water reaction at 55°C.
[image: Figure 12]FIGURE 12 | (A–D) Kinetic mechanism function fitting diagram of aluminum-water reaction at 65°C.
[image: Figure 13]FIGURE 13 | (A–D) Kinetic mechanism function fitting diagram of aluminum-water reaction at 75°C.
[image: Figure 14]FIGURE 14 | (A–D) Kinetic mechanism function fitting diagram of aluminum-water reaction at 85°C.
For the reaction of 25 µm aluminum powder with water, in the first stage, the best fit was achieved at a reaction level of 3. In the second stage, the best fitting effect was obtained when the reaction order was 1/2. In the third stage, the best fit was achieved at a reaction level of 1. The kinetic parameters established for the three-reaction stage were Ea, 1 = 43.67 kJ•mol-1, Ea, 2 = 12.09 kJ•mol-1, Ea, 3 = 13.24 kJ•mol-1.
Studies have tested the reaction of 25 µm aluminum powder with water at 90°C–200°C, and used the Arrhenius formula to calculate the activation energy of the Al-water reaction (Gao et al., 2023), they divided the Al-water reaction into two stages at different temperatures. The results are Ea,1 = 27.03 kJ•mol−1, Ea,2 = 40.90 kJ•mol−1. As can be seen from Table 5, the total activation energy of the reaction of 25 µm aluminum powder with water in this experiment is similar to the results of Gao et al. (Gao et al., 2023). In the first stage, the activation energy is high, which may be due to the effect of temperature on the Al-water reaction. The higher the activation energy is, the more sensitive the reaction rate is to temperature, and the higher the temperature is, the faster the reaction rate is, resulting in the lower activation energy in the second stage. The activation energy of each stage of the reaction between sample 1 and water is smaller than that of sample 2.
TABLE 5 | Activation energy at each stage of the Al-water reaction.
[image: Table 5]For the reaction of pure aluminum powder with water at normal pressure, the possible mechanism leading to changes in activation energy is particle size distribution (Nikolaevich et al., 2014). The particle size distribution of different aluminum powders is different. Generally, the width of the aluminum particle size distribution increases with the increase of its average particle size. Figure 1 shows the particle size distribution of two kinds of aluminum powder, of which the particle size distribution width of sample 2 (4.6–139.2 μm) is significantly greater than the width of sample 1 (0.7–13.4 μm).
4 CONCLUSIONS
To investigate the heterogeneous reaction between pure aluminium powder and water, a series of isothermal experiments were conducted within the temperature range of 45°C–85°C. The focus was on examining the morphological evolution and particle size variations of aluminum particles during the reaction process. Furthermore, an in-depth analysis was performed to elucidate the kinetic mechanism underlying the Al-water reaction at temperatures ranging from 45°C to 85°C. The conclusions draw from this work are as follows.
(1) Under identical conditions, the initial heat release temperature and peak temperature of the reaction between 3 μm aluminum powder and water exhibit a reduction of approximately 170°C compared to that observed with 25 μm aluminum powder. Under the adiabatic condition, the initial heat release temperature and the reaction peak temperature of 3 μm aluminum powder with water are about 11.9°C lower than 25 μm aluminum powder.
(2) In the process of Al-water reaction, the hydrogen production of 3 μm aluminum powder with water exceeds 90% within the temperature range of 45°C–85°C. Conversely, the hydrogen production from 25 μm aluminum powder increases with rising temperature; however, it remains lower than that achieved by using 3 μm aluminum powder at equivalent temperatures. However, the gap between the two decrease from 61% to 19% with the increase of temperature. With the temperature increases, the maximum hydrogen generation rate of the 3 μm aluminum powder is significantly accelerated, which was larger than that of the 25 μm aluminum powder, and the difference between the maximum hydrogen generation rate and that of the 25 μm aluminum powder increases from 0.01 mL•s-1 to 0.59 mL•s-1.
(3) During the Al-water reaction, there is an initial increase followed by a subsequent decrease in particle size. Specifically, the particle size of 3 μm aluminum powder initially increases to 13.16 μm and then decreases to 11 μm, resulting in a 189% overall increase before and after the reaction. Conversely, for the larger particle size of 25 μm aluminum powder, it first increases to 34.86 μm and subsequently decreases to 16.78 μm at various temperatures, leading to a reduction of 29% in particle size before and after the reaction occurs. It is noteworthy that when smaller particles react with water, their increased size promotes the reaction; however, this trend is reversed for larger particles. Moreover, under identical conditions, large particles exhibit a more pronounced decreasing trend in terms of particle size compared to small particles until both sizes eventually converge.
(4) The Al water reaction at different temperatures can be broken down into four steps. The first three stages involve reaction kinetics, and the kinetic parameters of 3 μm aluminum powder at different reaction stages are Ea, 1 = 23.95 kJ•mol-1, Ea, 2 = 9.58 kJ•mol-1, Ea, 3 = 56.44 kJ•mol-1. The kinetic parameters of 25 μm aluminum powder at different reaction stages are Ea, 1 = 25.99 kJ•mol-1, Ea, 2 = 12.09 kJ•mol-1, Ea, 3 = 13.24 kJ•mol-1. The reaction rate is initially controlled by surface chemical reactions. As the reaction progresses, the outer layer of aluminum hydroxide gradually increases, water molecules are difficult to pass through, the reaction rate gradually decreases, and internal diffusion becomes the control step.
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