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Hydrogen will be a valid substitute for fossil fuels in various applications and a promising energy vector/carrier, in the context of the transition towards a low-carbon economy because of its advantage of being a clean energy source. Hydrogen will open up new approaches for decarbonization. Current methods of producing hydrogen, such as electrolysis, can be expensive due to the energy-intensive processes involved. The study is divided into three major parts. The first is the design and development of an innovative and effective method for producing hydrogen via electrochemical interactions between aluminum alloys and salt water (SW). During the second phase, we employed Fluconazole ionic liquid (FIL) to limit hydrogen production for specific applications, particularly in contexts where controlled hydrogen generation is advantageous. To measure the amount of hydrogen generated, we built a setup and measured it as it was produced. Then, after adding the produced FIL, we observed that it acts as an inhibitor, delaying hydrogen generation. The hydrogen gas evolved rate (HR) in our first experiment, without the FIL, was HR=0.873 ml/(min cm2), however when the FIL was added at a concentration of 0.2 mM, we observed a reduction in hydrogen creation with a hydrogen gas evolved rate of HR=0.632 ml/(min cm2). The third stage of our study is a risk assessment for hydrogen production.
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1. Introduction
Hydrogen energy has emerged as a pivotal player in the quest for sustainable and clean energy solutions (Tarhan & Çil 2021). As the most abundant element in the universe, hydrogen offers immense potential to address the pressing challenges of climate change and the depletion of fossil fuels (Balat 2008). Unlike traditional energy sources that emit greenhouse gases and contribute to environmental degradation (Schiaroli et al 2023), hydrogen can be harnessed in a manner that produces only water as a byproduct when used in fuel cells or combustion processes (Abdin et al. 2019). The increasing global emphasis on reducing carbon footprints has led to heightened interest in hydrogen as a versatile energy carrier. It can be produced through various methods, including electrolysis of water, steam methane reforming, and gasification of biomass, each presenting unique advantages and challenges. Notably, green hydrogen, generated through renewable energy sources, exemplifies a promising pathway toward achieving a carbon-neutral economy (Tang et al. 2023). Hydrogen's versatility extends beyond transportation, where it powers fuel cell vehicles, to industrial applications, energy storage, and grid management, making it a key component of future energy systems (Momirlan & Veziroglu 2004). However, the transition to a hydrogen-based economy is not without its hurdles, including issues related to production costs, infrastructure development (Sinigaglia et al. 2017), and safety concerns (Nikolaidis & Poullikkas 2016). As innovations continue to unfold and investments in hydrogen technology increase, the potential for hydrogen energy to play a significant role in shaping a sustainable energy future becomes increasingly evident. Understanding its intricacies and implications is essential for harnessing this abundant resource and integrating it into our global energy landscape. The aim of the current work is to create and implement a new and efficient method able to generate hydrogen from the electrochemical reaction of aluminum alloy with saline water. Aluminum alloys were selected for this study due to several key advantages: Aluminum reacts readily with water, especially in the presence of an electrolyte, to produce hydrogen gas. This characteristic makes it a suitable candidate for efficient hydrogen generation. Aluminum is a lightweight metal, which is beneficial for applications where weight is a critical factor, such as in transportation and portable energy systems. Aluminum alloys are relatively inexpensive and widely available, making them a practical choice for large-scale hydrogen production.
The work consists of three main stages; the first one is the design and development of a novel and effective method to produce hydrogen from the electrochemical reactions between different aluminum alloy and saline water. In the second phase we used the FIL to limit hydrogen production for specific applications, particularly in contexts where controlled hydrogen generation is advantageous. The third stage of our work is a sort of Risk analysis for hydrogen production.
2. Experimental part 

2.1. Materials and chemicals
Aluminum alloy (0.9% Mg and 0.8% Si based 98% Al.) was used as an anode electrode in this study. The surfaces of the aluminum alloy electrodes were finished using 1200 grit silicon carbide paper before the experiments.  FIL was prepared in EPRI Lab (Deyab et al. 2023). and used without further purification.  The electrolyte is saline water (3.5% M NaCl) with pH 12 (SW). All experiments were carried out at temperature of 298 K.
2.2. H2 gas evolution measurements 
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Aluminum alloy specimens (3.8 cm x 1.2 cm x 0.4 cm) were placed in 100 ml of SW solution at 298 K for 5.0 h. H2 gas evolution volumes were measured by method similar to the one described in a previous work (Deyab 2013). From H2 gas evolution volume (V), Al specimen surface area (A) and the immersion time (t), the H2 gas evolution rate (HR) was calculated (refer to Eq. (1)) (Deyab 2013). 
            (1)

2.3. Electrochemical measurements 

Electrochemical measurements were conducted with Gill AC no. 947 (ACM instruments) in the conventional three-electrode cell. A Pt foil is used as the counter electrode and mercury/mercuric oxide (Hg/HgO) is as the reference electrode. The working electrode was prepared using aluminium alloy cylindrical rod (section area = 0.450 cm2). Polarization curve (Tafel) was recorded in the potentials region ± 250 mV (vs. Ecorr) with a sweep rate of 0.5 mV s-1. 
3. Results and discussion
The rate of H2 gas evolved (HR) during the immersion of aluminum alloy in SW at 298 K was detected and presented in Table 1. The hydrogen gas evolved rate (HR) of blank experiment, was HR=0.873 ml/(min·cm2).
Table 1: The hydrogen gas evolved rate (HR) during the reaction of aluminum alloy in SW at 298 K with and without FIL.  

	IEH %
	HR
(ml min-1 cm-2)
	FIL
 (mM)

	-
37.6

40.3

70.7

77.8

84.8
88.7
	0.873
0.544

0.410

0.255

0.193

0.132

0.098
	blank
0.2

0.4

0.6

0.8

1.0

1.2


The evolution of hydrogen gas during the immersion of aluminum alloys is primarily due to the oxidation process. In SW environments, aluminum reacts with water and chlorides, leading to the formation of aluminum hydroxides and the release of hydrogen gas.

The general reaction can be represented as:

2Al + 6 H2O → 2 Al(OH)3 + 3 H2 ↑                        (2)

The rate of this reaction can be influenced by factors such as the alloy composition, surface treatment, and the presence of other constituents in the SW solution.

Saline water contains chloride ions, which are known to accelerate the corrosion of aluminum. The aggressive nature of chlorides can destabilize the passive oxide layer that typically protects aluminum, resulting in increased corrosion rates and hydrogen evolution.

The concentration of chlorides in the SW solution directly correlates with the rate of hydrogen gas production. Higher chloride concentrations generally lead to increased HR values. It shows the volume of H2 gas decreasing with the addition of FIL. The decrease in the volume of H2 gas in Table 1 is more abrupt until 1.2 mM of FIL and tends to remain constant with FIL concentration after 1.2 mM (Deyab&Mohsen 2021). 

From the rate of H2 gas evolved (HR), the hydrogen evolution inhibition efficiency (IEH %) was calculated as shown below in Eq. (3) (Deyab 2013b). 
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The relation between IEH % and FIL concentration was observed in Fig. 1. The FIL has a great role in the inhibition of H2 gas evolution during the immersion of aluminum alloy in SW.
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Fig. 1 Variation of (HR) and (IEH%) with FIL concentration for aluminum alloy in SW at 298 K.
Polarization measurements were carried out on aluminum alloys electrode in SW without and with FIL (see Fig. 2).  Fig. 2 is typical polarization plots offered as semi-logarithmic plots showing the current density versus applied potential in all the inhibited solutions and are compared with those obtained in pure SW. For polarization plots, the values of corrosion current density (jcorr) and corrosion potential (Ecorr) were determined from the Tafel lines. From jcorr, the corrosion inhibition efficiency (IEj %) was calculated as shown below in Eq. (4) (Deyab 2014). 
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The anodic electrochemistry reaction in Fig. 2 is the oxidation of aluminum alloy electrode in SW solution (Al → Al+3 + 3e) (Deyab 2014b) while the cathodic reaction is the reduction reaction of water (2H2O + 2e → 2H2 + 2 OH-) (Deyab 2015). It is clear that the rate of anodic and cathodic reactions in the presence of FIL compound is lower than when it was absent and hence, can be said to be a mixed-type inhibitor. Furthermore, the effect of FIL compound on the cathodic reaction (H2 gas evolved) is more significant than its effect on the anodic reaction. This is consistent with the shift of Ecorr towards the cathodic direction. The results demonstrate that the IEj % increases with increasing FIL concentration. The largest IEj % value (90.6%) is obtained by the addition of 1.2 mM of the FIL compound. This is consistent with data obtained from H2 gas evolution rate measurements.
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Fig.2 Polarization plots for aluminum alloy electrode in SW without and with FIL.
We explore the mechanisms by which FIL ionic liquids can mitigate hydrogen gas evolution and enhance the corrosion resistance of aluminum alloys in saline water as the following (Deyab 2019):

FIL ionic liquids can act as corrosion inhibitors by forming a protective layer on the surface of aluminum alloy (Kumar 2022). This layer reduces the accessibility of corrosive agents such as chloride ions found in saline wastewater (Deyab&Mohsen 2021b). The FIL ionic liquid may facilitate the formation of a stable passivation layer (Deyab&Mohsen 2021), which is crucial in minimizing the electrochemical reactions that lead to hydrogen evolution. FIL ionic liquids can adsorb onto the metal surface through electrostatic interactions and van der Waals forces (Li et al. 2019). This adsorption modifies the surface properties of the aluminum alloy, making it less reactive to corrosive agents (Shetty & Shetty 2016). By covering the surface of the aluminum alloy, the ionic liquid reduces the number of active sites available for corrosion reactions (Deyab et al. 2016). As a result, the overall rate of H₂ gas evolution decreases. FIL ionic liquids may engage in ion exchange with the chloride ions in saline wastewater. The presence of larger, less mobile ions from the ionic liquid can inhibit the aggressive action of smaller chloride ions, further reducing corrosion rates (Udunwa et al.  2022). In the case, ionic liquid exhibits similar anticorrosion actions as surfactants due to their unique chemical properties (He et al. 2024), which can effectively protect metal surfaces from corrosion (Deyab et al. 2007).

4. Conclusions  

In conclusion, hydrogen presents a viable alternative to fossil fuels and serves as a promising energy carrier in the transition to a low-carbon economy. This study highlights an innovative approach to hydrogen production through electrochemical interactions between aluminum alloy and salt water, addressing the need for more efficient and cost-effective methods. The incorporation of Fluconazole ionic liquid (FIL) demonstrated its role as an inhibitor of hydrogen generation, effectively reducing the hydrogen gas evolved rate from 0.873 ml/(min cm²) to 0.632 ml/(min cm²) at a concentration of 0.2 mM. This finding suggests that while FIL can delay hydrogen production, its specific mechanisms and implications warrant further investigation. Additionally, the study includes a risk assessment for hydrogen production, emphasizing the importance of safety in the implementation of hydrogen technologies. Overall, our findings contribute to the understanding of hydrogen generation processes and the potential for optimizing production methods in pursuit of sustainable energy solutions.
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