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SUMMARY:
This study demonstrates the generation of hydrogen from aluminum cans via alkaline hydrolysis and the electrochemical recovery of aluminum and sodium compounds, enabling a recyclable, closed-loop reagent system.

ABSTRACT:
Hydrogen is a promising energy carrier for achieving net-zero greenhouse gas emissions; however, its storage and distribution remain a challenge. This study shows a reproducible closed-loop protocol for on-demand hydrogen generation using aluminum beverage cans via alkaline hydrolysis, followed by electrochemical recovery of aluminum and sodium compounds from the reaction by-products. Aluminum cans are pretreated using combined thermal and chemical steps to remove polymer coatings and improve reactivity. Hydrogen is produced using sodium hydroxide solutions (3–5 M) and collected volumetrically, reaching a purity of 93.66% by volume, as determined by gas chromatography. The resulting sodium aluminate solution is processed in a two-compartment electrochemical cell, allowing precipitation of aluminum hydroxide (gypsite and bayerite phases) and the regeneration of sodium hydroxide at a concentration of 4.98 M ± 0.03 M. The energy consumption for the electrochemical recovery of aluminum hydroxide corresponds to an energy efficiency of 0.632 Wh･g⁻¹. This work provides a practical framework for integrating hydrogen production with aluminum waste recovery in circular energy systems.

INTRODUCTION:
The transition to net-zero greenhouse gas emissions requires the deployment of energy carriers that uncouple energy generation from consumption while enabling the large-scale integration of renewable resources. Currently, large-scale energy storage is dominated by pumped hydro, which accounts for more than 90% of global energy storage capacity. Other storage technologies, such as lithium-ion batteries, compressed air, and flywheels, remain limited in their scalability and cost-effectiveness for grid applications1–3.

In this way, hydrogen is widely considered a key vector for this transition due to its high gravimetric energy density and versatility in the energy, industrial, and chemical sectors4,5. It can be produced from a variety of sources, such as electrolysis of water with renewable electricity and hydrocarbon reforming. 

However, widespread adoption of hydrogen technologies remains limited by challenges associated with storage, transportation, and infrastructure disposition. For example, traditional hydrogen storage methods, such as high-pressure compression (350–700 bar) or cryogenic liquefaction (-253 °C), require significant energy input, specialized infrastructures, and stringent safety measures, limiting their feasibility for large-scale deployment6–8.

Among the various hydrogen production strategies, metal-water reactions (aluminum hydrolysis) have become attractive options for on-demand hydrogen generation, especially in decentralized or off-grid applications9–11. Aluminum is particularly attractive in this context due to its abundance, high theoretical hydrogen yield (1.24 L･g⁻¹ Al), and compatibility with alkaline activation. The reaction between aluminum and water occurs through surface oxidation, forming aluminum hydroxide or aluminate species, while releasing hydrogen gas12–14. The hydrolysis of aluminum offers a high theoretical yield of hydrogen, as one mole of aluminum can generate 3 moles of hydrogen gas according to the reaction:

 							(1)

In practical systems, reaction kinetics and hydrogen yield are strongly influenced by surface passivation, alkaline concentration, and temperature. Typical sodium hydroxide concentrations suggested for effective aluminum hydrolysis range from 1–6 M. With higher concentrations, the removal of the aluminum oxide layer is accelerated, but corrosivity and safety requirements increase15–17. The reaction temperature affects both the rate of hydrogen evolution and the efficiency of aluminum consumption, with moderate heating (20–60 °C) usually sufficient to maintain rapid hydrogen generation18,19. These features highlight the importance of controlling pre-treatment and reaction conditions when evaluating the suitability of aluminum-based hydrogen generation for specific applications.

The hydrolysis reaction in water in the presence of sodium hydroxide may be described as
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From a sustainability perspective, combining aluminum hydrolysis with the recovery and reuse of reaction by-products is fundamental to reducing material losses and the overall cost of the process. The sodium aluminate () formed during hydrolysis can be converted back into aluminum hydroxide and regenerated alkaline solutions through electrochemical or chemical processes, enabling closed-loop operation20,21. Recent studies have suggested that integrating waste aluminum feedstocks, such as post-consumer beverage cans, can significantly improve the economic and environmental performance of hydrogen production systems by reducing feedstock demand and diverting waste from landfills22,23.

Although several aluminum-water systems have been proposed at the laboratory scale, challenges remain related to scalability, process integration, and energy efficiency. Specifically, few protocols provide sufficient procedural details to enable reproducible implementation across the pre-treatment, hydrogen generation, gas handling, and reagent recovery stages24,25.

Therefore, this study reports this gap by describing a fully integrated laboratory-scale system for hydrogen production from recycled aluminum via alkaline hydrolysis, followed by electrochemical recovery of aluminum and sodium compounds. By combining practical operating ranges with detailed procedural guidance, this method aims to support reproducibility and facilitate the evaluation of hydrogen generation from aluminum in circular energy systems.

PROTOCOL:

1. Pre-treatment of aluminum sheets

1.1 Initial preparation of aluminum cans
Aluminum beverage cans (473 mL) were collected and thoroughly rinsed with tap water and dishwashing detergent to remove residual liquids and sugars. The cans were subsequently rinsed with deionized water and allowed to air dry at room temperature. The top and bottom ends of each can were removed using metal scissors, retaining only the cylindrical body. The aluminum body was then cut and flattened into sheets, which were further divided into pieces of the desired size (4 mm² or 1 cm²).

1.2 Thermal pre-treatment with acetone
The aluminum pieces were placed in a laboratory autoclave and heated to 121 °C for 30–45 min to facilitate softening of the polymer coatings. After completion of the heating cycle, the autoclave was allowed to cool naturally to room temperature before being opened. The aluminum samples were transferred to 50 mL polypropylene tubes, and sufficient acetone was added to fully submerge the pieces. The tubes were sonicated in an ultrasonic bath for 15–20 min at room temperature. During sonication, the acetone solution gradually acquired visible coloration due to dissolution of the paint layer, at which point sonication was discontinued. The acetone was filtered using a glass funnel and collected in a labeled waste container. The acetone treatment and sonication process was repeated up to four times, or until no visible coloration of the solvent was observed.

1.3 Calcination pre-treatment
Following acetone treatment, the aluminum pieces were placed in ceramic crucibles, ensuring that the samples were not stacked. The crucibles were transferred to a muffle furnace and heated to either 200 °C or 500 °C for 2 h under ambient air conditions. After calcination, the furnace was switched off and allowed to cool naturally to below 100 °C with the door kept closed. The crucibles were then removed and immediately transferred to a desiccator to cool to room temperature, minimizing moisture absorption.

1.4 Visual inspection and acceptance criteria
The treated aluminum surfaces were visually examined under ambient lighting conditions. Proper pre-treatment was confirmed by the absence of visible paint residues and the presence of a uniformly metallic or slightly oxidized surface appearance. Samples exhibiting thick rust flakes or incomplete coating removal were excluded from further use.

2. Hydrogen generation by aluminum hydrolysis

2.1 Assembly of the hydrogen generation system (Figure 1)
A closed hydrogen generation system was assembled using a three-necked round-bottom flask serving as the reactor, a water-filled check valve to prevent backflow, two condensers connected in series, and an inverted burette for gas collection. The gas outlet of the reactor was connected to the check valve, followed by a first condenser operating at room temperature and a second condenser supplied with cold water (~0 °C). The outlet of the second condenser was connected to an inverted burette filled with deionized water and equipped with separate shut-off valves for water and gas. All joints and connections were inspected for leaks by applying slight pressure with an inert gas or by confirming the absence of bubble formation when submerged connections were briefly pressurized.

2.2 Preparation of the alkaline solution
A sodium hydroxide solution at the desired concentration (typically 5.0 M) was prepared using deionized water. The solution was allowed to cool to room temperature prior to use to prevent uncontrolled temperature increases during the hydrolysis reaction.

2.3 Initiation of aluminum hydrolysis
Approximately 0.40 g of pretreated aluminum pieces was introduced into the reactor flask. A temperature probe was inserted through one of the flask necks, ensuring that the probe tip remained submerged in the liquid phase during the reaction. All necks of the reactor were sealed except for the reagent inlet and gas outlet. Subsequently, 15.0 mL of the prepared 5.0 M sodium hydroxide solution was added through the reagent inlet, and the reactor was immediately sealed to initiate the hydrolysis reaction.

2.4 Monitoring hydrogen evolution
Reactor temperature and internal pressure were recorded at 1-s intervals for 60 min using a data acquisition system. Hydrogen evolution was observed as a continuous gas flow passing through the condensers and into the inverted burette, which functioned as a water-sealed graduated cylinder for volumetric measurement by water displacement while preventing air ingress. The reaction was maintained without external heating unless the temperature decreased below 20 °C, in which case, gentle external heating was applied to sustain gas evolution.

2.5 Measurement of hydrogen volume
At the conclusion of the reaction, the system was allowed to equilibrate to room temperature. The water levels inside and outside the inverted burette were adjusted to the same height prior to recording the final gas volume. The collected gas volume, room temperature, and atmospheric pressure were documented. The amount of hydrogen produced was subsequently calculated using the ideal gas law.

2.6 Gas sampling for purity analysis
For gas purity assessment, the inverted burette was replaced with a gas sampling bag. Gas was collected after stable hydrogen evolution had been established. The sampling bag was sealed immediately following collection, and the gas composition was analyzed using gas chromatography.

3. Electrochemical recovery of aluminum and sodium compounds

3.1 Assembly of the electrochemical recovery cell (Figure 2)
The ion-exchange membrane was activated by immersion in 0.5 M aqueous sodium hydroxide solution for at least 24 h at room temperature. After activation, the membrane was thoroughly rinsed with distilled water to remove excess electrolyte. An electrochemical cell consisting of two compartments separated by an ion-exchange membrane was assembled (Figure 2), ensuring proper sealing to prevent liquid crossover between compartments26. A graphite electrode was installed as the anode in one compartment, while a stainless-steel electrode served as the cathode in the opposite compartment. The electrodes were connected to a direct current power supply, and the correct polarity was verified prior to operation.

3.2 Preparation and loading of electrolytes
The liquid residue obtained after aluminum hydrolysis, consisting of a sodium aluminate solution, was transferred to the anode compartment of the electrochemical cell. A 3.0 M sodium hydroxide solution was added to the cathode compartment to function as the supporting electrolyte. The initial volumes introduced into each compartment were recorded. The final electrolyte composition consisted of approximately 200 mL of sodium aluminate solution in the anode compartment per batch and 3.0 M sodium hydroxide solution in the cathode compartment.

3.3 Electrochemical operation
Electrolysis was initiated by applying a constant voltage of 4.5 V to the cell. The process was maintained under constant voltage conditions while the current, typically around 5.5 mA, was continuously monitored. Voltage, current, and elapsed time were recorded at regular intervals, such as every 10 min. Electrolysis was continued until the pH measured in the cathode compartment remained stable for at least 30 min.

3.4 Recovery and post-treatment of aluminum hydroxide
During electrolysis, the anode compartment was periodically observed for the formation of a white precipitate. The generation of aluminum hydroxide was indicated by the appearance of a fine, white, gelatinous solid suspended in the solution. Electrolysis was terminated once precipitate formation ceased and the cathode pH stabilized. The precipitated aluminum hydroxide was collected by vacuum filtration using fine-pore filter paper and washed repeatedly with deionized water until the filtrate reached neutral pH. The recovered solid was dried in an oven at 60 °C for 12 h and subsequently allowed to cool to room temperature in a desiccator before its mass was recorded. The crystalline phase of the recovered material was identified using X-ray diffraction analysis, confirming characteristic peaks corresponding to aluminum hydroxide phases.

3.6 Recovery of regenerated sodium hydroxide
Following electrolysis, the cathode solution was collected and stored in an airtight container. The concentration of regenerated sodium hydroxide was determined by acid–base titration prior to reuse.

3.7 Calculation of energy efficiency
The total electrolysis time and average current were recorded during operation. The electrical energy consumed (EC) was calculated using the equation:

EC (Wh) = Voltage (V) × Current (A) × Time (h)

The energy efficiency (EE) of aluminum hydroxide recovery was determined by dividing the total energy consumed by the mass of aluminum hydroxide recovered, expressed in Wh·g⁻¹.

REPRESENTATIVE RESULTS:
The success of the pre-treatment of recycled aluminum cans is confirmed by visual inspection and X-ray diffraction (XRD) analysis (Figure 3). After combined treatment with acetone and calcination, the aluminum surfaces exhibited a uniform metallic appearance. Although the dominant diffraction peaks correspond to metallic aluminum (JCPDS 04-0787), additional minor features are assigned to residual surface oxides, particularly in samples subjected to incomplete pre-treatment or in regions where the removal of the coating was less uniform. These observations confirm the effectiveness of thermal-chemical pre-treatment in minimizing surface passivation prior to hydrolysis.

On the other hand, during alkaline hydrolysis, the generation of active hydrogen is evidenced by the continuous evolution of gas through the condensers in series and the constant displacement of water in the inverted burette. Typical temperature profiles show an initial increase due to the exothermic nature of the reaction, followed by stabilization as aluminum consumption progresses. Completion of the reaction is indicated by the end of gas evolution for at least 5 min. Using pretreated aluminum (0.40 g) and sodium hydroxide solutions (5.0 M, 15.0 mL), hydrogen purities of 93.66% by volume are obtained, as determined by gas chromatography. A small amount of CO₂ detected in the gas samples is related to carbonate formation as a result of atmospheric CO₂ absorption in alkaline solutions, as well as traces of residual organic species from polymer coatings that may not have been completely removed during pre-treatment. These contributions are considered secondary and do not significantly affect the assessment of hydrogen purity for fines in this protocol.

The electrochemical recovery of aluminum compounds is confirmed by the formation of a white precipitate in the anode compartment during electrolysis. The precipitate corresponds to aluminum hydroxide, which is recovered after filtration, washing, and drying. XRD analysis identifies gibbsite and bayerite as the dominant crystalline phases (Figure 4). The identification of gibbsite and bayerite as the dominant phases of aluminum hydroxide is particularly relevant from a practical standpoint. Both crystalline phases are well-established precursors in industrial alumina production routes, where controlled heat treatment yields transition aluminas and, ultimately, α-Al₂O₃27. At the same time, the regeneration of sodium hydroxide in the cathode compartment is verified by the acid-base titration method28, which gives concentrations of 4.98 M ± 0.03 M.

The results of the effect of pre-treatment and aluminum sheet size on hydrogen production efficiency (Figure 5) show that when only acetone pre-treatment was applied, comparable efficiencies greater than 93% were obtained for both sheet sizes, indicating that surface accessibility was not a limiting factor under these conditions. In contrast, in combined acetone and calcination treatments, slight variations were observed between the 4 mm² and 1 cm² samples, which can be attributed to differences in effective surface area, heat treatment uniformity, and local mass transport during hydrolysis. Smaller aluminum sheets provide a higher surface-to-volume ratio, facilitating more uniform reaction kinetics, while larger foils may experience localized passivation effects. Overall, the high efficiencies observed for both sizes confirm that the pre-treatment strategy effectively mitigates size-dependent limitations. In addition, Figure 6 shows the standard deviation and experimental error in the three replicates. It should be noted that the heat pre-treatments show both higher average efficiencies and lower error bars, underscoring the consistency and reliability of the process. This statistical robustness is crucial for scalability and industrial applications.

Finally, the representative energy consumption of electrochemical recovery is 4.55 Wh per 7.2 g of aluminum hydroxide recovered, corresponding to an energy efficiency of 0.632 Wh･g⁻¹. Compared to conventional alumina production routes based on the Bayer process, which require energy-intensive bauxite digestion and precipitation steps, the present recovery strategy requires much less energy for aluminum hydroxide formation, as it is based on the electrochemical conversion of aluminate solutions derived from waste. Although a direct comparison with industrial Bayer processes is not appropriate due to differences in scale and raw materials, these results demonstrate that the recovery of aluminum hydroxide from aluminum hydrolysis waste is energy efficient on a laboratory scale and well suited for integration with renewable electricity sources29.

DATA AVAILABILITY:
Data supporting the findings of this study are provided in Supplementary File 1.

FIGURE LEGENDS:

Figure 1: System used for hydrogen production via aluminum hydrolysis.

Figure 2: System used for the recovery of aluminum compounds via electrolysis.

Figure 3: Diffraction patterns for both the outer (A) and inner (B) surfaces of the aluminum cans after pre-treatment.

Figure 4: XRD analysis of recovered aluminum hydroxide.

Figure 5: Stoichiometric efficiency of hydrogen production across different pre-treatments and aluminum sheet sizes.

Figure 6: Experimental measurement error with standard deviation.

DISCUSSION:
Previous studies have described various pre-treatment and activation strategies to improve aluminum hydrolysis in water, including mechanical and mechanochemical activation (e.g., ball milling or magnetic activation), galvanic activation with metal additives, liquid metal activation, chemical etching, and heat treatments30–34. Although mechanochemical approaches and metal-activated aluminum systems can achieve near-quantitative hydrogen yields, they often require additional processing steps, specialized equipment, or expensive materials. In contrast, simpler chemical and thermal pre-treatments, such as alkaline cleaning, calcination, and solvent-assisted ultrasonic cleaning, offer greater scalability for bulk post-consumer aluminum waste, albeit with slightly lower maximum yields. In this work, stoichiometric hydrogen production efficiencies of approximately 85% to 95% were obtained, depending on the pre-treatment conditions and the size of the aluminum sheet. These efficiencies are comparable to those recorded in chemically and thermally activated aluminum systems. Although higher yields have been achieved using more complex activation methods, the protocol presented here uniquely integrates hydrogen generation with electrochemical recovery and reuse of aluminum and sodium compounds, providing a practical balance between operational efficiency and circular economy principles.

According to the results presented, surface cleanliness, alkaline concentration, and hermetic assembly are decisive factors during hydrolysis. Residual polymer coatings or excessive oxide layers slow down hydrogen evolution by promoting surface passivation, while sodium hydroxide concentrations below the effective range reduce reaction kinetics. Conversely, overly concentrated alkaline solutions accelerate corrosion and heat release, complicating temperature control19,27,34–36. In contrast, overly concentrated alkaline solutions accelerate corrosion and heat release, complicating temperature control. Proper sealing of all connections is essential, as even the smallest leaks can dilute hydrogen purity and compromise volumetric measurements. Gas handling represents another critical stage. Condenser performance directly influences the removal of moisture from the product gas; insufficient cooling causes water vapor carryover, while excessive cooling can cause back pressure. In this way, it is necessary to ensure that water levels are balanced during volumetric measurements to avoid systematic errors in hydrogen yield calculations. In the electrochemical recovery stage, membrane integrity, electrode placement, and stable electrical operation are the factors that most influence success. Membrane leaks or inadequate sealing cause electrolyte crossover, preventing effective aluminum hydroxide precipitation. Completion criteria based solely on elapsed time are unreliable; a stable catholyte pH, combined with the end of precipitate formation, provides a solid operational endpoint.

While slow or incomplete hydrogen generation is usually due to insufficient pre-treatment or degraded aluminum feedstock, repeating the heat treatment with acetone restores reactivity. Low hydrogen purity is usually due to air ingress and can be mitigated by reinforcing seals and minimizing gas transfer steps. In electrolysis, a lack of aluminum hydroxide precipitation may indicate insufficient sodium ion transport; increasing the duration of electrolysis while controlling the pH resolves this issue. Excessive energy consumption is often related to membrane contamination, which can be corrected by replacing the membrane or more thoroughly washing away hydrolysis residues. Despite its inherent limitations (the purity of the hydrogen does not meet fuel cell grade specifications)37–39, compared to other alternative methods of hydrogen generation9-14,24,25, this method offers competitive energy efficiency to produce hydrogen on demand from metal waste, while avoiding the storage of compressed gas. Unlike hydrogen production based on electrolysis, the energy supplied is mainly used in the regeneration phase, rather than in the evolution of the hydrogen itself. In comparison with other aluminum and water systems, the integrated recovery of sodium hydroxide and aluminum hydroxide distinguishes this protocol, as it allows for the recycling of reagents and better use of materials under laboratory conditions.

In this way, the added value of this work lies in the integration of aluminum waste pre-treatment, hydrogen generation, and reagent recovery within a single closed-loop experimental framework. Unlike previous studies that focus primarily on maximizing hydrogen production through aluminum hydrolysis, this protocol demonstrates how hydrogen production can be combined with the recovery and reuse of aluminum and sodium compounds, improving material efficiency and aligning the process with circular economy principles.

In addition to their role as precursors for alumina production, the by-products of aluminum hydrolysis offer other opportunities for recovery. Aluminum hydroxide is widely used as a flame-retardant filler, adsorbent, and catalyst support, while sodium hydroxide is a key reagent in chemical manufacturing, water treatment, and aluminum processing itself. Therefore, recovering these compounds in usable forms improves the overall material efficiency of the process and supports circular economy strategies by enabling the reuse or redirection of reagents into established industrial value chains.

From a preliminary life cycle and economic perspective, the energy demand of the proposed closed-loop system comprises two stages: thermal pre-treatment (calcination) and electrochemical recovery: thermal pre-treatment (calcination) and electrochemical recovery. Calcination represents a discrete energy input that can be optimized by reducing the temperature or integrating the waste heat, while electrochemical recovery operates with relatively low energy consumption over extended periods. Based on the electrical energy input measured during electrolysis and the mass of aluminum hydroxide and sodium hydroxide recovered, the energy efficiency compares favorably with values reported for similar aluminum-water and reagent recovery systems. While a full techno-economic evaluation is beyond the scope of this study, this simplified energy-based analysis indicates that the process is technically feasible and that further optimization should focus on thermal integration and the duration of electrolysis to improve overall economic performance.

Future applications of this protocol include modular hydrogen generators for laboratory-scale energy systems, educational demonstrations of circular energy concepts, and preliminary evaluation of raw materials from metal waste. Further development should focus on continuous flow reactor designs, integration with membrane-based hydrogen purification, and coupling the electrochemical recovery stage with renewable electricity sources to improve overall sustainability.
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