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This article presents a comparison of the various methodologies reported in the literature to generate hydrogen
through the reaction between aluminum powders and water. This reaction, however, is hindered by the surface
oxide layer, which prevents direct contact between pure aluminum and water. The low cost of aluminum, its
infinite recyclability, and the potential to carry out the reaction in an environmentally sustainable manner make
it a promising material for hydrogen production. Given the critical need to address the limitations of hydrogen
storage and transportation, as well as to accelerate the adoption of hydrogen as an energy carrier for the energy

transition, this comparison focuses on the two most environmentally promising methodologies: ball milling and

steam oxidation methodologies.

1. Introduction

The global demand for energy is increasing at an unprecedented rate,
driven in large part by continuous population growth and rapid indus-
trialization. As the world’s population approaches 9 billion by 2050, the
pressure on existing energy infrastructures will only intensify. Histori-
cally, this demand has been met predominantly through the use of fossil
fuels—coal, oil, and natural gas—which have powered industrial
economies for over a century and now cover the 80 % of the energetic
global need with petrol and gas that cover the 53-55 % [1-3]. However,
the heavy reliance on these non-renewable sources has led to serious
environmental concerns, including greenhouse gas emissions, climate
change, and air pollution.

The transition to renewable energy sources such as solar, wind, and
hydropower is now widely recognized as a critical step to mitigate these
environmental impacts. Renewable energy offers a cleaner, more sus-
tainable alternative to fossil fuels, with the potential to drastically
reduce carbon emissions and promote long-term energy security. Yet,
despite the growing awareness of these benefits, the pace of transition
remains slow, hindered by technological, economic, and political
challenges.

Actually, although hydrogen is the most abundant element on Earth,
it is rarely found in its free state, as it is almost always bonded to other
atoms, such as oxygen in water or carbon in hydrocarbons. This makes
hydrogen difficult to access directly in its pure form. Nevertheless,
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hydrogen is a highly promising energy carrier because it burns without
releasing greenhouse gases, producing only water as a byproduct. This
makes it an attractive alternative for clean energy applications, partic-
ularly in the context of reducing carbon emissions [4-6].

To utilize hydrogen as an energy source, it must first be liberated
from its compounds, which requires specific methods and technologies.
Hydrogen can be produced through various processes, including water
electrolysis, steam methane reforming, and biomass gasification [7,8].

The challenges associated with hydrogen is the storage and trans-
portation due to hydrogen’s high explosiveness (with an explosive range
of 4.0-75.6 % in air), which complicates its safe handling and limits the
broader adoption of hydrogen as an energy source. Hydrogen can be
stored in three main ways: compressed gas, cryogenic liquid, and cryo-
compression. Compressing hydrogen to high pressures (up to 700 bar)
demands significant energy and strong materials, along with regular
safety checks. In liquid storage, hydrogen is cooled below its boiling
point (—252.87 °C), requiring tanks with advanced thermal insulation
and durable materials; moreover, the liquefaction process consumes
about 30 % of hydrogen’s total energy. Cryo-compression combines
gaseous and cryogenic methods, cooling hydrogen to cryogenic tem-
peratures and compressing it to pressures between 250 and 350 bar,
offering a balanced solution to the limitations of the other two tech-
niques [9].

Considering all these critical aspects, it is essential to explore com-
plementary solutions alongside renewable energy, such as the use of
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aluminum powders to produce hydrogen. These powders, which can be
derived from industrial waste or commercially available materials, offer
a promising avenue for energy production, further diversifying the op-
tions for a sustainable future.

Aluminum powder is identified as an ideal material for portable
hydrogen generation because of its cost-effectiveness, environmental
friendliness, high hydrogen yield when reacting with water, and mini-
mal pollution in its reaction products [10]. This quality makes
aluminum-based materials particularly useful for mobile applications,
where conventional propulsion systems may be replaced with
hydrogen-fueled engines or fuel cells [10-14] or in scenarios like field
engineering and operations in isolated or extreme environments, where
conventional hydrogen storage or transport is challenging [6,15-18].

Several studies have investigated how to react aluminum powder
with water, following the reaction that results in the production of heat,
aluminum oxide/hydroxide and hydrogen.

Unfortunately, to initiate the reaction between aluminum and water,
it is necessary to break the aluminum oxide layer that forms upon con-
tact with air. The destabilization of the alumina layer, having a melting
point of 2072 °C, requires either a chemical action involving the use of
corrosive substances, or a mechanical action, or the application of high
temperatures and pressures.

The reaction can occur in three different forms depending on the
operating temperature. Specifically, under atmospheric pressure and
without any additives, bayerite (Al(OH)3) or gibbsite (y-Al(OH)3) forms
within the temperature range of 20 °C to 280 °C. Conversely boehmite
(AIOOH) tends to form at temperatures below 20 °C, while alumina
(Aly03) is preferentially produced at temperatures exceeding 480 °C
[19,20]:

24l + 6H,0—2AI(0OH), + 3H, AH = —16.3 kJ/g of Al (20 — 280°C)

(€9)
2Al + 4H,0—2AI00H + 3H, AH = —15.5 kJ/g of Al (280 — 480°C)

2
24l + 3H,0—~ALO; + 3H,  AH = —15.1 kJ/g of Al (> 480°C)

3

The stoichiometry of the H20-Al reaction demonstrates significant
yield for hydrogen production. Specifically, reacting 1 g of aluminum
with 2 g of water generates 0.112 g of Ha, corresponding to 1.2 NL
(Normal Liters) of hydrogen. Considering the high calorific value of
hydrogen (120 MJ/kg), 0.112 g of H; equates to an energy of 13.4 kJ.
Moreover, the reaction is highly exothermic, releasing an additional
16.3 kJ of thermal energy. Consequently, the total energy output from 1
g of aluminum is 29.7 kJ.

The literature presents other reviews on hydrogen generation
through the reaction between aluminum and water. However, this re-
view paper stands out from previous studies for some reasons.

Firstly, this study differs from other review papers in the literature
because, in addition to examining the activation methods of aluminum
powders in water, it also considers the use of steam as a conversion
medium. This latter technique, which has not been discussed in previous
reviews, represents a direct approach to hydrogen production, as it does
not require a preliminary activation phase of the powders.

Secondly, the existing review papers primarily analyzed studies
where aluminum is used in various shapes, including sheets, powders,
chips, and pellets. In contrast, this work focuses almost exclusively on
aluminum in form of powder, providing a comprehensive and systematic
overview of the state of the art in this specific domain. The aim is to
promote the recycling and reuse of waste aluminum powder, which
would otherwise be disposed of in landfills with significant environ-
mental impact. While other forms of aluminum are relatively easier to
recycle, waste aluminum powder, composed of micrometric and nano-
metric particles that is highly reactive and hazardous, pose significant
challenges for recovery, particularly for industries that generate this
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kind of waste powder.
2. Methodologies

The current literature offers various methods to dissolve or break the
oxide layer that inhibits the reaction.

The methodologies can be classified into activation methods and
conversion methods. Activation methods involve a preliminary treat-
ment that makes aluminum powders reactive upon contact with water.
Consequently, these methods consist of two sequential phases: the
activation treatment followed by the aluminum-water reaction.
Conversely, conversion methods do not require a preliminary activation
step and involve a single reaction phase, specifically the aluminum-
steam oxidation.

Activation methods

1. Ball milling: mechanical ball milling enhances aluminum reactivity
by reducing particle size, increasing surface area, and creating de-
fects that interrupt the natural Al.Os passivation layer. Conducted in
an inert atmosphere, this process produces micro or nano-scale
powders with high reactivity, especially in Al-water reactions. Ad-
ditives like salts or metals further boost activity by forming reactive
composites, while the milling action introduces microcracks and
imperfections critical for sustained reactions. Nevertheless, it is
necessary to assess whether the energy expended on grinding is
recovered through the Hj production [21,19,22,23].

2. Atomization (high-pressure gas jet in an atomization chamber): this
approach offers several advantages, most notably the ability to
produce powders with a uniform distribution of alloying elements
like bismuth and tin, while also enabling precise control over
microstructure and specialized morphologies. Atomization also fa-
cilitates rapid removal of the oxide layer and ensures complete
powder reactivity, leaving no unreacted material. However, the
technique has drawbacks, as it requires specialized equipment and
stringent process control [24-26].

3. Low melting point alloys: the activation of aluminum for hydrogen
generation via hydrolysis is significantly enhanced by the addition of
low melting point metals such as gallium (Ga), indium (In) and tin
(Sn). The Ga-In-Sn phase forms a liquid coating on aluminum grains.
This coating provides diffusion channels, enabling aluminum to ac-
cess reaction sites and maintain a high hydrogen production rate.
However, it’s important to note that Ga and In are expensive ele-
ments [27,28]. Since this review focuses on hydrogen generation
methods through the reaction between aluminum powder and water,
this method will not be examined, as it is primarily applied to foils,
ingots or other aluminum-based material forms rather than powders.

Conversion methods

1. Alkaline or acidic solutions such as caustic soda (NaOH), potas-
sium hydroxide (KOH), hydrochloric acid (HCl): they can react
rapidly with aluminum, dissolving the surface layer. However, these
are toxic and hazardous substances. They can also easily corrode the
equipment used. Variables such as temperature, aluminum size and
porosity, pH, and solution concentration strongly influence reaction
kinetics [12,29].

2. Steam oxidation: this approach holds significant promise as it le-
verages high temperatures or pressures to initiate and sustain the
reaction, eliminating the need for catalysts or additives that could
generate undesirable by-products, particularly from a circular
economy perspective. Steam efficiently infiltrates the porous oxide,
ensuring the reaction progresses effectively. Even in this case, it is
crucial to evaluate the energy balance, as the system expends energy
in generating and superheating the steam necessary for the reaction
with the aluminum [30-33].
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The objective of this paper is to provide an overview and comparison
of all the methodologies which enable the reaction of aluminum pow-
ders with H20 to generate hydrogen with a focus on the two most
promising from the environment perspective: the ball milling and the
high-temperature and high-pressure reaction. As already mentioned, on-
site hydrogen production from aluminum powders represents a potential
solution to the challenges associated with hydrogen transportation and
storage. Furthermore, utilizing waste aluminum powders could serve as
an effective means of recycling industrial waste while simultaneously
producing a sustainable energy carrier.

3. Activation methods
3.1. Ball milling

Mechanical ball milling is an extensively studied and effective
method for activating aluminum particles to enhance their reactivity,
particularly in the aluminum-water reaction [22]. Conducted in an inert
atmosphere, ball milling both reduces the particle size of aluminum and
increases its surface area, facilitating shorter induction times and higher
hydrogen production rates [34]. This high-speed operation impacts,
grinds, and compresses aluminum particles, causing them to break and
generating defects and dislocations within the lattice structure [35,36].

The ball milling process is unique in that it combines mechanical
alloying with milling [37]. Large aluminum particles are reduced to fine
powders, potentially even nano-powders, creating Al-based composites
with high reactivity. Milling with different additives, such as salts,
metals [38,39], metal oxides, metal hydrides, further enhances alumi-
num’s hydrolytic activity by forming composites, like Al-chloride or
Al-oxide, with increased reactivity [36]. The milling balls fracture
deformed aluminum particles, thereby introducing microcracks, defects,
and surface imperfections, which disrupt the natural Al-Os passivation
layer that would otherwise inhibit the aluminum-water reaction [40,
41].

Additives used in the milling process adhere to or penetrate
aluminum particles, enhancing reactivity by creating new pathways for
water penetration. These pathways open local gates in the oxide layer,
enabling better contact between aluminum and water [42].

Thus, ball-milled aluminum composites exhibit irregular shapes,
cracks, and rough surfaces that significantly expand their reaction area.
The result is a highly reactive material with improved kinetics for
hydrogen generation via hydrolysis, as the structural imperfections and
increased grain boundaries enable more efficient and sustained
hydrogen production.

Procedure

The procedure generally proceeds as follows: aluminum powder and
additives are mixed with a planetary ball mill or hand-milled using a
glass mortar. Eventually, after milling, the solid fuel mixture can be
pressed into a pellet using a pellet press machine. In this case the re-
action then takes place by immersing the pellet in water [43,21].

The experimental setup typically includes three main components:
the reactor vessel, the tank vessel, and the collection vessel. The reactor
vessel is pre-loaded with aluminum powder (or pellets) mixed with
additives, which have been prepared using a ball mill. Water is stored in
the tank vessel and supplied to the reactor vessel as needed. The
hydrogen gas generated during the reaction is first cooled to room
temperature using a heat exchanger, then passed through a drying or
condensation system to eliminate moisture from the gas stream. The
condensed water vapor is collected in the collection vessel. The rate of
hydrogen production is monitored using either a mass flowmeter or a
gas analyzer.

3.1.1. Ball milling with salt

Milling aluminum with salt enhances its activation. The local gates
opened during milling are temporarily blocked by salts, preventing the
reoxidation of the surface oxide layer when exposed to ambient air.
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When these powders are subsequently immersed in water, the salts
dissolve, allowing the reaction between water and the pure aluminum
core of the particles to occur. For this reason, powders milled with salts
can be stored in air without undergoing reoxidation, thereby main-
taining their reactivity with water. This process also creates defects in
the aluminum oxide layer, reduces particle agglomeration, increases the
specific surface area, improving the powder’s reactivity [23,44,45].

This technique is particularly advantageous compared to others
because it requires only salt and aluminum, without the need for high
water temperatures or corrosive agents.

Hydrogen production phases

After the ball milling, when the powder is immersed in water,
hydrogen production occurs in three main phases, characterized by a
specific reaction progression [22,23,46].

Induction phase: during this initial period, the reaction is limited as
the aluminum-water system stabilizes. The duration of this phase de-
pends on water temperature, salt type and milling time, ranging from a
few seconds to several minutes. At this stage, salts begin to dissolve,
locally opening the oxide surface and initiating particle surface
hydration.

High-kinetics phase: hydrogen production accelerates rapidly due to
the increased specific surface area of aluminum and the dissolution of
salts, allowing more efficient water access to the metal. With a signifi-
cant salt concentration (at least a 0.5 % molar ratio), numerous local
openings form on the surface increasing the reactive surface area and
enhancing reaction kinetics.

Low-Rate phase: as the reaction progresses, hydrogen production
slows down due to the buildup of solid byproducts, mainly aluminum
hydroxide, which block active surfaces and limit water access. This
accumulation occurs alongside the reaction between aluminum and
water, generating H2 and depositing aluminum hydroxide within the
pores, progressively decelerating the reaction.

Reaction products and byproducts

The byproducts of the reaction consist of solid aluminum oxides that
remain as residue.

According to Swamy and Shafirovich [23], the nature of the
byproduct depends on the reaction temperature. At lower temperatures,
around 35 °C, the reaction produces a mixture of bayerite (AlI(OH)s) and
boehmite (AIOOH). As the temperature increases to a range between 50
°C and 80 °C, boehmite becomes the predominant product. This shift is
due to the greater thermodynamic stability of boehmite at elevated
temperatures.

Alternatively, Czech and Troczynski [46] provide a slightly different
perspective with more specific temperature ranges. At temperatures
below approximately 55 °C, the primary byproduct is bayerite, typically
formed in cooler or moderately warm aqueous environments. At tem-
peratures above 90 °C, approaching the boiling point of water, boehmite
becomes the dominant product. This transition occurs because the
additional thermal energy at higher temperatures facilitates the chem-
ical transformation leading to boehmite formation.

Yield

Milling with salts enables high yields in hydrogen production. The
yield depends on several factors (Table 2):

o Water temperature
e Salt molar ratio

e Milling time

e Type of salt

Water temperature

Higher temperatures increase the reaction rate and yield because
they facilitate the breakdown of the protective aluminum oxide layer
and enhance molecular collisions and reaction kinetics [23,45-49].

Czech et Troczynski [46] verified that at low temperatures (22 °C)
the reaction is very slow with yields below 2 %. At moderate tempera-
tures (40-55 °C), the yield significantly improves, reaching a maximum
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of 80-92 % at 55 °C. Higher temperatures (70-90 °C) further accelerate
the reaction, achieving 89 % yield at 70 °C and consuming all available
aluminum at 100 °C.

Wang et al. [50] discovered how the initial temperature of the water
plays a crucial role in enhancing hydrogen production for
Mg60-Al30-Fel0 (wt%) powder. As the temperature increases, the
hydrogen generation rate and yield improve significantly. At 0 °C, the
conversion yield is 79.93 %, while at 40 °C, it reaches 99.88 %, with a
corresponding increase in the hydrogen generation rate from 138 ml.
mint.g at 0 °C to 778 ml.min'.g™! at 40 °C. The heat generated during
the hydrolysis reaction further raises the local solution temperature,
which promotes faster hydrogen production. Wang et al. achieved
higher yields at lower temperatures compared to Czech and Troczynski
due to the presence of Mg and Fe, which reduce the activation energy.

Salt molar ratio

The study by Alinejad & Mahmoodi [44] defines the optimal ratio to
maximize hydrogen yield and provide the powders with long-term air
storage capability. This molar ratio between salt and aluminum powders
is 2:1 which reached a yield of 100 % instead of the 60 % yield for the
ratio 1:1. Conversely, Czech and Troczynski [46] reported that a lower
weight ratio of salt (AL:KCl; 1:1) compared to that used by Alinejad and
Mahmoodi was found to be less unfavorable, resulting in the maximum
hydrogen production volumes of 1210 ml.g~'Hz (89 % yield). Therefore,
considering the studies by Alinejad & Mahmoodi (Fig. 1) and Czech and
Troczynski [46] it can be concluded that an optimal molar Salt:
Aluminum ratio is 1.5 or 2.

Wang et al. [50], differently, explored how the concentration of NaCl
in the solution affects the hydrogen generation performance for
Mg60-Al30-Fel0 (wt%) powder. Low NaCl concentrations produce
limited hydrogen, but as the concentration increases, the hydrogen yield
and rate increase. For example, increasing the NaCl molarity from 0.05
to 0.6 M, the material increased a hydrogen yield from 88 % to 100 %
and a generation rate from 180 to 500 ml.min"'.g™".

Milling time

Milling aluminum powder increase the specific surface area and
decrease average particle size, leading to uniformity and better perfor-
mance. A higher specific surface area enhances the reactivity of
aluminum with water, increasing the rate and efficiency of hydrogen
production [22,23,36,47]. Specific surface area can be measured using
techniques such as BET (Brunauer-Emmett-Teller) analysis, which
quantifies available surface area through gas adsorption.
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Fig. 1. Effect of various salts: Al mole ratios on the rate and efficiency of
hydrogen generation: a) 0.1, b) 0.2, ¢) 0.5, d) 1 and e) 1.5 [22].!

! Reprinted from [22], Copyright (2009), with permission from Elsevier.
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For example, Czech et Troczynski [46] after 15 min of milling ob-
tained an increasing of the specific surface area from 0.30 m?g™' to 9.7
m?g~!, and with 60 min of milling, it can reach 31.6 m?g~, significantly
boosting both reaction rates and hydrogen yield. As shown in the Fig. 2
aluminum milled for 60 min with KCl achieved a maximum yield of 85
%, corresponding to 1200 mL of Hz/g of aluminum, in just 15 min of
reaction. In comparison, aluminum milled for 7.5 min with NaCl yielded
42 %, and 600 mL of Hz/g of aluminum, over 15 min of reaction.

On the debit side, Swamy and Shafirovich [23] measured the energy
consumed during milling, reporting a consumption of 450 kJ per gram of
aluminum for a milling duration of 30 min. Considering the energy
balances discussed in the Introduction, the maximum energy yield
obtainable from 1 g of aluminum is 16.3 kJ (Eq. (1)), which corresponds
to only 3,5 % of the energy consumed during milling. Therefore, the
hydrogen production system described in this study is not energetically
sustainable, although its efficiency could potentially be improved by
increasing the quantity of milled powder.

Wang et al. [50] explored how the ball milling process significantly
influences the reactivity of the Mg-Al-Fe material. As the milling time
increases, the reactivity improves due to a reduction in particle size and
the formation of fresh active surfaces and micro-galvanic cells. Milling
for 4 h (the maximum duration test) yielded the best results, with the
hydrogen conversion rate increasing from 33.84 % (1h milling) to 99.66
%, and the maximum hydrogen generation rate increasing from 16.60
ml.min.g! to 687.60 ml.min"'.g"!. The longer milling time creates
more defects and fresh surfaces, enhancing the material’s ability to
generate hydrogen.

Dossi [51], in contrast, employed the patented NHEMA technology
[52], which involves activating powders through mechanical milling in
a stainless steel vessel under dry air for just 15 min achieving a yield
greater than 97 %. The milling media consist of stainless steel balls with
diameters of 6 mm and 3 mm, and the ball-to-powder size ratio is
maintained at 20:1. After milling, the powders are stored under ambient
conditions with humidity levels between 20 % and 40 %. Dossi thus
identifies an activated powder mixture of Al/Bi/Zn at 90/5/5 wt%,
which, utilizing the NHEMA technology, produces 100 g of H per ki-
logram of aluminum powder.

Type of salt

Swamy and Shafirovich [23] used NaCl that is particularly effective
due to its low cost, ease of removal, non-toxicity. Czech et Troczynski
[46] compared KCl and NaCl for the same milling duration and KCl
proves to be more effective. The superiority of KCl is attributed to its
more uniform interaction with aluminum during milling, facilitating the

1400 +
k=22, gas produced in 15 min
1200 . H; gas produced in 60 min

1000 <

BOO 1

600 +

[eci1g Al]

400 <

Amount of Generated H,

200 4

7.5 15 30
Ball-milling Time [min]

Fig. 2. Effect of ball-milling time on the amount of hydrogen produced from 1
g Al powder after 15 min and 60 min of the Al-H,O reaction. Al-KCl (50 wt%)
system. (Tyater = 55 °C) [46].”

2 Reprinted from [46], Copyright (2009), with permission from Elsevier.
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Fig. 3. Effect of type of salt on the hydrogen generation yield after ball milling
for 5 h [21].°

3 Reprinted from [21], Copyright (2018), with permission from Elsevier.

creation of highly porous and reactive surfaces.

Even Irankhah et al. [21] tested the effect of salt type on hydrogen
production comparing NaCl, KCI, and BaCl,. NaCl produced the highest
cumulative hydrogen, while BaCl, yielded the lowest, likely due to its
microstructural properties and distinct coating mechanism during
milling. The highest hydrogen generation rate was achieved with KCIl
(857 ml.min'.g™!), whereas NaCl showed the highest total yield (Fig. 3).

Sodium Stannate and NaOH

In the literature, cross-cutting approaches that employ multiple
activation techniques have also been explored. For example, the
simultaneous use of NaOH and salts such as Na2SnOa.

Sodium stannate (Na2SnOas) significantly improves the aluminum-
water reaction for hydrogen generation by enhancing efficiency and
addressing passivation challenges. It accelerates hydrogen production,
achieving higher rates and yields [43,53]. Na2SnOs mitigates the
passivation of aluminum by forming metallic tin (Sn), which prevents
cohesive oxide layers and ensures sustained hydrogen release [54].
Additionally, it allows for lower NaOH concentrations, reducing system
corrosion while maintaining performance [43,53-54]. Indeed, the
compound also exhibits synergistic effects when combined with other
alkaline additives, further optimizing reaction kinetics [53,43]. These
benefits make Na.SnOs a valuable additive for efficient and practical
hydrogen generation systems.

In the initial stage of the process, the stannate ion released by dis-
solving Na2SnOs in a strongly alkaline medium predominantly exists as
the Sn(OH)2". Metallic aluminum, acting as a reducing agent, partially
converts this species into metallic tin (Sn) according to the reaction [53]:

4Al + 3Sn(OH)?~ —4AI(OH), + 3Sn + 20H" “

The resulting Sn particles deposit locally on the aluminum surface
and, rather than directly accelerating the cathodic reduction of water,
they inhibit the repassivation of the aluminum oxide layer. As a conse-
quence, the metallic surface remains chemically accessible, promoting a
more efficient attack by water (in the presence of OH") and enabling
hydrogen generation at lower NaOH concentrations than would other-
wise be required.

Dai et al. [53] tested the combination of NaOH and Na=SnOs. 1.25 M
NaOH with 0.04 M Na2SnOs showed the best performance, achieving a
hydrogen generation yield of 100 % (Hz rate: 2500 ml.min'.g™!) instead
of a yield of 38 % (Hz rate: 550 ml.min'.g™") without Na.SnOs. This
finding was corroborated by Ga et al. [43], who reported a nearly 100 %
yield (Hz rate: 1800 ml.min™) within 3 min using a solution of 1 M
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NaOH and 0.1 M NazSnOs.

Conversely, systems relying solely on NaOH required significantly
higher concentrations, such as 3.75 M, to achieve 100 % yield, resulting
in lower reaction rates (1420 ml.min'.g™). While low concentrations of
NaOH (e.g., 0.75 M) resulted in limited hydrogen production, Macanas
et al. [54] further substantiated this observation, demonstrating that a
NaOH molarity of 0.01 M yielded only 22 % conversion with reduced
reaction rates. Ga et al. [43] similarly confirmed this trend, reporting a
60-70 % conversion within 8 min with 1.5 M NaOH, achieving a peak
hydrogen generation rate of only 860 ml.min™*.

Regarding the use of sodium stannate (Na:SnOs; 0.25 M) not in
addition but in place of NaOH, Macanas et al. [54] achieved the highest
hydrogen generation rate of 343 ml.min™ (Hz yield: 33 %), thereby
demonstrating that Na-SnOs alone is insufficient and requires combi-
nation with NaOH for optimal performance. This conclusion is sup-
ported by Ga et al. [43], who observed that 0.3 M Na-SnOs alone
resulted in a maximum hydrogen generation rate of only 280 ml.min™.

Thus, the inclusion of Na2SnOs in conjunction with NaOH enables
high hydrogen yields even at moderate alkali concentrations, enhancing
the overall versatility of the system.

BiCls

BiCls introduced to the aluminum powder through ball milling en-
hances the hydrolysis reaction performance of aluminum. This high-
energy environment created substantial physical stress on the parti-
cles, resulting in the formation of microcracks on the aluminum surface.
Under conditions of intense friction, collision, and shear, the brittle and
sharp-edged BiCls particles further contributed by embedding them-
selves into the aluminum and disrupting the natural oxide layer, thereby
facilitating increased reactivity.

The presence of BiCls introduces bismuth (Bi) into the composite.
Due to the difference in electrochemical potentials between aluminum
and bismuth, micro-galvanic cells are formed. In these cells, aluminum
acts as the anode and bismuth as the cathode, accelerating the anodic
dissolution of aluminum and thereby enhancing the hydrolysis reaction
[55,56].

Gai et al. explored the ball milling process using only BiCls in one
study [55] and developing an aluminum-based composite, combining
BiCls with y-Al-Os (gamma alumina, a catalyst with high mechanical
strength [57]) in another [56].

In the first study [55], the Al-BiCls composite achieved the highest
hydrogen generation rate of 646.0 mL min™' g-!, with a reaction time of
1.6 h and a hydrogen yield of 93.3 % with a 3 h ball milling time
compared to a yield of 86.7 % with a 1 h ball milling. This result un-
derscores the efficacy of prolonged ball milling in enhancing the reac-
tivity of the Al-BiCls composite for hydrogen generation. Anyway,
increasing the milling duration will raise the cost of producing activated
Al hydrogen because ball milling is an energy-intensive process.

In the other study the addition of BiCls and y-Al=Os [56] drive a
catalytic effect. Its high surface area provides active sites that facilitate
the adsorption and dissociation of water molecules, thereby accelerating
the reaction kinetics and improving the overall efficiency of hydrogen
production (Fig. 4). The highest hydrogen yield observed was 98.5 % for
the composite with 5 wt% BiCls and 5 wt% y-AlzOs, after 2 h of milling
and 5.4 h of reaction time.

Patented technologies

The method patented by Boyle et al. [58] employs both metal oxides
(magnesium oxide (MgO) or calcium oxide (CaO)) and inorganic salts
(NaCl or KCl) to facilitate the hydrogen production reaction. These
materials are arranged in specific configurations (concentric layers,
spirals, or zones with variable concentration) to modulate the reaction
rate and intensity within cartridges designed to optimize the process.

The analyzed patent does not mention any mechanical pre-treatment
for powder activation. This suggests that the described technology has
replaced mechanical activation via ball milling with the combined use of
salts and metal oxides.

Magnesium oxide (MgO) and calcium oxide (CaO), being highly
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Fig. 4. Activation mechanism (a) and hydrogen production mechanism (b) of
Al/BiCls/y-Al,05 composite [56]."

4 Reprinted from [56], Copyright (2024), with permission from Elsevier.

hygroscopic, react rapidly with water to form their respective hydrox-
ides while releasing thermal energy in the process. These reactions are
exothermic, leading to an increase in the local temperature of the
reactive mixture, thereby facilitating system activation:

CaO + H,0—~Ca(OH),AH < 0 6)

MgO + H,0—Mg(OH),AH < 0 (6)

Simultaneously, the use of soluble inorganic salts (NaCl or KCI)
promotes the removal of the passive aluminum oxide (Al-0s) layer
through a pitting corrosion mechanism. In aqueous solution, the soluble
salts dissociate into sodium (Na*) and chloride (CI) ions. The Cl- ions
exert a corrosive effect on the protective metal oxide layers. By pene-
trating the micro-defects in the Al.Os layer, the Cl- ions facilitate its
degradation, thereby exposing the underlying metallic aluminum.

This process induces the formation of microscopic cavities (pits),
allowing water to directly contact the metal, thereby promoting the
aluminum-water reaction and the subsequent hydrogen production.

The method NHEMA patented by Dossi et al. [52] outlines a process
for controlled hydrogen gas production using tablets composed of me-
chanically activated powders. These tablets are created by mixing
aluminum powder (70-99 %), bismuth powder (0.5-20 %), and a third
component chosen from salts (e.g., NaCl, MgClz), water-soluble poly-
mers (e.g., PEG, PEO), or sugars (e.g., glucose, sucrose) in proportions
ranging from 0.5 % to 20 %. The mixture is processed in an acoustic
resonant mixer, which alters the powders’ granulometry and reactivity.
The activated powders are then compressed into tablets or embedded in
a molten polymer to create compact and porous structures. These con-
figurations enable precise modulation of the reaction rate with water,
facilitating controlled hydrogen release. The hydrogen release is regu-
lated by design parameters such as the compression level, which slows
water penetration, and waterproof coatings on certain surfaces to delay
the reaction. The hydrogen yield can reach up to 97 %.
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3.1.2. Ball milling with metals

The activation of aluminum powders for reaction with water can be
significantly influenced by the introduction of low-melting metals and
their alloys, such as gallium (Ga), indium (In), bismuth (Bi), tin (Sn), and
zinc (Zn), through mechanochemical treatments [59-63] (Table 1).
These elements primarily enhance the reactivity of aluminum by dis-
solving or disrupting the protective oxide layer on its surface, thereby
promoting intergranular fracture and the formation of intermetallic
compounds. Activation can be attributed to the Rebinder effect, which
reduces the cohesion between metal grains, as well as to the formation of
corrosive galvanic cells, in which aluminum serves as the anode during
hydrolysis [59,61].

The penetration of these metals into the grain boundaries of
aluminum leads to a reduction in the material’s mechanical strength,
facilitating its milling into powder and accelerating its oxidation process
in the presence of water [62,63]. Notably, the use of liquid metals at
room temperature prevents the formation of the protective oxide film
and enhances the diffusion of aluminum nanoparticles through the
liquid phase to the surface, thereby increasing direct interaction with
water [60].

Ga-In-Sn-Zn

Ilyukhina et al. [59] explored the activation of aluminum powder
with Gallium (Ga) and Indium (In) using planetary ball mill. They first
investigated the reaction between water and powders activated through
mechanical milling with an alloy composed of Ga-In. The study reported
a hydrogen yield of up to 95 % using the alloy at a concentration of 10 wt
% across temperatures of 20, 40, and 60 °C, confirming that under these
conditions, temperature has no significant impact on the yield.
Conversely, the temperature was observed to influence the reaction rate,
which increased from 1250 ml.min'.g™* at 21 °C to 1750 mL.min'.g™! at
40 °C and further to 2500 ml.min.g™ at 59 °C.

Parmuzina et al. [63] explored the activation of aluminum powder
using Ga-In and Ga-In-Sn-Zn eutectics. Results show that treated pow-
ders, especially smaller particles at higher temperatures (80 °C), pro-
duce hydrogen efficiently. Their experiments revealed that the addition
of Sn and Zn does not lead to a decisive increase in yield, which only
slightly improves from 99.4 % to 99.5 %.

Sevastyanova et al. [62] conducted studies to investigate the effect of
salt solutions on hydrogen generation from aluminum-based alloys
(AI-20 %Bi) and (Al-7 %Ga-3 %In). In the first case, the addition of salts
(NH4Br, NaHCOs, K2HPO4) increased the hydrogen yield (88-95 %
compared to 86 % without salts). However, for the Al-7 %Ga-3 %In
alloy, the addition of salts (NH4Cl, NaBr, KHSO4) provided no benefit
(89-90 % compared to 97 % without salts).

Manilevich et al. [61] discovered that the addition of 5 wt% Ga-In-Sn
eutectic alloy served as a catalyst allowing water to diffuse through the
aluminum grains. Indeed, the alloy’s low melting point (~11 °C) facil-
itated the penetration of water into the activated aluminum particles.
Furthermore h-BN (boron nitride, added in small percentages, 1-3 wt%)
assisted in reducing cold welding between aluminum particles during
the milling process, ensuring that the grains remained separated and
reactive. The study obtained that activated aluminum pellets, enriched
with 5 wt% Ga-In-Sn eutectic alloy and 1 or 3 wt% h-BN, react efficiently
with water at temperatures between 5 and 25 °C, producing over 1000
mL of Hy/g Al. At 25 °C, with 3 wt% h-BN, the hydrogen production rate
increases fivefold, achieving a yield of 98.3 %.

Lithium

Lithium can play a key role in enhancing aluminum’s hydrolysis
reaction by disrupting the oxide layer on its surface and diffusing into
the aluminum matrix during the milling process. This diffusion induces
structural changes that prevent re-oxidation, increasing reactivity with
water. Furthermore, lithium introduces imperfections in aluminum
particles and increases their surface area and energy, which are critical
for improving hydrolysis efficiency and rate.

The exothermic reaction between lithium and water generates
localized heat, further accelerating the process. These combined effects
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Table 1
Comparative table of different studies on the ball milling methodology with metals carried out at ambient pressure, by measuring the hydrogen yield with the water
displacement method.

Powder composition Reaction temperature  Size [um] Mass Hydrogen generationrate [ml. ~ Ball milling Time Hydrogen yield ~ Reference
[°C] [g] min.g™] time [h] [min] %
Al-Li5-Bi5 %wt 25 sub- 0.3 609 15 ~30 100 [65]
micron
Al-Li10-Bi5 %wt 25 sub- 0.3 572 15 ~30 100 [65]
micron
Al-Li15-Bi5 %wt 25 sub- 0.3 708 15 ~30 100 [65]
micron
Al-Li20-Bi5 %wt 25 sub- 0.3 988 15 ~30 100 [65]
micron
Al-Li10 %wt 25 ~10 0.3 233 15 7.5 53 [47]
Al-Li40 %wt 25 ~10 0.3 343 15 7.5 84 [47]
Al90-Bil0 wt% 24 13 50 - 5 15 73.9 [14]
Al89-Bi10-NaCll wt% 39 13 50 - 5 11 81.3 [14]
Al85-Bi10-NaCl5 42 13 50 - 5 3 85.4 [14]
Al; Ga70-In30 (1-10 wt%) 25 20-100 0.1 1380 10 93 [67]
Al; Ga60-In25-Sn10-Zn5 80 20-100 0.1 2900 10 96 [67]
(1-10 wt%)
Al; Ga70-In30 80 <250 0.1 - - 25 99 [63]
Al; Ga60-In25-Sn10-Zn5 80 <250 0.1 - - 12 100 [63]
Al+10wt% BiCls+10wt% 40-50 10 0.5-3 362 2 324 98.52 [56]
y-Al203
Al+10wt% BiCls 40-50 10 0.5-3 161 2 402 88.49 [56]
Al+10wt% v-Al:0s 40-50 10 0.5-3 0.5 2 636 12.69 [56]
Pure Al 40-50 10 0.5-3 - 2 600 27 [56]
Al95; Ga-In-Sn5 wt% 25 <30 0.2 5.0 4.0 5.3 92.3 [61]
Al94; Ga-In-Sn5, h-BN1 wt 25 <30 0.2 15.0 4.0 3.7 95 [61]
%
Al92; Ga-In-Sn5; h-BN3 wt 25 <30 0.2 25.0 4.0 2.5 98.3 [61]
%
Table 2
Comparative table of different studies on the ball milling methodology with salts and NaOH carried out at ambient pressure.
Additives/ Powder Molar Reaction Size Mass Hydrogen yield Hydrogen Ball Time Hydrogen Reference
reagents composition concentration temperature [ [um] [g] measurement generation milling [min] yield %
[M] °C] method rate [ml. time [h]
min.g™]
NaOH Al3Mg, 0.5 55 75 1 weight changes 24.8 2 30 97 [66]
KOH Al3Mg, 0.5 55 75 1 weight changes 24.2 2 30 95 [66]
Stearic Mg55-Al30- NacCl 0.6 25 - 0.3 water 687.6 4 10 100 [50]
acid 1wt Fel5 wt% displacement
%
NaOH, Al 1.5-4 - 68 1.0 flowmeter 1740 1 3 100 [43]
Naz2SnOs
NaOH Al 1.5-4 - 68 1.0 flowmeter 860 1 8 90 [43]
NazSnOs Al - - 68 1 flowmeter 280 1 8 80 [43]
NazSnOs Al 25 25-35 <45 0.2 water 343 / 1 33 [54]
displacement
NaOH Al 0.01 25-35 <45 0.2 water 26 / 70 22 [54]
displacement
NaBO:2 Al 2.39 25-35 <45 0.2 water 37 / 24 100 [54]
displacement
NazSiOs Al 0.04 25-35 <45 0.2 water 0 / 75 0 [54]
displacement
NaOH, Al 1.25; 0.04 21-94 75-150 2 flowmeter 2500 / 4 100 [53]
Na2SnOs
NaOH Al 3.75 21-87 75-150 1 flowmeter 1420 / 2,5 100 [53]
Naz=SnOs Al 0.1 75 45 1 flowmeter 1200 / ~3 71 [53]
NaOH Al 0.75 - 45 1 flowmeter 204 / ~4 100 [53]
NH4Br Al80-Bi20 wt 0.85 25 4 0.1 water 401 0.1 - 89 [62]
% displacement
NaHCO3 Al80-Bi20 wt  0.85 25 4 0.1 water 193 0.1 - 95 [62]
% displacement
KzHPO4 Al80-Bi20 wt 0.1 25 4 0.1 water 158 0.1 - 88 [62]
% displacement
NH4Cl1 Al90-Ga7- 1 25 4 0.1 water 100 0.1 - 89 [62]
In3 %wt displacement
NaBr Al90-Ga7- 0.5 25 4 0.1 ‘water 72 0.1 — 87 [62]
In3 %wt displacement
KHSO4 A190-Ga7- 0.37 25 4 0.1 water 342 0.1 - 90 [62]
In3 %wt displacement
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Table 3
Comparative table of different studies on atomization methodology by measuring the hydrogen yield with the water displacement method.
Powder composition Reaction temperature Atomization pressure Size Mass Hydrogen generation volume  Time Hydrogen yield  Reference
[°cl [bar] [pm] [g] [ml.g™] [min] %

80% Al, 10 % Bi, 10 % 0 50-100 - 0.35 - 70 91 [25]
Sn

80% Al, 10 % Bi, 10 % 30 50-100 - 0.35 - 12 91 [25]
Sn

80 % Al, 10 % Bi, 10 % 40 50-100 - 0.35 - 3 91 [25]
Sn

80 % Al, 10 % Bi, 10 % 50 50-100 - 0.35 - 3 97 [25]
Sn

Al 30 50-80 30-60 0.35 ~1100 1000 81 [24]

Al-Bi (20 wt%) 30 50-80 30-60 0.35 1100 500 100 [24]

Al-Sn (20 wt%) 30 50-80 30-60 0.35 1050 600 100 [24]

Al85-Bi, Sn 20 - 3 0.05 580 150 52 [26]

Al85-Bi, Sn 30 - 3 0.05 790 95 70 [26]

Al85-Bi, Sn 40 - 3 0.05 950 70 83 [26]

Al85-Bi, Sn 50 3 0.05 1050 40 92 [26]

Al-10Bi-3Fe 50 50-80 1-50 0.5 911.8 1500 83 [68]

Al-10Bi-7Fe 50 50-80 1-50 0.5 961 1500 92 [68]

Al-10Bi-10Fe 50 50-80 1-50 0.5 938.8 1500 93 [68]

make Al-Li alloys highly effective for hydrogen generation, although
their high reactivity necessitates careful management for practical ap-
plications [47,64].

Fan et al. [47] explored that whether lithium content increases from
10 wt% to 40 wt%, the volume of H> generated significantly rises from
743 mL/g (53 % efficiency) to 1405 mL/g (92.5 % efficiency), with a
corresponding increase in maximum hydrogen generation rate from 233
ml.min.g™ to 1405 ml.min~'.g"'. However, for lithium content above
30 wt.%, the reaction becomes less controllable, with most hydrogen
produced within the first 30 s. The improvement is attributed to the
formation of intermetallic compounds such as Al-Lis and AlsLis, grain
size reduction during mechanical milling, and the catalytic effect of
LiOH, formed from the reaction of lithium with water.

Fan et al. [65] also explored aluminum alloys activated with lithium
and bismuth demonstrated exceptional hydrogen generation capabilities
with high efficiency. The Al-20 %Li-5 %Bi alloy (compared to Al-5 %Li-5
%Bi, Al-10 %Li-5 %Bi, Al-15 %Li-5 %Bi) proved to be the most effective,
achieving a production of 1340 mL of H> per gram of aluminum, cor-
responding to 100 % of the theoretical maximum yield. Hydrogen
generation rates increased with lithium content, reaching a peak of 988
ml.min™ .g™! for the Al-20 %Li-5 %Bi alloy. The high efficiency of the
alloys is attributed to the synergistic effects of lithium and bismuth.
Lithium reacts with water to produce LiOH, which accelerates aluminum
corrosion, while the formation of BiLis facilitates the hydrolytic process
by acting as an initial catalytic center.

Al3Mg,

Naseem et al. [66] investigated hydrogen generation via the hydro-
lysis of aluminum-magnesium alloys (Al3Mgs), fully hydrogenated
(MgH,-Al), enhanced by adding magnesium hydride (MgH-) and a small
amount of sodium hydroxide (NaOH) during ball milling. The milling
process refines the particle size and activates aluminum, while MgH>
contributes both to hydrogen production and the reduction of the re-
action’s activation energy. The results indicate that with 2 h of milling
and the use of alkaline solutions (0.5 M NaOH or 0.5 M KOH), hydrogen
yields reach high levels (1488 mL/g in the case of NaOH) with 97.47 %
efficiency in 60 min at 55 °C. The formation of by-products such as
Mg2Al(OH)- further facilitates extended hydrolysis.

3.2. Atomization

The atomization method is a technique used to produce fine and
uniform metallic powders. The process begins with the melting of the
base metal, which is heated in a protected environment under an inert
atmosphere to prevent oxidation and contamination, typically in an
induction furnace. Once molten, the metal is transferred into an

atomization chamber, where a high-pressure gas jet (commonly argon,
at 50-100 bar) breaks it into small droplets, remelting it in the process.
These droplets rapidly solidify into powder particles during cooling,
resulting in homogeneous particles with spherical or near-spherical
shapes. The powders thus obtained are collected in a controlled envi-
ronment, often maintained under vacuum o low-humidity conditions, to
prevent oxidation or degradation. Although they may be briefly exposed
to air during collection, the powders are stored in hermetically sealed
containers to preserve their chemical and physical properties.

The gas atomization method offers significant technical advantages
over other powder production techniques, making it an ideal choice for
the development of reactive aluminum-based powders with a specific
chemical composition for hydrogen generation. The most notable
benefit of this approach is the ability to produce powders with a highly
uniform distribution of alloying elements, such as bismuth and tin. This
homogeneity ensures consistent hydrolysis performance, which is crit-
ical for achieving high hydrogen yields (Table 3). Additionally, the
method allows precise control over the microstructure, enabling the
formation of specialized morphologies [24-26].

Another key advantage is the significant reduction in grain size,
which increases the reactive surface area and accelerates the hydrolysis
process. The use of inert gases like argon during atomization minimizes
oxidation, resulting in powders with superior stability and reactivity.
Furthermore, atomization enables the rapid breaking of the oxide layer
while providing precise control over the process. At the same time, it
ensures the complete reactivity of the powder, leaving no unreacted
material.

However, the method is not without limitations. Compared to
simpler techniques such as direct chemical treatments or mechanical
milling, gas atomization requires specialized equipment and precise
process control, which can increase production costs. Additionally, the
process is highly energy-intensive, as aluminum undergoes two melting
cycles and pressurization. Another limitation arises from the fact that it
is typically applied to aluminum alloys containing bismuth, tin, and
iron, as these specific metals activate the powders and enable the sub-
sequent reaction with water.

Wang et al. [25] explored a composite powder (80 % Al, 10 % Bi, 10
% Sn) with high hydrogen generation efficiency, produced through gas
atomization. The powders exhibit a unique core/shell microstructure,
with a Bi- and Sn-rich phase distributed along the aluminum grain
boundaries, which prevents oxidation and promotes reaction with
water. At 30 °C, the powders reach a 91.3 % yield within 16 min, while
even at 0 °C, the conversion remains high (80.5 %).

Liu et al. [24] explored the performance of pure Al, Al-20Bi, and
Al-20Sn powders prepared via gas atomization in hydrogen generation
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through hydrolysis. Adding Bi and Sn significantly improves hydrogen
yield and reduces reaction time compared to pure Al. Both Al-20Bi and
Al-20Sn achieved the highest efficiency (100 % yield) within 500 min,
while pure Al reached only 81.2 % in 1000 min. Al-20Bi powders also
demonstrated superior oxidation resistance, making them suitable for
use in ambient conditions.

Chen et al. [26] investigated aluminum conversion efficiency in the
presence of low-temperature water vapor. The experiments evaluated
hydrogen production using two aluminum-based powders, 95A1-5Bi and
85A1-Bi-Sn, produced via atomization, with water vapor introduced into
the reactor at controlled temperatures ranging from 20 °C to 50 °C. The
results demonstrated that temperature had a notable impact on the yield
of 85Al1-Bi-Sn. As the temperature increased from 20 °C to 50 °C, the
yield rose significantly from 47 % to 93 %. Furthermore, the 85AI-Bi-Sn
alloy consistently outperformed 95A1-5Bi, achieving a yield of 71 % at
30 °C within 100 min and reaching a maximum efficiency of 93 % at 50
°C within one hour. In contrast, 95A1-5Bi exhibited a lower efficiency,
peaking at 69 % at 50 °C. The addition of Sn to the alloy significantly
enhanced the hydrolysis process by reducing grain boundary strength
and promoting the formation of microfractures, which accelerated the
reaction.

Experiments conducted by Deng et al. [68] on Al-Bi-Fe alloy pow-
ders, produced via gas atomization, have demonstrated that the inclu-
sion of iron in aluminum-based materials significantly enhances
hydrogen generation through hydrolysis reactions, even in the absence
of Sn.

The addition of iron increases hydrogen yield in Al-Bi-Fe alloys
through multiple synergistic effects. These include the formation of
micro-galvanic couples, which accelerate aluminum dissolution; the
uniform distribution of the Bi-rich phase, which effectively disrupts the
passivating film; and the reinforcement of the aluminum matrix, which
prevents aggregation and optimizes reactivity. The alloys Al-10Bi-7Fe
and Al-10Bi-10Fe achieved the highest hydrogen yields of 92 % and
93 %, respectively. In comparison, the Al-10Bi-3Fe alloy achieved a
hydrogen yield of 83 %. These findings underscore that Al-Bi-Fe alloys
represent a promising solution for efficient and cost-effective hydrogen
production without resorting to tin that would increase the cost of the
process.

4. Conversion methods
4.1. Alkaline or acidic solutions

Upon exposure to air, aluminum rapidly oxidizes, creating a surface
layer of Al,O3 oxide that can be dissolved by both acidic and alkaline
solutions at ambient temperature [17].

The aluminum-water reaction, which releases hydrogen gas, is
significantly influenced by the type and concentration of alkaline or
acidic solutions used as catalysts. In alkaline solutions, the surface
passivation layer dissolves more readily than in acidic ones [20].

Literature indicates that the degree of fragmentation of aluminum
samples and porosity [69] impact the reaction kinetics. Indeed, the
smaller the particle size, the greater the exposed area for interaction
between Al and H30, and the higher the porosity, the larger the reaction
surface area. Consequently, this leads to an increase in reaction kinetics.

Other factors, including temperature, pH, and molar concentration,
strongly influence hydrogen production rates in both acidic and alkaline
media [20,70,71]. Increasing temperature generally accelerates both
aluminum corrosion and hydrogen generation rates, making tempera-
ture control an important variable for efficient hydrogen production
[71,43].

4.1.1. NaOH

Alkaline solutions, such as sodium hydroxide (NaOH), potassium
hydroxide (KOH), are commonly employed due to their effectiveness in
disrupting the protective oxide layer on aluminum surfaces, thereby
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accelerating hydrogen production and reducing reaction induction time
[5,12,72-74] (Eq. (7), (11)) (Table 6). Strong alkalis are particularly
efficient, with NaOH widely recognized as a low-cost and practical
choice for this purpose [5,44,75]. The dissociation of NaOH releases OH~
ions, which dissolve the oxide film on aluminum, exposing fresh metal
surfaces for the reaction and creating sodium aluminate and hydrogen
gas as in the Eq. (7).

2Al + 2NaOH + 6H,0—2NaAl(OH), + 3H, @

When aluminum reacts with water and NaOH, it primarily forms the
soluble ion [Al1(OH).]" as the main product and molecular hydrogen (H2)
as a gaseous byproduct. NaOH acts as a catalyst: it is not consumed
directly but facilitates aluminum dissolution by consuming water and
producing hydrogen. So Eq. (7) can be expressed without NaOH [20]:

2Al+ 6H,0 + 20H —2[Al(OH); | + 3H, (8)

As the [Al(OH).]™ concentration increases, the solution may become
saturated, leading to the precipitation of solid aluminum hydroxide, Al
(OH)s. This precipitation is accompanied by the regeneration of hy-
droxide ions (OH"), as shown in the reaction:

Al(OH), —»Al(OH),(s) + OH~ 9

The regeneration of OH~ during AI(OH)s precipitation allows the
cycle to continue without significant NaOH consumption. This behavior
results in a lower final pH compared to the initial pH due to the con-
sumption of hydroxide ions in the primary reaction.

Combining the two processes (formation of Al(OH)s~ and partial
precipitation of AI(OH)a), there is a dynamic cycle in which NaOH fa-
cilitates the reaction (Eq. (7)), followed by the possible precipitation:

Na[Al(OH),]~NaOH + Al(OH),(s) (10)

However, the reaction rate and hydrogen production are dependent
on the molar concentration of NaOH. To prevent the termination of the
reaction and the precipitation of all aluminum as AI(OH)s, an excess of
NaOH is required. This excess not only prevents the aluminum from
precipitating as AI(OH)s but also keeps NaAl(OH). soluble in the solu-
tion. As a result, the reaction can proceed for a longer duration, leading
to an increased hydrogen production [75].

To further boost hydrogen yield, strong alkaline additives like cal-
cium oxide (CaO) can be combined with NaOH in water. This combi-
nation has been shown to improve yield significantly [76].

Weakly alkaline salts like sodium aluminate (NaAlO2) and sodium
stannate (Na2SnOs) can be added to NaOH, mitigating equipment
degradation while maintaining a high hydrogen production rate. So-
dium aluminate (NaAlO:), for instance, serves as a crystallization nu-
cleus for AI(OH)s byproducts, generating a mechanism involving
directed crystal growth of Al(OH)s on suspended hydroxide particles.
This process effectively limits the formation of an Al(OH)s layer on the
aluminum surface, maintaining the metal’s reactivity throughout the
reaction [77] [78]. Similarly, adding Na-SnOs to NaOH allows for a
reduced NaOH concentration without sacrificing hydrogen output, as
NazSnOs contributes by destabilizing the oxide layer on aluminum and
forming metallic Sn on the aluminum surface, which further prevents
repassivation [43,53]. Other non-toxic inorganic salts, like ferric sulfate
(Fe2(S0O4)s) and magnesium chloride (MgClz), can enhance the
aluminum-water reaction when combined with NaOH [54,79,80].

Additionally, research has shown that using choline hydroxide as a
promoter offers another viable approach due to its lower corrosiveness
than NaOH. Its equilibrium constant facilitates a slower initial dissoci-
ation, followed by enhanced OH- regeneration, leading to a stable
hydrogen output over time [72].

Bolt et al. [29] extensively described the reaction of aluminum with
sodium hydroxide solution. The generation of hydrogen and its rate
were monitored using a flow meter and an Hj analyzer. As highlighted in
Fig. 5, the amount of Hy increases over time, but the rate of generation



N. Musicco et al.

=+ Bg @ 70 Production Rate -~ &g @ 60 Production Rate By @40 Production Rate
40
was
3
230 |1
3 1u
25 1
E iy
-] Iy
S5l B
R
¢
%10 =¥
3 ; |\
T | R
=
o 2 e LT ————————
[ 66 126 186 246 306 366 426 2 4B6E 546  GOG

Time (3)

Hydrogen Yield (%)

International Journal of Thermofluids 27 (2025) 101152

— . 6g@T70CYield — -6g@60C Yield 69 @ 40 C Yield
%0
80
70 o
50 n

50 O - o
40 1
30 r
o | i
10 | 1

B0 120 180 240 300

Time (5)

360 420 480 540 600

Fig. 5. Hydrogen yield (6 g aluminum samples), varying water temperature test conditions. Experimental testing work station [29].”

5 Reprinted from [29], Copyright (2020), with permission from Elsevier.

starts to decrease thereafter: the two graphs are inversely proportional
because most of the H> production occurs in the first minute due to the
strong triggering effect caused by the soda, which, thanks to its high
alkalinity, acts rapidly. The quantities of the reactants (aluminum,
NaOH, and water) are in their stoichiometric proportions, ensuring an
optimal reaction process. The reaction rate is positively influenced by
temperature and smaller-sized particles due to the increased specific
surface area of aluminum. The process is as follows: a sprayer introduces
aluminum powder mixed with soda into the reactor where there is
water. Since the reaction is exothermic, it causes the vapor and gaseous
hydrogen to rise upward. From there, they are led into a condensation
system where the hydrogen is separated from the vapor, which is
condensed. The hydrogen is then directed into a flow meter to measure
its flow rate and finally into a gas analyzer.

Testa et al. [12] systematically investigated the interplay between
temperature (—5 °C, 25 °C, and 50 °C) and molar concentration of NaOH
solution on the aluminum-water reaction. Their findings revealed that
increasing the NaOH concentration markedly decreased the reaction
time, achieving a hydrogen production volume of 1200 mL within 40 s,
compared to 240 s under lower concentration conditions (Fig. 6,
Table 5). Furthermore, the elevated NaOH concentration substantially
enhanced the hydrogen generation rate, as quantitatively summarized in
Table 4. These results confirm the findings of Bolt et al. [29], who
achieved a maximum yield of 95.44 % using 1.5 times the stoichiometric
quantity of NaOH. The study also demonstrated that temperature criti-
cally influenced the kinetic energy of the reactant particles, thereby
accelerating reaction kinetics. In contrast, subzero conditions (—5 °C)
were found to significantly decelerate the reaction, corroborating
theoretical predictions on the strong temperature dependence of reac-
tion rates.

10

Regarding another type of aluminum waste, specifically aluminum
chips, Amrani et al. [81] demonstrated that the hydrogen production
volume can be enhanced through the application of copper-based metal
oxide, such as CuO and CupO. These catalysts break the protective
aluminum oxide (Al:0s) layer, increase the reactive surface area, and
lower the activation energy required for the reaction. For instance,
under standard conditions (0.4 M NaOH, 50 °C), reactions employing
CuO result in a hydrogen production of 295 mL compared to 225 mL in
the absence of a catalyst, while reactions using CuO achieve 290 mL,
also in contrast to 225 mL without a catalyst. This corresponds to an
increase of approximately 23-24 % (Fig. 7). Although the increase in
yield is relatively modest, this study highlights that copper-based metal
oxides have the potential to enhance the efficiency of the reaction.

In addition to the direct attack by NaOH to dissolve the oxide layer,
an alternative approach, explored by Hammad et al. [82], involves the
manual mixing aluminum powders with NaH, followed by a second step
of adding H,O to trigger the reaction.

After simple mixing, the NaH-Al mixture powder exhibits a core-shell
structure, where aluminum is embedded within the NaH.

During the hydrolysis process, NaH reacts readily with water, pro-
ducing NaOH, which creates an alkaline environment. This compound
dissociates into OH~ and Na™ ions, with the OH™ ions rapidly removing
the protective oxide layer (Eq. (7)—(9)). This allows water to directly
attack the fresh aluminum surface, initiating the Al-water reaction.

This method can achieve a yield of 98 % in a ratio Al:NaH 1:1 and a
0.9 M NaH. This method offers the advantage of greater control over the
reaction, as NaH, during the mixing process, penetrates the surface of
the particles effectively, thus allowing for a more homogeneous disso-
lution of the surface oxide.
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6 Reprinted from [12], Copyright (2024), with permission from Elsevier.

Table 4
Hydrogen production rate and specific production rate for the various tested
configurations [12].

Temperature Molar concentration (alkaline H, production rate [ml.
©Q) solution) min~l.g™!]
-5 5M 80
25 1M 250
25 5M 1600
50 1M 1800
50 5M > 3000
Table 5

Hydrogen volume produced at 25 °C by aluminum powder reacting with 1 M
NaOH/water solution: comparison between stoichiometric and measured values

[12].

Conducted test

Stoichiometric H, volume (mL)

Measured H, volume (mL)

1 83.6 79.0
2 84.6 84.3
3 85.2 85.0
4 86.6 86.6
5 89.5 90.0
6 92.6 93.0
7 95.5 96.1
4.1.2. KOH

As in the case of NaOH, KOH also acts as a catalyst without directly

participating in the reaction:

2Al + 6H,0 + 2KOH—2KAI(OH), + 3H, (11)
KAI(OH), < KOH + Al(OH), (12)
24l + 6H,0—2AI(OH), + 3H, (13)

As well as for NaOH the excess of potassium hydroxide KOH is
essential for the formation of KAI(OH). as it ensures a highly alkaline
environment necessary to maintain aluminum in solution in the form of
Al(OH), ions. Under high pH conditions, the equilibrium of the Eq. (12)
is shifted to the left, preventing the precipitation of insoluble aluminum
hydroxide (Al(OH)s), which, if formed, would inhibit the reactivity of
aluminum with water. Consequently, the availability of Al(OH), pro-
motes the oxidation reaction of aluminum and the production of
hydrogen, as described by the Eq. (11) [83].

Shmelev et al. [75] explored the reaction between aluminum
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powders, Hy0O, and KOH with the addition of copper, which penetrates
the aluminum powder surface either through pressing or continuous
copper addition during the reaction. The objective was to assess the
possibility of maintaining a low molarity (< 1 M) of the alkaline solution
by introducing copper. Indeed, the presence of copper induces an elec-
trochemical reaction due to the significant difference in the electrolytic
potentials of the two metals (Al: —1.662 V; Cu: +0.337 V). Shmelev et al.
demonstrated that this electrochemical reaction leads to intense
aluminum corrosion, resulting in a six-fold increase in Hy production
rate.

Regarding the effect of temperature, it was more significant at an
aqueous KOH concentration of 0.5 M compared to 1 M. As the temper-
ature increased from 50 to 70 °C, the time required for the reaction with
0.5 M KOH decreased substantially. Results indicate that temperature
had a greater impact on the water-splitting reaction with 0.5 M
compared to 1 M KOH. The optimal addition of Ga was 90 % wt for 0.5 M
and 75 % wt for 1 M KOH.

4.1.3. HCl

Acidic solutions, such as hydrochloric acid (HCl) and sulfuric acid
(H2S0.), can also trigger the aluminum-water reaction. Initially, the acid
reacts with the Al:Os layer, exposing the underlying aluminum and
releasing hydrogen gas (Eq. (14)). As the reaction progresses, and once
the acid supply is reduced, however, the concentration of H* ions in the
solution diminishes due to their consumption in the reaction with
aluminum (Egs. (15), and (16)). This reduction in H* ion concentration
leads to a corresponding decrease in the reaction rate, as these ions are
essential for sustaining the production of hydrogen gas. Once the acid is
significantly depleted, the reaction rate cannot be maintained at its
initial level. This limitation underscores the reduced efficiency of acidic
solutions for prolonged reactions compared to alkaline solutions, which
provide a more stable chemical environment for dissolving the Al-Os
passivation layer, thereby ensuring sustained reactivity [20].

2Al + 6HCl — 2AICl; + 3H, (14)

Al +3H'" + 30H < AP +30H + gHz (15)
+ 3, 3

Al+ 3H —APT + ng (16)

As with alkaline solutions, the quantity of water is also a significant
factor in acidic solutions. Excess water beyond the required
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Table 6
Comparative table of different studies on alkaline and acidic solutions carried out at ambient pressure.
Alkaline/ acidic Molar Reaction Size Mass Hydrogen yield Hydrogen generation Time Hydrogen Reference
solutions concentration [M] Temp [°C] [um] [g] measurement method rate [ml.min™.g™'] [min] yield %
HCl 2 50 150 0.30 water displacement - 15 93 [64]
KOH - 35 150 0.30 water displacement - 10 - [64]
NaOH 0.5:1 60 75-150 10 flowmeter - 123 94.6 [84]
KOH 0.5:1 60 75-150 10 flowmeter - 126 93.1 [84]
KOH 1 25 10 0.1-1 water displacement - 15 20 [75]
NaOH 1 25 5-23 0.06 water displacement 250 5 94-100 [12]
NaOH 5 25 5-23 0.06 water displacement 1600 1 94-100 [12]
NaOH 1 50 5-23 0.06 water displacement 1800 5 100 [12]
NaOH 5 50 5-23 0.06 water displacement 6300 1 100 [12]
NaOH 5 -5 5-23 0.06 water displacement 80 - - [12]
NaOH 0.4 50 chips - volumetric 2250 20 - [81]
measurement
NaOH; CuO 0.4 50 chips - volumetric 2800 15 - [81]
measurement
NaOH; Cu,O 0.4 50 chips - volumetric 2750 15 - [81]
measurement
350 350
(a) (b)
300¢ 300
% 250+ 250+
= E
E 200+ - — 200} - -
o —s=— No Catalyst ° —s— No Catalyst
> 150} —s—CuO & 150} —+—Cu,0
T == g“gj-;'gg = —4—Cu,0-0.2MLG
—v—Lu B §
100} P 100} | ——MLG
eaction Temp. =50 °C Reaction Temp. =50°C
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Catalyst/Al ratio = 1/50 Catalyst/Al ratio = 1/50
0 Reaction pH =11-12 0 _ ReactionpH = =11-12 . 4
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Reaction Time (min)

Reaction Time (min)

Fig. 7. Comparison graphs of Hy production yield versus reaction time, with the help of various nanocatalysts: (a) CuO and (b) Cup0O [81].

stoichiometric amount can actually slow down the reaction, as it first
leads to the formation of boehmite (AIOOH), which, if further hydrated,
then transforms into bayerite (A1(OH)s), inhibiting H> production.

The reaction kinetics are highly vigorous, resulting in the release of
substantial amounts of heat and hydrogen. Two main approaches can be
employed to carry out the reaction. The first involves diluting hydro-
chloric acid in water and allowing the entire solution to react with
aluminum powder (e.g., 0.3 g of Al, 30 mL of 2 M HCI at 50 °C, pro-
ducing 348 mL of hydrogen, equivalent to 1160 mL/g) [64]; the second
approach involves mixing aluminum powder with water and gradually
adding hydrochloric acid dropwise while continuously stirring the
reactor (e.g., 4 g of Al powder, 100 mL of 6 M HCI; the amount of
hydrogen produced was not quantified) [69].

4.2. Steam oxidation

The steam-based approach to facilitate the reaction between
aluminum powders and water remains relatively underexplored in the
scientific literature compared to other methodologies, primarily due to
the high temperatures required, which complicate maintaining a sus-
tainable energy balance. Nevertheless, by utilizing elevated pressures, it
is feasible to avoid such extreme temperatures. Furthermore, the heat
from the water vapor can be efficiently recovered using a steam turbine
[85,86]. In addition to the energy considerations, this approach is also
challenged by the difficulty of establishing a continuous operation sys-
tem, owing to the inherent use of high pressures or temperatures during
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the process [32]. Implementing this methodology as a continuous
hydrogen production system introduces further complexities. Beyond
the essential safety measures for handling hydrogen production and
presence, there would be a need to design additional safety systems to
manage the high temperatures or pressures involved. One possible
strategy to overcome the challenge of continuous operation under high
temperature and pressure conditions is to melt the aluminum powders
and allow the liquid aluminum to react directly with steam, as illus-
trated in the system developed by Milani et al. [87]. However, achieving
the complete melting of aluminum powders requires a significant energy
input, as these powders are coated with aluminum oxide, which has a
high melting point of 2072 °C. This oxide layer acts as a thermal barrier,
further increasing the energy demand required to sustain the reaction.

On the other hand, the potential to develop a system that enables
hydrogen production from aluminum powders without resorting to ad-
ditives or catalysts is highly compelling. This methodology is particu-
larly promising because the high temperatures or pressures required can
serve as key variables that initiate and sustain the reaction without the
addition of catalysts or additives which can produce unacceptable by-
products from a circular economy perspective.

Existing studies in the literature provide a basis for comparing
hydrogen production efficiencies in relation to the different tempera-
tures and pressures applied (Table 9).

The use of steam for aluminum oxidation offers notable advantages
compared to liquid water. Steam can easily penetrate the porous oxide
layers that form on the aluminum surface, ensuring the reaction
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proceeds efficiently, whereas liquid water is hindered by surface tension
and fails to reach the aluminum beneath the oxide layer. Furthermore,
steam enhances the reaction’s efficiency by interacting with a larger
surface area of the aluminum due to its higher diffusivity [88].

Reaction phases

The reaction between aluminum and water progresses through a
well-defined sequence of stages, each characterized by distinct mecha-
nisms governing oxidation and the generation of hydrogen and heat
(Fig. 8).

During the induction phase, aluminum particles are initially covered
by a protective layer of aluminum oxide (Alz0s), which acts as a
passivation barrier. When aluminum comes into contact with water, a
weak and transient oxidation process occurs; however, this phenomenon
is quickly interrupted by the resistance of the oxide layer. Toward the
end of the induction phase, the protective oxide layer undergoes hy-
drolysis, leading to the weakening of the passivation barrier and
allowing the aluminum core to react directly with water. The degrada-
tion of the oxide layer is a critical step, as it enables the reaction to
progress to the subsequent phase.

Once the protective layer has been compromised, rapid oxidation is
initiated. At this stage, the reaction accelerates significantly, producing
large quantities of hydrogen gas and releasing substantial amounts of
heat due to its highly exothermic nature. This represents the most active
and productive phase of the process.

Finally, the reaction transitions to the quenching phase, during
which the formation of stable oxides and hydroxides, such as aluminum
hydroxide (Al(OH)s), which deposits in the pores where the reaction
occur, gradually slows the process until it ceases entirely. At this stage, a
portion of the aluminum core may remain unreacted, thereby limiting
the overall yield of the reaction [11,32,89-92].

4.2.1. High temperature and ambient pressure oxidation

Thermal treatment and reaction at 90 °C

Buryakovskaya et al. [93] explored the effect of thermal treatment
on aluminum particles oxidation kinetics in water for hydrogen pro-
duction. Samples were thermally treated at temperatures ranging from
120 °C to 600 °C and then reacted with distilled water at 90 °C for two
hours. A series of experiments employing multiple alternating cycles of
oxidation and thermal treatment at 500 °C revealed a gradually
declining hydrogen yield per cycle (due to significant thickening of the
protective aluminum oxide layer), with a total yield of 53.46 % after six
cycles. The treatment’s efficacy is linked to crack formation in the
alumina shell, exposing the aluminum core to water and promoting the
reaction. Nonetheless, temperatures above 500 °C result in excessively
thick oxide layers that hinder the interaction between water and
aluminum.

Low-Temperature Steam

Gao et al. [32] investigated the reaction between aluminum powders
and low-temperature steam (90-200 °C). The experimental results
confirmed that the product from aluminum powder reaction consist in
Al(OH)s (Eq. (1)). In addition to temperature, another factor influencing
the reaction yield is the amount of porosity. The highest Hz yield is
recorded at 150 °C for powders with a particle size of 25 ym, which have
a higher specific surface area (0.644 m?/g). For this particle size and at
this temperature, the highest Hz yield is 31.9 %. At higher temperatures,
specifically between 150 °C and 200 °C, there is a decrease in the H-
production rate. This decrease is due to the major deposition of
aluminum hydroxide within the pores during H. production. Such
accumulation reduces the reaction interface, thereby decreasing the
reactivity of the powders.

High-Temperature Steam (300-650 °C)

Etminanbakhsh and Reza Allahkaram [30] investigated the reaction
between aluminum powders and steam at temperatures up to 600 °Cin a
reactor containing superheated steam. This study addressed the chal-
lenge posed by the formation of aluminum oxide using a graphite rod. By
passing an electric current through the rod for 2-3 s within the reactor,
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the oxide layer was disrupted, enabling the reaction between the steam
and the aluminum powder.

However, the study does not exclude the possibility of initiating the
reaction by raising the steam temperature above 600 °C, particularly
beyond aluminum’s melting point of 658 °C. The method applied in this
study resolves the oxide layer issue through an electric discharge rather
than relying on elevated steam temperatures. Regarding the amount of
hydrogen produced, the study does not provide any data.

Lietal. [94] analyzed in detail the ignition temperature of aluminum
powders and the maximum combustion temperature through the system
shown in Fig. 9. The study analyzes the effect of adding NaBH4 to
aluminum powders in the reaction with steam.

However, since NaBHa can be hydrolyzed in the presence of water
without the involvement of aluminum, this review considered only the
results obtained for the samples without NaBHa. Therefore, only the
black curves (sample Al-1) in Figs. 10 and 11 and 11 have to be
considered.

The study demonstrates that a minimum temperature of 550 °C is
required for the combustion to occur. The effect of temperature is sig-
nificant, as an increase in reaction temperature generally enhances
hydrogen production by accelerating reaction kinetics and improving
efficiency.

The volumetric concentration of hydrogen increases from 8 000 ppm
(Al-1 at 450 °C) to 16 000 ppm (Al-1 at 550 °C) and then slightly de-
creases to 14 000 ppm (Al-1 at 650 °C), as shown in Fig. 11(a), (b), (c).
Therefore, raising the temperature to 650 °C does not provide significant
advantages in terms of hydrogen yield but primarily results in a slightly
reduction of the ignition time, which decreases from 65 s (Al-1 at 550
°C) to 25 s (Al-1 at 650 °C) and a decrease in the ignition temperature
from 350 °C to 190 °C, along with an increase in the maximum com-
bustion temperature from 1220 °C to 1310 °C (Fig. 10). Thus, increasing
the temperature up to 650 °C is not particularly advantageous; instead, a
temperature of 550 °C is sufficient to initiate the ignition of aluminum
powders in steam atmosphere.

Considering the hydrogen production yield expressed as a percent-
age, it can be observed that the maximum yield achieved is 0.8 % at 450
°C and increases to 1.6 % at 550 °C and to 1.4 % at 650 °C.

Very high-temperature steam (600 and above)

The research conducted by Barelli et al. [33] investigated the
aluminum-steam reaction at elevated temperatures, offering a note-
worthy contribution to the development of a circular energy system
devoid of chemical additives. Notably, substantial hydrogen yields are
only achieved at 900 °C, a temperature considerably exceeding the
melting point of aluminum. In particular, the aluminum conversion rate
(%CR) increases significantly with temperature: below the aluminum
melting point (550-650 °C), the %CR remains low, with limited im-
provements due to the inhibiting effect of the surface oxide layer. Above
the melting point (750-850 °C), the %CR rises considerably, reaching a
peak of 31 % at 850 °C, as molten aluminum enhances reaction kinetics.
At 900 °C, the highest conversion rate (CR) of 73 % is achieved, high-
lighting the critical role of high temperatures in optimizing the reaction.

Zhu et al. [95] also investigated the high-temperature reaction, but
with a specific focus on the addition of sodium fluoride (NaF) to
aluminum powder, demonstrating that it significantly enhances the
ignition and combustion properties of aluminum in steam.

Their investigation specifically concentrated on the ignition and
combustion temperatures, rather than on the production of hydrogen.
Notably, they found that NaF greatly lowers the ignition temperature.
For instance, without NaF, aluminum ignites at approximately 960 °C
when heated to 1000 °C, while with 10 % by weight of NaF, the ignition
temperature drops to 743 °C. This effect is due to NaF’s ability to weaken
the aluminum oxide layer that typically protects the particle surface,
allowing steam to reach the fresh aluminum more easily and acceler-
ating the reaction.

Halter et al. [96] demonstrated combustion at significantly higher
temperatures using a burner specifically designed for the combustion of
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7 Reprinted from [32], Copyright (2022), with permission from Elsevier.

High temperature pipe fumace

Onartz tithe Steam inlet Stainless steel casing  Sampling rod

==

Alumina crucible Sealed

Seal nut

Assembled
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system, a dryer and a portable hydrogen analyzer [94].°

8 Reprinted from [94], Copyright (2016), with permission from Elsevier.

a gas mixture containing dispersed aluminum particles. A methane-rich
flame, combined with argon and oxygen, created a high-temperature
environment (2444 °C). The combustion of methane completely
depleted the available oxygen, promoting the oxidation of aluminum
primarily through its reaction with water vapor and, to a lesser extent,
with carbon dioxide, leading to the formation of carbon monoxide.

The system included a quartz cylinder and shielded by an argon flow
to prevent contamination. Gas Chromatography analysis confirmed a
conversion rate (Xy,=0,16) of water vapor into hydrogen. Aluminum
combustion followed two distinct phases: the preheating of incandescent
particles, followed by an intense, highly luminous reaction, indicating
significant thermal energy release. The temperature in the reactive zone
exceeded 2727 °C.

The results provide an experimental demonstration of the co-
generation of heat and hydrogen via high-temperature aluminum
oxidation in water vapor, achieving an efficient conversion of the
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metal’s chemical energy.

4.2.2. High pressure and high temperature oxidation

The use of high temperatures and pressures is a highly effective
approach for optimizing aluminum-water reactions to produce
hydrogen, heat, and alumina. These conditions significantly enhance
hydrogen yield by increasing aluminum reactivity and improving the
contact with water vapor, while also mitigating issues such as surface
passivation and bubble formation [97,88].

Furthermore, high temperatures induce particles fracturing, gener-
ating porous structures in the powder that enhance surface area and
reactivity [98]. When temperature and pressure exceed 374 °C and 22.1
MPa, water enters a supercritical state, exhibiting properties such as
high density and enhanced diffusivity. In this state, water effectively
penetrates internal cracks and voids within the aluminum particles
(Fig. 12), ensuring optimal contact with unreacted aluminum and
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enabling nearly complete metal conversion [97,99,100].

Despite these advantages, high-pressure and high-temperature con-
ditions pose engineering and operational challenges. Such conditions
necessitate robust equipment and advanced safety systems, while
maintaining these conditions requires significant energy input, which
may undermine energy sustainability. Therefore, achieving a balance
between enhanced efficiency and operational complexity is essential to
optimize the overall process.

Pressure and temperature are crucial factors in enhancing the effi-
ciency of the aluminum-water reaction and increasing hydrogen yield.
High temperature facilitates the diffusion of OH™ ions through the pas-
sive oxide layer covering the aluminum, improving contact between
water molecules and the metal. This accelerated interaction boosts the
reaction’s effectiveness. For instance, Gao et al. [91] experimented that,
at 264 °C and 5 MPa, the hydrogen yield is 60.87 %; increasing the
pressure to 9.7 MPa at 312 °C raises the yield to 91.12 %. At 343 °C and
13.7 MPa, the reaction achieves a 100 % yield. These results confirm
that higher pressure enhances water penetration and overall reaction
efficiency.

Gao et al. in the same work [91] proved that also temperature plays a
key role, as it impacts the destruction of the passive oxide layer that
initially hinders the reaction. At lower temperatures, breaking this
barrier is challenging, which limits both the oxidation of aluminum and
hydrogen production. Once the temperature of 180 °C is exceeded, the
oxide layer is more effectively destroyed, allowing the reaction to pro-
ceed more completely. Between 180 °C and 312 °C (Fig. 13), the
hydrogen yield increases significantly with rising temperature.

(]

Hydrogen generation processes of the samples at different temperatures (a) 450 °C,
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(b) 550 °C and (c) 650 °C [94].'°

Gao et al. [99] also compared the performance of millimeter-scale
aluminum powders with previously studied micron-sized powders
[91]. As shown in Fig. 14 while the micron powders produce hydrogen
at 90 °C and form AI(OH)s, millimeter-scale particles exhibit negligible
hydrogen generation below 250-280 °C and pressures between 4.0 MPa
and 6.4 MPa, emphasizing the influence of particle size and operating
conditions on reaction efficiency (Fig. 14). In an analysis of supercritical
water reactions, millimeter-scale aluminum powders achieved complete
conversion to AIOOH within 60 min at 374 °C and 22.2 MPa, and in just
30 min at 376 °C and 23.5 MPa. In contrast, subcritical conditions at 370
°C and 21.0 MPa yielded a hydrogen production rate of 90.7 % after 60
min, demonstrating lower efficiency compared to supercritical
reactions.

Similar to Gao et al., Setiani et al. [31] experimented with the re-
action between aluminum powder and steam at temperatures between
230 °C and 340 °C under high pressures (25-150 bar). At these tem-
peratures, the reacted aluminum powder formed boehmite (AIOOH).
They utilized a gas sorption analyzer to measure the surface porosity,
which was found to be 0.713 m?/g and gas chromatography to measure
the hydrogen produced. This study examined the reaction kinetics at
various temperatures and pressures. Through XRD analysis of the reac-
tion products, the study led to the following conclusions (Table 7):

e T < 270 °C: aluminum reacted only partially, producing aluminum
and boehmite (AIOOH), even after 24 h.

e T > 280 °C: aluminum reacted completely, although full reactions
require 24 h.
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Fig. 12. SEM images show particles from the left: unreacted, unignited, ignited [97] ."!

1 Reprinted from [97], Copyright (2024), with permission from Elsevier.
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12 Reprinted from [91], Copyright (2023), with permission from Elsevier.

e T > 290 °C: aluminum reacted completely, and after 1 hour, only
boehmite was present.

Setiani et al. [31] reported that the reaction is significantly influ-
enced by both temperature and pressure, which together accelerate the
reaction kinetics. Specifically, a minimum pressure of 62 bar and a
temperature of at least 280 °C are required to effectively initiate the
process with a duration of 24 h. To reduce the reaction time to 1 h, an
increase in operating conditions to 290 °C and 69 bar is necessary.
Notably, the maximum yields observed in this study exceed 90 %,
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significantly surpassing the yields reported in the literature where
high-pressure conditions are not applied [30,32,33]. This highlights the
critical role of pressure in optimizing hydrogen yield. In fact, no studies
have reported yields exceeding 73 % at ambient pressure, even at tem-
peratures as high as 900 °C [33].

Kirton et al. [97] investigated the thermal oxidation of aluminum
powders in pressurized water, with the aim to produce hydrogen, heat,
and alumina. Reactions were carried out in a batch reactor by using
aluminum powders with nominal diameters of 1, 2, 10, and 45 pm.
Operational pressures ranged from 34 to 138 bar, with reaction
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Table 7
Hydrogen production from reactions of water and aluminum [31].

Temperature (°C) Pressure (bar) Time (h) H, (mmol) Hydrogen conversion rate (%)
230 25 24 15.84 26 %
250 40 24 22.28 37 %
270 55 24 30.42 51 %
280 62 24 56.6 94 %
290 69 1 55.01 92 %
300 85 1 59.06 98 %
340 150 1 57.47 96 %

temperatures exceeding 450 °C during thermal ignition. Larger particles
(i.e., 10 and 45 pm) showed higher efficiency, achieving hydrogen yields
of up to 80 % at 138 bar (Table 8). The byproduct mainly consisted of
alumina at temperatures above 450 °C, whereas boehmite prevailed
under lower-temperature conditions.

Trowell et al. [89] analyzed the use of supercritical water for
catalyst-free oxidation of aluminum to produce hydrogen. Various
aluminum morphologies, including particles up to 120 ym in diameter,
were subjected to temperatures between 202 °C and 377 °C under cor-
responding vapor saturation pressures. The critical point of 374 °C and
220 bar proved essential for achieving complete hydrogen yield using
water as the oxidizing agent. Below 277 °C, efficiency remained low,
with yields under 30 %. However, above 277 °C, a significant increase in
yield was observed, with full hydrogen production achieved within the
supercritical range. This enhancement is attributed to the high ionic
product of water at these conditions, acting as a self-neutralizing cata-
lyst, and the low viscosity that facilitates mass transfer, preventing the
formation of passivating oxide layers.

Patented technologies

Schraud et al. [101] developed and patented a commercial hydrogen
production system which combines two methodologies: premixing of
aluminum powder with NaOH and NaAlOs ascribable to the ball milling
technique, and reaction with steam at high temperatures and pressures.
Both methodologies independently could yield effective results. How-
ever, their combination undoubtedly accelerates the reaction, while also
inheriting the disadvantages associated with both approaches. The
process can be divided into three distinct phases.

During the dry mixing phase, aluminum powder is mechanically
combined with sodium hydroxide (NaOH) and sodium aluminate
(NaAlO3) within a rotary drum, ensuring a homogeneous distribution of
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the promoters on the aluminum surface. This process facilitates the
formation of a surface coating on the metal particles, enhancing the
contact between the reactants in the subsequent reaction phase. Spe-
cifically, NaOH can alter the natural passivating layer of aluminum
oxide (Al20s), reducing its stability and increasing the metal’s exposure
to steam, while NaAlO: can form a thin surface film that prevents the
reformation of oxidative passivation. These chemo-mechanical modifi-
cations optimize the reactivity of aluminum, promoting complete con-
version during its subsequent reaction with steam.

Subsequently, the prepared mixture is exposed to high-temperature
and high-pressure steam. This step is critical as it facilitates the break-
down of the aluminum’s surface oxide layer, enabling the underlying
aluminum to react more readily with steam. The mechanism underlying
this phase is detailed in Chapter 4.2.

The final phase involves the production of hydrogen gas along with
the generation of thermal energy. This energy-efficient reaction high-
lights the dual utility of the system, which not only produces clean
hydrogen but also provides thermal energy as a by-product, potentially

Table 8
Reaction yield 1, 2, 10 and 45 pm powder [97].

Pressure (bar) H, production Yield %

1pm 2 pm 10 pm 45 pm
34 58 % 35% - -
52 60 % 40 % - -
69 55 % 55 % 62 % -
86 50 % 50 % 78 % 58 %
103 55 % 55 % 62 % 70 %
121 - - 68 % 78 %
138 55 % 57 % 80 % 80 %
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Table 9
Summary and comparative table of different studies on the water vapor reaction for aluminum powder.
Powder Reaction Atomization Size Mass Hydrogen yield Hydrogen Hydrogen Time Hydrogen Reference
composition temperature pressure [bar] [micron] [g] measurement generation generation rate [min] yield %
[°C] method volume [ml. [ml.min".g™"]
g7l
Al 920 1 35 - flowmeter 5.46 - 120 5 [93]
Partially 90 1 35 - flowmeter 1.47 - 120 5 [93]
oxidized Al
Partially 90 1 35 - flowmeter 3.36 - 120 17 [93]
oxidized Al
Partially 90 1 35 — flowmeter 10.05 - 120 27 [93]
oxidized Al
Partially 90 1 35 - flowmeter 8.36 - 120 36 [93]
oxidized Al
Partially 90 1 35 - flowmeter 11.59 - 120 43 [93]
oxidized Al
Partially 90 1 35 - flowmeter 7 - 120 48 [93]
oxidized Al
Partially 90 1 35 - flowmeter 1.53 - 120 53 [93]
oxidized Al
Al 90 1 ~25 0,3 water displacement 333 10 133 23 [32]
Al 130 1 ~25 0,3 water displacement 367 6 233 27 [32]
Al 200 1 ~25 0.3 water displacement 183 16 233 15 [32]
Al 90 1,7 ~25 1 water displacement 280 - 30 19.57 [32]
Al 264 50,6 ~25 1 water displacement 800 - 30 60.87 [32]
Al 343 137 ~25 1 water displacement 1300 - 30 100 [32]
Al 355 235 ~25 1 gas analyzer — - 60 100 [32]
Al 600 - 40 - - - - 3 (100) [30]1
Al 650 0.05 0.1 portable hydrogen - - 1.75 1.4 [94]
analyzer
Al 230 25 100 1.08 gas - - 1440 26 [31]
chromatography
Al 250 40 100 1.08 gas - - 1440 37 [31]
chromatography
Al 270 55 100 1.08 gas - - 1440 51 [31]
chromatography
Al 280 62 100 1.08 gas - - 1440 94 [31]
chromatography
Al 290 69 100 1.08 gas - - 60 92 [31]
chromatography
Al 307 220 12 1 pressure difference 1200 40 30 100 [89]
Al 327 220 55 1 pressure difference 1200 40 30 100 [89]
Al 317 220 120 1 pressure difference 200 10 30 100 [89]
Al 382 ~45 10 0.33 pressure difference 1260 675 3 100 [13]
Al 382 ~20 10 0.33 pressure difference - 220 - 97 [13]
Al 382 ~5 10 0.33 pressure difference - 120 51 [13]
Al 382 ~45 120 0.33 pressure difference 1000 300 92 [13]
Al 382 ~20 120 0.33 pressure difference — 120 78 [13]
Al 382 ~5 120 0.33 pressure difference - 100 - 43 [13]

enhancing the system’s overall efficiency and sustainability.
5. Comparative evaluation of various methodologies

The comparative analysis of various hydrogen production method-
ologies summarized in Table 10 highlights the advantages and chal-
lenges associated with each technique. Each method provides unique
opportunities for hydrogen generation, but their applicability and scal-
ability depend on specific technological, economic, and environmental
considerations.

Ball milling with salts emerges as a highly effective methodology for
activating aluminum powders due to its simplicity and the use of low-
cost additives. The absence of metallic chemical agents in milling with
salts provides a significant environmental advantage. However, the
energy consumption associated with milling reduce its overall energy
sustainability.

Conversely, ball milling with metals presents similar advantages and
disadvantages but introduces the additional challenge of recycling
byproducts consisting of aluminum mixed with Ga, In, Sn, Zn, or Bi.
Additionally, the economic feasibility of this method is significantly
impacted by the high market prices of Ga and In, which represent a
major cost constraint.
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Atomization appears as a promising method for the rapid and
continuous production of hydrogen, leveraging ultrafine aluminum
particles. However, a significant limitation lies in the necessity of
employing aluminum alloys containing bismuth, tin, and iron, as these
elements are essential for activating the powders and enabling their
reaction with water. Consequently, these metallic elements will inevi-
tably be present in the process by-products. Furthermore, the method
involves a high energy demand due to the two melting cycles and the
pressurization required for generating aluminum powders.

The use of alkaline or acidic solutions stands out for its simplicity of
implementation and low reagents and equipment costs. This approach
ensures high hydrogen production but poses significant environmental
and safety challenges. The generation of alkaline or acidic byproducts,
the toxicity of chemical agents, and equipment corrosion represent
critical obstacles, requiring targeted interventions for environmental
impact management and equipment maintenance.

The reaction with water vapor is notable for its low environmental
impact, producing only alumina as a byproduct, an inert and recyclable
material [102]. However, this methodology requires high temperatures
and high pressures, complicating system design and increasing energy
consumption. Nonetheless, the thermal energy of the steam can be
recovered, enhancing the system’s energy sustainability.
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Table 10
Advantage and disadvantages comparative table of different methods for activation of aluminum powder and hydrogen production.

Methodology KPI Advantages Disadvantages

Ball milling with metals Environment - Metal by-products
System Design Simple activation and basic design -
Hydrogen High hydrogen yield and production rate Long milling time for activation
Production
Energy Balance - High energy consumption during milling
Costs Low-cost equipment Expensive metals; Difficulty in recovering metals
Safety Safe system -

Ball milling with salts Environment Salt by-products -
System Design Simple activation and basic design -
Hydrogen High hydrogen yield and production rate Long milling time for activation
Production
Energy Balance - High energy consumption during milling
Costs Low-cost additives and equipment -
Safety Safe system -

Atomization Environment - Metal by-products
System Design - Complex design
Hydrogen High hydrogen yield and production rate -
Production
Energy Balance - High energy consumption (two melting and pressurization)
Costs - High-cost equipment
Safety - High pressure conditions

Alkaline or acidic solutions Environment - Alkaline or acidic by-products
System Design Simplicity of implementation and design Possible corrosion of the equipment
Hydrogen High hydrogen yield and production rate -
Production
Energy Balance No energy consumption by the system -
Costs Low-cost materials and equipment -
Safety - Presence of toxic substances

High temperature and high Environment

pressure oxidation alumina as a by-product

System Design -

Hydrogen

Production pressure)

Energy Balance Possibility of waste heat recovery
Costs -

Safety -

No catalyst required; environmentally friendly; only -

Complex design, requires high pressure, difficulty in creating a
continuous system (batch process)

High yield (only with high temperature and high -

High energy consumption
High-cost equipment
High pressure conditions

In summary, each approach offers unique advantages, but the
optimal methodology depends closely on the application context. While
the first three methods (ball milling, atomization, alkaline or acidic
solutions) are limited by the need to manage basic or acidic or metallic
byproducts, dependence on expensive materials, or unrecoverable en-
ergy consumption, the high temperature and high pressure oxidation
methodology represent promising pathways, particularly from the
perspective of environmental sustainability and circular economy, as
energy consumption can be mitigated through the recovery of steam
thermal energy.

Limitations and future perspectives

Scientific literature has extensively investigated the ball milling
technique, highlighting its effectiveness. A significant contribution for
this methodology is the patent by Dossi et al. [52], which proposes the
activation of aluminum powders through an acoustic resonant mixer, a
method of potential interest for process optimization. Future de-
velopments should focus on reducing the energy consumption of ball
milling, potentially by decreasing the required processing time while
enhancing the efficiency of the mixer. This could be achieved by
incorporating suitable additives, as long as they do not produce
byproducts that cannot be recycled. Conversely, the activation meth-
odology based on atomization, while ensuring an effective yield, it has
the disadvantage to have energy consumption not recoverable, thereby
making the process less sustainable from an energy perspective.

Regarding the main conversion techniques, scientific literature has
thoroughly examined the approach based on alkaline solutions. The
primary issue of this method is the corrosiveness of alkaline or acidic
compounds, as well as the need to manage and recover the alkaline or
acidic byproducts generated during the process. Future studies could
investigate which additives may work in combination with alkaline or

19

acidic solutions to mitigate their corrosive effects, while also exploring
sustainable methods for recycling alkaline or acidic byproducts.

Similarly, the oxidation method conducted at high temperatures and
high pressures has also been extensively studied, demonstrating very
high yields, up to 100 % conversion into hydrogen. A particularly
noteworthy contribution that integrates ball milling activation with the
high-temperature and high-pressure oxidation process is the patent by
Schraud et al. [101], which proposes a combined approach aimed at
optimizing the overall efficiency of these two methods.

However, the main challenge associated with steam oxidation lies in
the operational complexity arising from the required high temperatures
and high pressures. From a future perspective, further research could
explore strategies to recover steam heat in order to balance the system’s
energy consumption. This could be achieved, for instance, by reutilizing
the heat within the system to maintain the reactor at high temperatures
or by implementing heat recovery solutions such as a heat exchanger or
a steam turbine.

6. Conclusion

This paper reviewed numerous studies investigating the reaction
between aluminum powder and water. However, initiating this reaction
requires the destabilization of the aluminum oxide layer, which natu-
rally forms on aluminum surfaces and has a high melting point (2072
°C). This destabilization can be achieved through various approaches,
including chemical treatments with corrosive substances, the addition of
other elements, mechanical processing, melting with other metals, or
the application of high temperatures and high pressures. This review
analyzed the advantages and limitations of these different approaches,
in particular of the activation methods (ball milling and atomization), as
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well as the conversion techniques (alkaline solutions and steam oxida-
tion), comparing the hydrogen yield under the different experimental
conditions of each study.

Considering all aspects discussed in Chapter 5, this review highlights
that high-temperature and high-pressure oxidation appears to be the
most promising methodology for hydrogen production from aluminum
powders considering environmental sustainability and hydrogen yield
efficiency as key factors and assuming that the energy required for steam
production can be effectively recovered.

Thus, utilizing aluminum powders, whether derived from industrial
waste or commercially available sources, for hydrogen production rep-
resents a viable strategy to overcome key challenges associated with
hydrogen storage and transportation. Moreover, this approach offers a
potential solution to mitigate the intermittency of renewable energy
sources during the energy transition. Therefore, it can be concluded that
pure aluminum powder is particularly well-suited for on-site hydrogen
generation due to its environmental compatibility and high hydrogen
yield when reacting with high-pressure steam.
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