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A B S T R A C T

Hydrogen as a clean energy carrier is a promising candidate for a shift from fossil fuels to renewable sources.
Since hydrogen shall be separated from other elements, various chemical processes may be exploited to this end,
including the reaction between aluminum and alkaline solutions. The chemical kinetics of the reaction between
aluminum and NaOH/water solution was investigated experimentally in a setup relying on the Dietrich-Frühling
method. The parametric analysis encompassed aluminum surface area available for interaction, NaOH concen-
tration and operating temperature, including subzero conditions. Hydrogen production aligned with that pre-
dicted through stoichiometric calculations. Moreover, it was demonstrated that reaction rate increases with
temperature, concentration and specific surface area of the aluminum samples, also showing how an increase in
one of those parameters counterbalances the effect by decreasing another. Finally, activation energy was
calculated for the involved reaction as equal to about 50 kJ mol− 1, together with Arrhenius coefficient (20526
s− 1).

1. Introduction

In the current socioeconomic context, achieving sustainable energy
conversion, which implies limited consumption of raw materials and
reduced pollution, is one of the most relevant challenges. Notably, the
constant population growth – the global population is now over three
times larger than it was in the mid-twentieth century [1] and it is esti-
mated that it could increase up to 9.7 billion by 2050 – results in a
significant impact on the energy demand to meet the needs of both
people and industry [2]. The response to this demand has mainly relied
on fossil fuels (e.g., coal, oil, natural gas), the use of which yields
negative consequences on atmospheric pollution, greenhouse gas
emissions and climate change [3], together with them being finite and
depleting resources [1]. So, many research efforts are focused on the
study and development of innovative solutions capable of harnessing
energy sources and carriers as clean and efficient as possible. In this
framework, hydrogen has recently become one of the most promising
energy carriers to implement alternative and environment-friendly

strategies [4,5]. The transformative shift towards hydrogen-based
technologies not only yields reduction of carbon emissions, thanks to
water being the only product of its redox reaction with oxygen, but also
enhances overall energy efficiency, which ultimately leads to higher
sustainability [6]. As an additional advantage, hydrogen stores energy
continuously and may transport it wherever it is required [7], unlike
other renewable energy sources such as sun or wind, the availability of
which is intermittent. Over the last two decades, hydrogen applications
have become increasingly widespread, currently encompassing power
generation by fuel cells and propulsion by internal combustion engines.
Among the related challenges, hydrogen is a highly flammable

element, diffuses into some metals and, above all, its storage and
transport may become technically difficult [8]. Storage appears partic-
ularly challenging, thus fostering a growing interest in research on
methods for continuous and real-time hydrogen production [9], and
utilization [10]. As for its production, despite being the most abundant
element on Earth, hydrogen is not naturally available as a single H2
molecule, but can only be found bonded to other elements, such as in
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Lazzaro, Via G. Amendola 2, 42122, Reggio Emilia, Italy.

E-mail address: paoloemilio.santangelo@unimore.it (P.E. Santangelo).

Contents lists available at ScienceDirect

International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

https://doi.org/10.1016/j.ijhydene.2024.08.152
Received 11 May 2024; Received in revised form 7 August 2024; Accepted 8 August 2024

mailto:paoloemilio.santangelo@unimore.it
www.sciencedirect.com/science/journal/03603199
https://www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2024.08.152
https://doi.org/10.1016/j.ijhydene.2024.08.152
https://doi.org/10.1016/j.ijhydene.2024.08.152
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2024.08.152&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


International Journal of Hydrogen Energy 83 (2024) 589–603

590

water and hydrocarbons (e.g., gasoline, methanol and natural gas),
predominantly composed of carbon and hydrogen [10]. Hydrogen can
be separated through various thermochemical, electrochemical and
biological processes. Notably, it can be produced from fossil fuels (i.e.,
by steam reforming [11], partial oxidation [5] and autothermal
reforming or gasification [12]); from water by electrolysis, thermolysis,
or photolysis [12] and by microbial fermentation [13] or other chemical
processes [14]. Among the last methods, some chemical reactions be-
tween metals (e.g., aluminum [15,16], zinc [17], magnesium [18]) and
water have been the subject of numerous studies on hydrogen produc-
tion [15,19].
Notably, the reaction between aluminum and water has been

investigated for more than five decades [20–22] as a particularly
interesting approach that may benefit from the recycling process of
aluminum waste and also from the large availability of liquid water.
Aluminum is a highly reactive metal, which implies it can quickly react
with water and make gaseous hydrogen separate from the latter. It is
also widely available and relatively inexpensive, and safe to handle; the
additional products from its reaction with water are non-toxic and can
be conveniently disposed of [23]. A Life Cycle Assessment (LCA) study
conducted by Hiraki et al. [24] takes both the processes of required
deionized water production and residue treatment into account,
concluding that the energy requirement for aluminum-based hydrogen
production is only 2%v/v and its carbon-dioxide emission is 4%v/v of
that generated by conventional production methods (i.e., steam
reforming of hydrocarbons). As an additional advantage, aluminum and
its alloys appear highly suitable for onboard hydrogen supply in mobile
applications, where fuel cells or hydrogen-fueled engines may replace
traditional propulsion systems. For instance, a modern FCEV (Fuel Cell
Electric Vehicle) available in the market requires approximately 4 kg of
hydrogen to cover a running distance of 400 km [25]. This amount of
hydrogen can be produced by 36 kg of aluminum through the alumi-
num/water reaction, assuming 100% conversion yield [26]. Equation
(1) expresses the actual reaction between aluminum and water towards
hydrogen production [27]:

2Al+6H2O→ 2Al(OH)3 + 3H2. (1)

Despite this reaction is exothermic (i.e., thermodynamically sponta-
neous), it tends to not occur in the presence of only the involved ele-
ments and compounds, since aluminum forms a passivating oxide layer
on its outer surface to prevent corrosion. So, several techniques have
been developed to facilitate the aluminum/water reaction; among them,
the most popular consist of combining oxide (e.g., Al2O3) and salt pro-
moters (e.g., NaCl, KCl) [14,23,28] using molten aluminum alloys that
include elements as gallium or lithium [29–31] and employing hy-
droxide promoters (e.g., NaOH, KOH) [31–34]. Notably, adding pro-
moters, such as NaOH and KOH [27], or NaCl [35,36], is instrumental in
making the aluminum/water reaction occur by hindering and often
preventing the abovementioned formation of an oxide layer. That makes
those two techniques particularly attractive in terms of hydrogen yield,
which is typically close to or reaches 100% [22]. The overall chemical
reaction involving aluminum, water and sodium hydroxide (NaOH) is
presented in Eq. (2) [27] and serves as the foundation of the here pro-
posed research, since the reaction between aluminum and a
NaOH-based alkaline solution represents the main focus of the present
work.:

2Al+6H2O+2NaOH → 2NaAl(OH)4 + 3H2. (2)

The exhausted NaOH can be conveniently regenerated through the
decomposition of the remaining aluminum hydroxide, which can be
recovered and further used in certain water purification treatments,
paper production and fire-inhibition systems [24].
The main parameters governing reaction kinetics and hydrogen

production rate are reaction temperature (usually identified as the
initial aqueous solution temperature), NaOH molar concentration and

aluminum morphology, which is practically embodied by the degree of
fragmentation of aluminum provided as a reactant [21,22]. As for the
last one, aluminum powder has been the subject of numerous works [24,
33,34,37–42] with particle size varying between the submicrometric
scale and above 400 μm; thin aluminum foils and plates featuring mil-
limetric thickness were also explored [24,27,31,32,37], with remark-
able works focusing on recycled aluminum cans [34]. However, it is
worth noting that few studies present a comparison between powder and
foils or thicker plates [37]. The concentration of the NaOH-based alka-
line solution was rarely varied through parametric studies [34] and only
at low molarity values (i.e., up to 1 M). On the other hand, the open
literature presents results from a relatively wide range of reaction
temperature values (i.e., 20–80 ◦C [21,22]), with several studies
including a temperature-based parametric analysis [24,27,34,36–38,40,
41]. Remarkably, the research conducted by Yavor et al. [42] shows an
extension up to 200 ◦C reaction temperature, also featuring a wide range
(about 180 ◦C) of tested conditions. Quite interestingly, the activation
energy of the aluminum/water reaction evaluated through the available
studies presents a non-negligible variability, ranging from about 40 to
about 100 kJ mol− 1 [42–46].
However, a comprehensive and quantitative analysis of reaction rate

over a temperature range including subzero conditions does not appear
in the current literature, which primarily motivated the present study.
Notably, only Liu et al. [47] performed tests on hydrogen yield and re-
action kinetics down to − 30 ◦C. Their seminal work served as an
inspirational foundation for the here involved experiments; however,
they focused on an Al/Li alloy, which makes the present effort unprec-
edented, as it is referred to pure aluminum reacting with water within an
alkaline solution containing sodium hydroxide. A relatively wide tem-
perature range (about 60 ◦C) was applied towards assessing the effec-
tiveness of the reaction in terms of hydrogen production, energy
efficiency and reaction rate, thus also exceeding the range explored in
other recognized studies (40–80 ◦C [27,36]). In the frame of evaluating
reaction kinetics, both aluminum powder and foils were employed in the
present work, which responds to the previously mentioned demand for
more comparative studies. Moreover, molar concentration of the
NaOH/water solution was also varied to expand the range evaluated by
Ho and Huang [34]. From an engineering standpoint, the automotive
field represents the relevant outlet of the results from the present work,
which may be applied towards the development of hydrogen-powered
or hydrogen-fueled vehicles. Notably, a quantitative assessment of
hydrogen yield and production rate from aluminum/water reaction
under subzero conditions, typical of the vehicle startup in cold climates,
would be ultimately beneficial to onboard vehicle applications, espe-
cially towards combining the involved productionmethod with fuel cells
as the propulsion system.

2. Materials and methods

2.1. Chemicals and chemical characterization

Samples of both aluminum powder (particle size ranging from 5 to
23 μm, Fig. 1A) and sheets or foils (10 μm thickness, Fig. 2A) were
employed in the experiments to assess reaction kinetics as a function of
the surface area available for interaction with NaOH/water solution.
The particle size distribution of the feedstock powder was assessed by
the laser scattering method (Mastersizer 2000 by Malvern PANAlytical),
using wet dispersion for particle size measurement (Hydro 2000S
dispersion unit by Malvern PANAlytical); the sheet thickness was
measured by caliber. Both powder and sheets also underwent a pre-
liminary evaluation by the BET (Brunauer – Emmett – Teller) method
(Accelerated Surface Area and Porosity System ASAP™ 2020 by
Micromeritics) to measure specific surface area. The obtained results
consisted of 0.91 ± 0.01 m2 g− 1 for powder and 0.63 ± 0.01 m2 g− 1 for
sheets, which is consistent with the common assumption of specific
surface area growing along with degree of fragmentation. Moreover,
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powder and sheets were also analyzed by SEM (Scanning Electron Mi-
croscopy, Quanta 200 ESEM FEG by FEI) to assess their morphology.
Some snapshots are presented in Fig. 1B and 2B: the SEMmicrographs of
powders show irregularly shaped metallic powder with an average size
of 10 μm, which appears in accordance with the aforementioned
particle-size distribution measurements.
Energy-dispersive X-ray spectroscopy (EDX, Inca Energy 350 Energy

Dispersive Microanalysis System by Oxford Instruments) and X-ray
diffraction (XRD, X’Pert PRO and Empyrean by Malvern PANAlytical)
were also employed to detect the phase composition of the used
aluminum powder and sheets, thus ultimately assessing their purity. The
XRD patterns, obtained using Cu-Kα radiation by a tube operated at 40
kV and 40 mA over the 5◦ < 2θ < 70◦ range and shown in Fig. 1C and 2C
for powder and sheets, respectively, reveal that both can be considered

Fig. 1. Sample of the employed aluminum powder: (A) photo; (B) SEM micrograph and (C) EDX spectrum acquired on its top surface.

Fig. 2. Sample of the employed aluminum sheets: (A) photo; (B) SEM micrograph and (C) EDX spectrum acquired on its top surface.
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practically pure (purity greater than 99%). It is worth noting that carbon
detected when testing powder (Fig. 1C) belongs to the adhesive tab
employed to hold the powder sample; on the other hand, oxygen belongs
to ambient air entrapped in the powder. The XRD spectra (Fig. 3) exhibit
only aluminum peaks for powder, whereas they also highlight traces of
iron and silica together with metallic aluminum in the sheets. However,
the EDX spectra acquired on the foils (Fig. 2C) do not show any elements
other than aluminum, which allows stating that the concentration of
silicon and iron oxides is lower than 1%: the purity of the employed
aluminum sheets exceeds 99%. Interestingly, the dominant peaks of
aluminum are lower in the sheet sample than in the powder, which is
due to the micrometric thickness of the layer of the former, resulting in a
weaker signal.
The NaOH/water solution was prepared to test two NaOH molar

concentrations: 1 M and 5 M. Notably, NaOH pellets (purity above 98%)
were dissolved in distilled water by mechanical stirring.

2.2. Experimental setup

The developed experimental setup implemented the Dietrich-Früh-
ling method, commonly used to assess the amount of gaseous species (e.
g., carbon dioxide) rising through a porous solid matrix, as in geo-
dynamics and volcanology [48,49], or to determine the carbonate
content of clays [50]. Arguably the first instance of an experiment based
on the Dietrich-Frühling method to evaluate hydrogen production from
a reaction occurring in a vessel, the employed test rig was aimed at
measuring the volume of hydrogen produced by the reaction between
aluminum and NaOH within an aqueous solution. The apparatus (Fig. 4)
consisted of a metal frame with two vertical parallel rods that held a
cylinder graduated from 0 to 200 mL (Fig. 4, item 1), containing liquid
water, and another levelling cylinder (Fig. 4, item 2), containing liquid
water. The two cylinders were connected by a flexible plastic tube; the
graduated cylinder was equipped with a stopcock (Fig. 4, item 3) at its
top end, which governed exposure to ambient air for both cylinders; the
levelling cylinder was always subject to ambient pressure throughout
the experiment, instead. A bottle used as a sample container, a test tube
hosting the reactants, a graduated glass beaker for cooling water and a
cooling coil are generally inserted as additional components [51].
However, in the present test rig the conventional systemwas modified to

achieve direct reading of the volumetric amount of produced hydrogen
on the graduated cylinder. Notably, the small glass channel extending
from the bottom end of the graduated cylinder was connected to a
bubbler (Fig. 4, item 4) placed in a beaker, by a plastic tube. The bubbler
is a common laboratory glassware device used to impose controlled
release of gaseous species during a chemical reaction. It appears as a
cylindrical bulb with two equally long ends, which can be connected to a
vessel where the reaction occurs and to a gas-collecting tank, respec-
tively. In the present apparatus, the bubbler was partially filled with
distilled water and connected on one end to the vertical graduated
cylinder, thus allowing inflow of the gaseous hydrogen generated by the
reaction, and on the other end to a glass flask (Fig. 4, item 5) that
contained the NaOH/water solution and aluminum; the flask was sealed
before the reaction between aluminum and water occurred.
The purpose of inserting the bubbler was to prevent the presence of

any excess water vapor resulting from the reaction within the inflow to
the graduated cylinder, by allowing it to bind with the molecules of
distilled water hosted in the bubbler itself. This design strategy ensured
that the gas inflow into the graduated cylinder only consisted of
hydrogen. It is worth clarifying that both the bubbling process and the
presence of water in the cylinder did not affect the evaluation of the total
amount of produced hydrogen, thanks to the low solubility of hydrogen
in water (i.e., from 0.0019 to 0.0011 g per kg of water in the 0–60 ◦C
water temperature range). Once the reaction began, the generated
hydrogen passed from the flask to the graduated cylinder, thus
increasing the ambient pressure within the cylinder and acting on the
liquid water column hosted inside, thus causing its level to decrease and
making part of the water flow into the levelling cylinder.
The dependence of reaction kinetics on temperature was assessed as

one the scopes of the present work. Notably, the tests were conducted at
25 ◦C, a condition commonly applied by National Institute of Standards
and Technology (NIST) as a standard reference when evaluating the heat
exchanged by a reacting system with the surroundings [52], 50 ◦C and
subzero (i.e., − 5 to − 6 ◦C) ambient temperature; standard pressure (i.e.,
1 bar) was kept as the ambient pressure in all the experiments. In
high-temperature tests, the glass flask was placed onto a heating plate to
make the temperature of the NaOH/water solution reach 50 ◦C before
starting the reaction by adding aluminum. On the other hand, the ex-
periments conducted below 0 ◦C featured a mixture of ice and NaCl used

Fig. 3. XRD patterns acquired on samples of the employed aluminum powder and sheets.
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as a cooling body for the NaOH/water solution: it was prepared before
each of those tests and placed into a container, then the glass flask was
inserted into that container before starting the reaction with aluminum.
This approach relies on the freezing point depression, one of the colli-
gative properties of solutions: it consists of a drop in the freezing point of
a generic solvent, imposed by adding a non-volatile substance (i.e., the
solute). The temperature drop can be expressed as ΔT = − Kc m i,
where Kc is the cryoscopic constant of the solvent (1.86 ◦C kg mol− 1 for
water), m is molality and i is the Van’t Hoff factor. The last one can be
formulated as i = 1+ α(v − 1), where α is the degree of dissociation of
the solute (1, as the fraction of dissociated molecules is 100%) and v is
the number of ions generated by dissociation (4, as the reaction pro-
duces two Na+ and two OH− ions). In the present work, sodium chloride
(NaCl, a salt) was mixed with finely chopped ice, thus reducing water
freezing point: the process generates a mixture of two solid phases (i.e.,
ice and salt) and a liquid phase (i.e., the salt dissolved in the small
amount of liquid water available in the system); those three phases
cannot coexist at temperature above 0 ◦C, so ice melts until the system
reaches the eutectic temperature of − 21.3 ◦C (equilibrium kept
throughout complete ice melting or salt dissolution); melting is an
endothermic process that requires heat input from the surroundings (i.
e., the glass flask containing the NaOH/water solution and aluminum),
thereby cooling it down. Ice and sodium chloride initial temperature and
mass were assessed to make the NaOH/water solution temperature
remain in the − 5 to − 6 ◦C range for several hours from start of the re-
action. Temperature was measured by a K-type thermocouple inserted
within the glass flask (i.e., alkaline solution temperature [21,22]) until
the flask was closed upon starting of the reaction. Moreover, tempera-
ture was measured at the end of the reaction, resulting in an increase of
less than 2 ◦C with respect to the initial value; that proves the use of a
large amount of alkaline solution as an actual heat sink effective in
keeping temperature reasonably constant throughout the reaction.
For each tested configuration at standard reference temperature and

at 50 ◦C, seven repeats were conducted to allow performing statistical
analysis on the results. On the other hand, six repeats were carried out at
subzero temperature and only employing aluminum powder reacting
with 5 M alkaline solution; since chemical kinetics is rather slow under
that temperature condition, maintaining the desired temperature in the
thermodynamic system throughout completion of the reaction proved

unfeasible when using aluminum sheets and the lower molar concen-
tration of the NaOH/water solution.
The amount of aluminum to be added for reaction with water was

determined to generate a volumetric amount of hydrogen between 70
and 110 mL, a range deemed reasonably aligned with the capability of
the described setup, also considering the full scale of the graduated
cylinder (200 mL) and the amount of liquid water hosted within at the
beginning of each test (200 mL, cylinder fully filled before starting the
reaction). The involved chemical reaction requires 2 mol of aluminum
for every 3 mol of hydrogen produced, as expressed by Eq. (2); so, the
required stoichiometric mass of aluminum as a reactant to achieve the
desired volume of hydrogen was calculated, also accounting for tem-
perature dependence of hydrogen density; Table 1 reports the results
obtained at − 10 and 50 ◦C solution temperature as representative ex-
amples, since they embody the upper and lower bound of the tested
range of temperature. Therefore, an aluminum amount equal to 0.060 ±
0.009 g (accuracy of scale included) was employed in the experiments as
a conservative value to meet the aforementioned need for not exceeding
the maximum volume allowed in the graduated cylinder. Along the same
line, the molar mass of the NaOH/water solution required to generate
the desired amount of hydrogen was also calculated. The stoichiometric
volume of NaOH/water solution required to produce the desired amount
of hydrogen was 2 mL. In fact, a significantly higher amount (100 mL) of
alkaline solution was used in every test to mitigate the thermal effect of
the exothermic reaction (enthalpy of reaction ΔH = − 277 to − 291 kJ
mol− 1H2 in the 0–200 ◦C temperature range). This approach made the
solution an actual heat sink itself, able to uniformly dissipate the
generated heat without any significant variation with respect to the
initial temperature before starting the reaction, even considering the

Fig. 4. Experimental apparatus implementing the Dietrich-Frühling method: (A) schematic adapted from Ref. [32] and (B) photo of actual test rig.

Table 1
Stoichiometric amount of aluminum required for the reaction with NaOH/water
solution at − 10 (lower bound) and 50 ◦C (upper bound) initial temperature.

Temperature
(◦C)

Desired H2
volume (L)

H2
density
(g L− 1)

Stoichiometric
Al moles (mol)

Stoichiometric
Al mass (g)

− 10 0.70–0.110 0.0922 0.0021–0.0034 0.058–0.091
50 0.70–0.110 0.0736 0.0017–0.0027 0.046–0.072
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relatively small volume of the glass flask.

2.3. Experimental procedure and quantitative analysis

Upon pouring the NaOH/water solution into the glass flask and
preparing the desired amount of aluminum, the water level into the two
cylinders was made the same by adjusting the height of the levelling one.
Water was initially subject to ambient pressure in both cylinders; the
stopcock on top of the graduated cylinder was closed before starting the
reaction to avoid hydrogen outflow and keep the gas within the vessel.
The aluminum was either poured (powder) or dropped (sheets) into the
glass flask, thus starting the reaction; the glass flask was sealed imme-
diately after the start and kept closed throughout the experiment to
convey the produced hydrogen towards the bubbler, without any loss.
Each test was videorecorded, thus collecting the history of liquid-water
volume hosted in the two cylinders over the course of the reaction.
Once the reaction reached its end, the levelling cylinder was shifted

down along the vertical axis to make water height in the two cylinders
equal. Subsequently, the stopcock was opened, thus allowing exposure
to ambient pressure in both cylinders: the resulting difference between
height of water column in the levelling cylinder and that in the gradu-
ated cylinder yielded the total volume of produced hydrogen. A pro-
cedure was also devised and implemented to reconstruct the actual
amount of hydrogen produced through each test as a function of time. It
is worth remarking that the volume yielded by the difference read on the
graduated scales during the test was biased by ambient pressure acting
only on the column of liquid water hosted within the levelling cylinder.
Firstly, the hydrostatic law expressed by Eq. (3) was applied to calculate
the total pressure P(t) exerted by the air/hydrogen mixture on the liquid
column at the generic time t:

P(t)= γ(h1 − h2) + Pamb, (3)

where Pamb is the atmospheric pressure at the beginning of the experi-
ment (i.e., within the cylinder right before starting the reaction), γ is the
specific weight of the involved liquid (water, in the present experiment),
h1 and h2 is the height of the liquid column in the levelling cylinder
(right) and in the graduated cylinder (left) at the generic time t,
respectively (Fig. 5).
As a commonly acknowledged assumption, hydrogen was considered

as an ideal gas; so, Boyle law expressed by Eq. (4) was applied to
calculate the actual volumetric amount of hydrogen V at the generic
time t:

V(t)=

(
Vf − Vʹ

f

)
⋅(P(t) − Pamb)

Pʹ
f − Pamb

+ Vʹ(t), (4)

where Vf is the total volume of produced hydrogen, Vʹ
f is the final volume

of hydrogen read before shifting the levelling cylinder down and cor-
responding to pressure Pʹ

f calculated by Eq. (3) and V
ʹ(t) is the volume of

hydrogen read on the videoframes at time t. Overall, the reconstruction
procedure consisted of correcting the last parameter.

2.4. Statistical analysis

The whole dataset was also analyzed by statistical methods to check
whether statistically different kinetics occurred or not while varying
temperature, NaOH concentration within the solution and aluminum
degree of fragmentation (i.e., powder and sheets). As the first step of the
procedure, normality test was applied against the distribution of data (i.
e., produced hydrogen volume) in each condition defined by a set of
values for temperature, concentration and degree of fragmentation (i.e.,
a group). Notably, the Shapiro-Wilk test [53]was employed to the pur-
pose: dating back to 1965, it is a statistical test used to determine
whether a sample or a dataset exhibits a normal distribution or not. It is
based on the Kendall’s W, which evaluates the discrepancy between
observed data and the values expected if following normal distribution;
W statistic ranges from 0 to 1, with values close to 1 emphasizing good
fitting with normal distribution. The Shapiro-Wilk test is recognized for
its effectiveness for small to moderate sample sizes and its imple-
mentation is rather seamless in most statistical software packages. As a
representative parameter, the time required for 90% of the reaction to
take place (i.e., the time to reach 90% of the whole hydrogen produced
in a single test) was considered to build the dataset for each group. If the
data passed the Shapiro-Wilk test for normality and Levene test to check
the equality of variances for groups, ANOVA (Analysis of Variance) was
then conducted to determine if any statistically significant difference
occurred with 95% confidence level among groups. If the Levene test
was negative, then the Unequal-variance (Welch) ANOVA was used. If
the data do not have a normal distribution according to the
Shapiro-Wilks test, then the Kruskal-Wallis test was applied. ANOVA
assesses the statistically significant difference – if any – among group
means by dividing the total variance into between-group variance and
within-group variance [54], thereby checking the Null Hypothesis (i.e.,
groups of data come from the same population or exhibit the same
median). Notably, the two quantities are expressed by Eqs. (5) and (6),
respectively:

s2b =
∑nj

i=1
nj

(
xij − X

)2
, (5)

Fig. 5. Schematic of the cylinders in the developed Dietrich-Frühling apparatus; t is time, t = 0 represents the starting time of the reaction and t1 is a generic time
during the reaction, 0 is the level of the liquid column before start of the reaction.
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s2w =
∑k

j=i

∑nj

i=1

(
xij − xij

)2
, (6)

where s is variance, k is the number of groups, n is the number of ob-
servations (i.e., data), xij identifies each observation, xij is the mean
value over the single group, X is the overall mean of xij, b and w are
indexes referring to between-group and within-group, respectively, i and
j are indexes within observations and groups, respectively. The F-value
was then calculated by dividing the between-group variance by the

within-group variance
(
s2b
s2w

)

, which indicates whether the group means

are significantly different. The calculated F-value was finally compared
with a F-critical value that depends on the degree of freedom consistent
with a selected error level α. Post hoc tests, such as Tukey’s range test,
were also performed to determine which groups differ from each other.
On the other hand, the Kruskal-Wallis test [55,56] is another nonpara-
metric statistical test used to compare distributions of two or more in-
dependent groups to check the Null Hypothesis. The test is based on the
ranks of data, rather than actual values and it does not assume normal
distribution or homogeneity of variance, so it is particularly useful when
data are not normally distributed, being less sensitive to outliers and
deviation from normality than other parametric tests. After the
Kruskal-Wallis test, the Dunn’s test typically follows as a nonparametric,
post hoc test not relying on normal distribution or homogeneity of
variance. That test is typically used to identify which groups are
significantly different from the others and is based on the comparison
between mean ranks of the groups. The p-value (p= 1 − α) of Tukey’s
and Dunn’s tests indicates the level of significance and determines if the
difference between two groups is statistically significant; it is compared
to a chosen significance level (e.g., 0.05) to check whether the Null
Hypothesis holds or not: if p-value is lower than the significance level,
Null Hypothesis is rejected and the difference between the two investi-
gated groups is deemed statistically significant. All the calculations were
performed employing the PAST software [57].

3. Results and discussion

3.1. Experiments at standard reference temperature

As the first and most straightforward experiments conducted by the
apparatus described in Section 2, the results from tests at standard
reference temperature (25 ◦C) are presented in Table 2. Notably, it
displays the comparison between the stoichiometric hydrogen volume
yielded as a product of the reaction and the volumemeasured for the 1M
alkaline solution.
The results reveal a slight difference between stoichiometric and

measured values. The average relative discrepancy is rather low (in the
order of 1%), with the maximum discrepancy being lower than 5.5%,
and may be due to the systematic measurement error occurring in

weighing the aluminum amount used in each experiment (i.e., accuracy
of the scale). Additionally, the difference between the two values could
be also linked to minimal hydrogen losses due to a slightly less-than-
perfect closure of the graduated cylinder by the stopcock (systematic),
the reported minimal solubility of hydrogen in water (systematic) and to
random error in reading final hydrogen volume. Nevertheless, the
discrepancy between the two values appears sufficiently negligible to
consider the experiment capable of evaluating the amount of produced
hydrogen and to allow considering hydrogen yield virtually equal to
100%, in consistency with other studies where the same reaction is
involved [24,27,33,42] and supporting the ability of hydroxide pro-
moters to maximize that parameter [22]. Consequently, the evolution
over time of generated hydrogen also appears effectively monitored
through the tests conducted under the selected conditions.
The trends of hydrogen production as a function of time throughout

the involved reaction are shown in Fig. 6 and for 1M NaOH/water so-
lution reacting with aluminum powder and sheet, respectively, and in
Figs. 8 and 9 for 5 M NaOH/water solution reacting with aluminum
powder and sheet, respectively. Hydrogen amount is presented as a
volume over mass of aluminum used in each test, thus making the results
independent of the actual amount of aluminum employed in each test.
The seven curves – seven repeats of the same experiment for each tested
configuration – exhibit a consistent profile and practically overlap. In
general, and particularly in Fig. 7 the profiles reveal three distinct
phases throughout the reaction:

● an initial phase: the reaction has just started and the slope is rather
low;

● an acceleration phase: rapid increase in produced hydrogen over
time (i.e., steeper slope);

● a final phase: the curve grows at a slower rate, approaching stabili-
zation before the end; reaction rate slows down even further slowed
down as the reactants are depleted and the reaction approaches
equilibrium (i.e., plateau).

About tests run by the 1 M solution, evidence of the complex nature
of the process appears evident in the curves related to aluminum sheets
(Fig. 7), where the duration of each test is far more prolonged compared
to that related to aluminum powder (Fig. 6). Specifically, the former
requires 810 s to reach completion at a 25 ◦C temperature, while the
latter reaches the end in 480 s. This significant difference can be
attributed to the higher specific surface area of aluminum powder
(Subsection 2.1), which makes a larger surface available for interaction
and reaction with water per unit mass. This outcome was also found for
aluminum reacting with water [58]. From a phenomenological stand-
point, a larger space for particle collision on the reactant surface is
thereby available, which promotes higher reaction rate: in the case
investigated here, interactions between aluminum and the solution
become accelerated, thus expediting the overall reaction. So, in the plot
showing the dataset for aluminum powder, the reaction appears to
swiftly progress into the acceleration phase, with the initial phase being
so rapid that it seems practically instantaneous.
When using a 5 M solution, the found trends remained qualitatively

unchanged with respect to the 1 M solution. As expected, the substantial
difference between the two tested values of molar concentration lies in
the duration of the experiments: indeed, employing a higher concen-
tration means a significantly shorter reaction time. Specifically, the re-
action of 5 M NaOH/water solution with aluminum powder reached its
end in 110 s (Fig. 8), while that with an aluminum sheet did in 340 s
(Fig. 9) at standard reference temperature, which range between 20%–
40% the reaction time with 1 M concentration. This outcome is consis-
tent with the formulation proposed in Subsection 2.3 about chemical
reaction kinetics: reaction rate grows proportionally to the reactant
concentration.
The groups collected at standard reference temperature investigated

through statistical analysis (Subsection 2.4) exhibited a normal trend,

Table 2
Hydrogen volume produced at 25 ◦C by aluminum powder and sheet reacting
with 1 M NaOH/water solution: comparison between stoichiometric and
measured values.

Conducted
test

Al powder Al sheet

Stoichiometric
H2 volume (mL)

Measured
H2 volume
(mL)

Stoichiometric
H2 volume (mL)

Measured
H2 volume
(mL)

1 83.58 79.00 84.54 84.50
2 84.54 84.30 86.07 87.60
3 85.23 85.00 88.43 88.70
4 86.60 86.60 91.06 90.60
5 89.48 90.00 91.62 92.00
6 92.64 93.00 92.86 92.80
7 95.52 96.10 93.14 93.10
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based on the Shapiro-Wilk test. The samples failed the Levene test for
homogeneity of variance; therefore, the unequal-variance (Welch)
ANOVA was carried out to determine if any statistically significant dif-
ference arose with reference to NaOH concentration and degree of
fragmentation of the aluminum samples (i.e., powder or sheets). It was
found that the statistical difference occurred with 95% level of signifi-
cance. Subsequently, Tukey’s post hoc test was also performed, which
confirmed that all the tested conditions differ from each other in terms of
outcomes, which allows claiming that degree of fragmentation of
aluminum samples and molarity of the NaOH/water solution impact on
reaction kinetics. In the case of aluminum powder, the increase in NaOH
concentration makes reaction rate increase by about six times, while a
twofold increase occurs in the case of aluminum sheets. Moreover, under
the same NaOH concentration, aluminum powder yields faster kinetics,

which becomes more evident with 5 M NaOH/water solution. Table 3
reports a summary of statistical parameters resulting from ANOVA and
Tukey’s post hoc test against the dataset collected at 25 ◦C; reaction time
as defined in Subsection 2.3 is included as representative of reaction
kinetics.

3.2. Experiments at high temperature

Figs. 10 and 11 show the amount of hydrogen produced at 50 ◦C with
1 M alkaline solution. Even at the higher temperature, the obtained
values correspond to the stoichiometric ones with very low degree of
approximation and the seven curves in each plot display a consistent
trend. In consistency with Arrhenius equation [59] an increase in tem-
perature implies a decrease in the overall duration of the reaction since

Fig. 6. Aluminum powder reacting with 1 M NaOH aqueous solution: hydrogen produced at room temperature normalized by the amount of employed aluminum, as
a function of time (all the seven repeats displayed).

Fig. 7. Aluminum sheets reacting with 1 M NaOH aqueous solution: hydrogen produced at room temperature normalized by the amount of employed aluminum, as a
function of time (all the seven repeats displayed).
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kinetics becomes faster. For instance, aluminum powder reacting with
the alkaline solution reached the end by 45–75 s, while aluminum sheets
did the same by 180–240 s. The initial phase of the reaction for
aluminum powder was virtually instantaneous and unperceivable, as
much as it was for aluminum powder reacting at standard reference
temperature; indeed, the curves exhibit strong acceleration from the
onset of the reaction (Fig. 10). However, as opposed to what occurred at
standard reference temperature, the same behavior also occurred for
aluminum foils reacting with the alkaline solution at 50 ◦C nominal
temperature. This phenomenon can be related to temperature as a
parameter representing kinetic energy of the involved particles: the
higher the temperature, the higher the energy, which allows particles
participating in the reaction to quickly overcome activation energy. That
reduces the initial phase down to an instantaneous mechanism even
when the surface available for interaction per unit mass is lower (i.e., for
aluminum foils). The plots of Figs. 12 and 13 support an observation
already mentioned about tests at standard reference temperature (Sub-
section 3.1): increasing the concentration of the solution makes the re-
action proceed more rapidly. Specifically, aluminum powder reacting
with 5 M alkaline solution reached the end by 14–24 s, while aluminum
sheets did by 45–70 s. In an analogous manner to the tests with lower

concentration, the initial phase was also virtually instantaneous, even
when aluminum sheets were employed.
As for the dataset collected at standard reference temperature

(Subsection 3.1), the difference in terms of reaction kinetics between
groups when varying NaOH concentration and degree of fragmentation
of aluminum samples was also investigated for the higher temperature
value by statistical analysis. The Shapiro-Wilk test showed that not all
the groups of data followed a normal distribution; notably, the group
obtained by tests with aluminum powder and 5MNaOH solution did not
exhibit a normal distribution. So, the Kruskal-Wallis test was conducted
to analyze the whole dataset. Their results proved the groups statisti-
cally different, with Dunn’s post hoc test highlighting a strong, statisti-
cally significant (95% level of significance) difference between all
groups, except for aluminum powder reacting with 1 M alkaline solution
and aluminum sheets reacting with 5 M alkaline solution. Interestingly,
this analysis suggests that an increase in NaOH concentration

Fig. 8. Aluminum powder reacting with 5 M NaOH aqueous solution: hydrogen
produced at room temperature normalized by the amount of employed
aluminum, as a function of time (all the seven repeats displayed).

Fig. 9. Aluminum sheets reacting with 5 M NaOH aqueous solution: hydrogen
produced at room temperature normalized by the amount of employed
aluminum, as a function of time (all the seven repeats displayed).

Table 3
Summary of the statistics related to reaction time at standard reference tem-
perature; the last four lines show the values of Tukey’s post hoc test.

Al powder
+ 1 M

Al sheets +
1 M

Al powder
+ 5 M

Al Sheets +
5 M

Mean reaction time
(s)

267.212 556.26 43.70 233.87

Standard error (s) 1.58 10.63 0.40 3.96
Median (s) 266.79 566.91 43.96 235.27
Variance (s2) 17.5548 790.8282 1.1458 109.6882
Minimum value (s) 261.44 506.72 42.18 220.10
Maximum value (s) 274.38 589.57 45.46 246.04
Count 7 7 7 7
Confidence level

(95.0%)
3.88 26.01 0.99 9.69

Shapiro-Wilk (p-
value)

0.9536 0.6640 0.5106 0.3368

Levene test on means
(p-value)

0.0002002

Unequal-variance
(Welch) ANOVA (p-
value)

1.716 • 10− 17

Al powder + 1M (p-
value)

1.714 •

10− 14
1.714 •

10− 14
0.002088

Al sheets + 1M (p-
value)

1.714 •

10− 14
1.714 •

10− 14
1.714 •

10− 14

Al powder + 5M (p-
value)

1.714 •

10− 14
1.714 •

10− 14
1.714 •

10− 14

Al Sheets + 5M (p-
value)

0.002088 1.714 •

10− 14
1.714 •

10− 14

Fig. 10. Aluminum powder reacting with 1 M NaOH aqueous solution:
hydrogen produced at 50 ◦C nominal temperature normalized by the amount of
employed aluminum, as a function of time (all the seven repeats displayed).

V. Testa et al.



International Journal of Hydrogen Energy 83 (2024) 589–603

598

counterbalances the effect of a smaller surface available for interaction
per unit mass on reaction kinetics, when temperature grows beyond a
certain threshold. Even at higher temperature values, the increase in
NaOH concentration makes reaction kinetics increase; when keeping
NaOH concentration constant, aluminum powder yields faster reaction
rate, which becomes more evident with 5 M alkaline solution. These
findings appear consistent with those discussed about the dataset ob-
tained at standard reference temperature. Table 4 reports a summary of
statistical parameters resulting from Kruskal-Wallis and Dunn’s post hoc
test against the dataset collected at 50 ◦C nominal temperature.

3.3. Subzero experiments

As mentioned in Subsection 2.1, the available dataset from subzero
tests is limited to aluminum powder reacting with 5 M alkaline solution,
due to the slow kinetics at such temperature conditions and difficulty
with keeping temperature constant over a lengthy period. Fig. 14 shows
hydrogen volume at subzero temperature in the tested configuration: the
duration of the reaction is substantially longer compared to tests con-
ducted at standard reference and even higher temperature. This
outcome was much expected, as a direct consequence of Arrhenius law
(Subsection 2.3) and the dependence of reaction rate on temperature.
The slow kinetics at subzero temperature allowed emphasizing the three
phases described in Subsection 3.1, with specific reference to the initial
phase featuring the lower hydrogen production rate, which appears even
more evident than it was for aluminum sheets reacting with 1 M alkaline
solution at standard reference temperature (Fig. 7). The three phases
could be distinguished by quantifying the change in the slope of each
curve of Fig. 14. As mentioned in Subsection 2.2, the experiment under
subzero temperature condition was repeated six times.
Usually, if the p-value is small (p < 0.05), the sample has a distri-

bution significantly different from normal. Based on this assumption, the
dataset collected at subzero temperature does not follow a normal dis-
tribution. The samples also failed the Levene test for homogeneity of
variance. Therefore, the ANOVA test was not performed, due to the
absence of normality and homogeneity conditions of the variance and
only the Kruskal-Wallis test could be carried out. Table 5 reports a
comparison between the statistics related to the subzero tests and the
same reactant configuration evaluated at standard reference and 50 ◦C
temperature. According to Dunn’s post hoc test, there is a significant

Fig. 11. Aluminum sheets reacting with 1 M NaOH aqueous solution: hydrogen
produced at 50 ◦C nominal temperature normalized by the amount of employed
aluminum, as a function of time (all the seven repeats displayed).

Fig. 12. Aluminum powder reacting with 5 M NaOH aqueous solution:
hydrogen produced at 50 ◦C nominal temperature normalized by the amount of
employed aluminum, as a function of time (all the seven repeats displayed).

Fig. 13. Aluminum sheets reacting with 5 M NaOH aqueous solution: hydrogen
produced at 50 ◦C nominal temperature normalized by the amount of
aluminum employed, as a function of time (all the seven repeats displayed).

Table 4
Summary of the statistics related to reaction time at 50 ◦C nominal temperature;
the last four lines show the values of the Dunn’s post hoc tests.

Al powder+
1 M

Al sheets +
1 M

Al powder+
5 M

Al Sheets +
5 M

Mean reaction
time (s)

42.25 158.82 9.67 43.00

Standard error (s) 2.44 5.19 0.58 2.35
Median (s) 40.41 161.18 9.31 43.91
Variance (s2) 41.5574 188.2558 2.3833 38.5486
Minimum value

(s)
32.75 140.05 8.47 32.24

Maximum value
(s)

51.43 180.91 12.86 52.44

Count 7 7 7 7
Confidence level

(95.0%)
5.96 12.69 1.43 5.74

Shapiro-Wilk (p-
value)

0.7543 0.8645 0.02956 0.6009

Kruskal-Wallis 4.367 • 10− 5

Al powder + 1M
(p-value)

0.01354 0.02107 0.871

Al sheets + 1M (p-
value)

0.01354 1.788 •

10− 6
0.02107

Al powder + 5M
(p-value)

0.02107 1.788 •10− 6 0.01354

Al Sheets + 5M (p-
value)

0.871 0.02107 0.01354
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difference between the tests run at subzero and higher temperature and
between standard and higher temperature. On the contrary, there is a
lower statistical difference between the tests run at subzero and standard
temperature, as shown in Table 5. Overall, decreasing temperature
down to below 0 ◦C strongly impacts on reaction kinetics (i.e., reducing),
which is consistent with the theory discussed in Subsection 2.3.
To the same purpose and aiming at a broader comparison, Fig. 15

includes the reaction time as defined in Subsection 2.3 for all the tested
configurations. Notably, box plots are shown in the diagram to consol-
idate all the statistical information related to each group: each box is
limited by first and third quartile, also including the median; the

whiskers extend from maximum to minimum. Quite interestingly,
aluminum powder reacting with 5 M alkaline solution at standard
reference temperature exhibits almost the same reaction rate as
aluminum powder reacting with 1 M alkaline solution and aluminum
sheet reacting with 5 M alkaline solution, both which occurring at the
higher temperature (i.e., 50 ◦C nominal). In consistency with the theory
discussed in Subsection 2.3 and as already pointed out in Subsection 3.2,
higher temperature somewhat counterbalances the effect of lower con-
centration and vice versa, while the effect of higher temperature also
compensates for that of smaller surface area available for interaction per
unit mass. As expected, reaction rate in subzero temperature conditions
is remarkably slowed down with respect to any other tested configura-
tion, whereas the fastest occurs when aluminum powder is combined
with alkaline solution under the higher concentration, at the higher
temperature.

3.4. Discussion and assessment of chemical kinetics

Towards confirming the completion of the investigated reaction with
the products included in the reaction of Eq. (2), XRD and EDX analysis
were also performed on the anhydrous byproducts at the end of the
reaction. The results are here presented for aluminum sheets (Fig. 16)
for the sake of conciseness, as no significant difference was found be-
tween sheets and powder. The EDX spectrum (Fig. 16B) shows the
presence of aluminum (Al), oxygen (O) and sodium (Na, shorter peak).
This elemental composition suggests that the reaction produces com-
pounds containing aluminum and oxygen, with a minor contribution
from sodium. Moreover, the XRD pattern (Fig. 16C) exhibits several
prominent peaks that align with both gibbsite (marked with orange
squares) and bayerite (marked with black circles) reference patterns,
thus highlighting the presence of both phases in the sample. Gibbsite and
bayerite are two of known polymorphs of aluminum hydroxide (Al
(OH)3), with the former having a more stable crystal structure than the
latter; the difference in formation energy is only 6–10 kJ mol− 1 [14,27,
60].
Subsequently, the average hydrogen production rate was calculated

from the available dataset as a quantitative indicator of chemical ki-
netics, commonly employed in studies that involve hydrogen production
from the reaction between aluminum and water [21,22]. Moreover, the
specific production rate (i.e., hydrogen production rate normalized by
the average mass of aluminum provided for reaction [37,42]) was also
evaluated. The results for the tested configurations are included in
Table 6.
Overall, the production rate found for the reaction between

aluminum – both powder and sheets – and 5 M alkaline solution at 25 ◦C
is consistent with the values reported in the open literature [33,37],
powder granulometry being of the same order of magnitude. The same
consideration holds for the production rate found for the reaction with 1
M solution at 50 ◦C [27,40], whereas no dataset appears available for
comparison at higher values of molar concentration, arguably due to the
rather fast kinetics in such conditions of temperature and alkaline so-
lution concentration. On the other hand, the lack of studies at temper-
ature below 0 ◦C makes the here proposed results an actual milestone in
quantifying production rate under subzero conditions.
The obtained dataset of produced hydrogen allowed assessing the

Arrhenius factor and activation energy as parameters instrumental in
predicting reaction rate for the involved reaction. In the present evalu-
ation, reaction rate could be calculated from the collected dataset
through the concentration of hydrogen over time, then it was correlated
with inverse temperature and the parameters of interest to quantify
chemical kinetics by the Arrhenius equation [59,61]:

ln (k)= ln (A) +
(
Ea
R

)(

−
1
T

)

, (7)

where k is reaction rate, A is a constant – the pre-exponential factor, also

Fig. 14. Aluminum powder reacting with 5 M NaOH aqueous solution:
hydrogen produced at subzero (− 5 to − 6 ◦C) temperature normalized by the
amount of employed aluminum, as a function of time (all the six repeats dis-
played); the three phases are separated by vertical red lines. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Table 5
Summary of the statistics related to reaction time at subzero temperature, with a
comparison against the same reactant configuration at the other tested tem-
perature values; the last three lines show the values of the Dunn’s post hoc tests.

Aluminum
powder + 5 M,
subzero

Aluminum powder
+ 5 M, standard
reference
temperature

Aluminum
powder + 5 M,
higher
temperature

Mean reaction time
(s)

1268.72 43.70 9.67

Standard error (s) 81.98 0.40 0.58
Median (s) 1289.50 43.96 9.31
Variance (s2) 40321.6300 1.1458 2.3833
Minimum value (s) 970.24 42.18 8.47
Maximum value (s) 1498.33 45.46 12.89
Count 6 7 7
Shapiro-Wilk (p-

value)
0.8201 0.5106 0.02956

Kruskal-Wallis (p-
value)

0.0002139

Aluminum powder
+ 5M, subzero (p-
value)

0.04823 4.103 • 10− 5

Aluminum powder
+ 5M, standard
reference
temperature (p-
value)

0.04823 0.02686

Aluminum powder
+ 5M, higher
temperature (p-
value)

4.103 • 10− 5 0.02686
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known as Arrhenius factor – that largely depends on the nature of the
involved reactants, Ea is the molar activation energy for the reaction (i.
e., the energy required to break the chemical bonds between the reacting
molecules to generate products) and R is the universal gas constant.

Fig. 17A shows a generic example of the Arrhenius plot, highlighting the
relationship between temperature, activation energy and Arrhenius
factor. On the other hand, the Arrhenius plot of Fig. 17B refers to the
actual reaction rate for aluminum powder reacting with 5 M solution at

Fig. 15. Comparison between all the tested configurations in terms of reaction time through box plots (SZ: Subzero; SRT: Standard Reference Temperature, HT:
Higher Temperature).

Fig. 16. Results from the analysis on anhydrous byproducts from the reaction involving aluminum sheets: (A) SEM image; (B) EDX spectra and (C) XRD pattern.

V. Testa et al.



International Journal of Hydrogen Energy 83 (2024) 589–603

601

the three selected temperature values (− 5, 25 and 50 ◦C). A fitting
trendline was then reconstructed by linear regression against the data
points, which is expressed by Eq. (8):

y=(− 6325.3±624.34) x+ 20.526± 2.1255. (8)

The linear relationship between inverse temperature and natural loga-
rithm of reaction rate constant is backed by a correlation coefficient R
equal to − 0.9952, which hints at strong correlation. To determine
activation energy, the procedure described in Subsection 2.3 and in
Fig. 5 was implemented: the slope of the trendline was multiplied by the
universal gas constant (8.314 J K− 1 mol− 1). The following equation
presents the value of the slope, obtained from Eq. (8), and ultimately the
calculated value of activation energy for the reaction between aluminum
and NaOH/water solution:
⃒
⃒
⃒
⃒
Ea
R

⃒
⃒
⃒
⃒= 6325.3→Ea=52 kJ mol− 1. (9)

The obtained result appears consistent with previous findings
available in the open literature about activation energy for aluminum
reaction with water, which lies in the 40–100 kJ mol− 1 range [42–46].
As an additional outcome from reconstructing the trendline, its
y-intercept yields the Arrhenius factor A, which resulted as equal to
20526 s− 1.

4. Conclusions

The present research was focused on hydrogen production through
the exothermic reaction between aluminum (powder and sheets) and a
NaOH/water solution (1 M and 5 M), at three different temperature
conditions. Notably, this last parameter was varied between subzero –
arguably an unprecedented effort in terms of temperature – and 50 ◦C,

thus yielding a comprehensive range to evaluate chemical kinetics and
addressing the potential use of such a hydrogen production method for
mobile applications. For this purpose, an experiment was developed
based on the Dietrich-Frühling method; an approach was also devised to
reconstruct the amount of hydrogen generated over time from start
through completion of the reaction.
As the first aspect, the effect of specific surface area on reaction ki-

netics, particularly emphasized when aluminum powder is used, appears
to highlight the importance of surface morphology and degree of frag-
mentation in promoting chemical reactions. Furthermore, reactant
concentration also impacts on reaction kinetics. The direct correlation
between reactant concentration and reaction rate results from the sig-
nificance of mass action in governing reaction dynamics, with higher
concentration leading to more frequent collisions between molecules:
passing from 1 M to 5 M alkaline concentration yielded faster comple-
tion, when keeping temperature constant. This study also identifies the
critical effect of operating temperature on reaction kinetics: supplying
additional kinetic energy to reacting particles by increasing temperature
allows overcoming the activation energy barrier more quickly, thus
promoting reaction rate, thereby highlighting the importance of tem-
perature control in optimizing the conditions for achieving the desired
amount of products or the desired production rate.
Interestingly, the effect of increasing a governing parameter (e.g.,

concentration) was proven effective in counterbalancing the decrease in
another (e.g., temperature); for instance, aluminum powder reacting
with 5 M alkaline solution at 25 ◦C featured almost the same reaction
rate as aluminum powder reacting with 1 M alkaline solution or
aluminum sheet reacting with 5 M alkaline solution at 50 ◦C. The classic
theory of chemical reactions was finally employed to calculate activa-
tion energy (equal to about 50 kJ mol− 1) and Arrhenius coefficient
(equal to 20526 s− 1) for the involved reaction between aluminum and
NaOH/water solution. Overall, this work sheds light on the multifaceted
interplay among surface area available for interaction between particles
in a chemical reaction, reactant concentration and temperature in gov-
erning the kinetics of the involved reaction.
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Table 6
Hydrogen production rate and specific production rate for the various tested
configurations.

Nominal
temperature
(◦C)

Degree of
fragmentation
(aluminum)

Molar
concentration
(alkaline
solution)

H2
production
rate (mL
min− 1)

H2 specific
production
rate (mL
min− 1 g− 1)

− 5 powder 5 M 5 80
25 powder 1 M 15 250
25 powder 5 M 100 1600
25 sheet 1 M 10 170
25 sheet 5 M 20 330
50 powder 1 M 110 1800
50 powder 5 M 380 6300
50 sheet 1 M 30 500
50 sheet 5 M 100 1600

Fig. 17. Arrhenius plot: (A) generic diagram [39] and (B) plot obtained from the acquired dataset for the reaction between aluminum and NaOH/water solution.
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[31] Soler L, Macanás J, Muñoz M, Casado J. Aluminum and aluminum alloys as sources
of hydrogen for fuel cell applications. J Power Sources 2007;169:144–9. https://
doi.org/10.1016/J.JPOWSOUR.2007.01.080.

[32] Martínez SS, Benítes WL, Gallegos AAÁ, Sebastián PJ. Recycling of aluminum to
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