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Abstract

Hydrogen (H;) was produced from recycled aluminum microparticles (180250, 300425,
and 425-500 um) via alkaline hydrolysis using a 1.0 M NaOH solution to enhance oxide
layer removal and aluminum dissolution. Maximum hydrogen flow rates of approximately
13,15, and 19 mL-min ! were obtained, confirming that smaller particle sizes promote faster
reaction rates due to increased specific surface area. The hydrogen evolution exhibited
two-stage kinetic behavior: an initial stage characterized by rapid aluminum dissolu-
tion and increasing H, production, followed by a gradual decline associated with the
formation of a passivating AI(OH)3 layer. Despite the higher reaction rates observed
for smaller particles, the maximum cumulative hydrogen production was obtained for
the intermediate particle size (363 um, 132 mL), compared to 106 mL and 102 mL for
215 um and 463 um, respectively, indicating a trade-off between surface area and passiva-
tion effects. Kinetic analysis based on the shrinking core model showed excellent agreement
(R2 =99.94-99.97%), with rate constants of 0.137, 0.064, and 0.050 min~—!. The relationship
kocd™ (n =~ 1.4) suggests a mixed kinetic regime involving both surface reaction and
diffusion through the Al(OH)3 layer. These findings indicate that hydrogen generation can
be modulated by particle size; however, the relatively low flow rates and yields limit its
immediate practical applicability.

Keywords: recycled aluminum; hydrogen technology; gas flow evolution; alkaline medium

1. Introduction

In recent years, clean energy sources have gained increasing global attention, with hy-
drogen emerging as a promising alternative to reduce dependence on fossil fuels. Currently,
global hydrogen production is dominated by natural gas steam reforming, followed by
other hydrocarbons (~30%), coal gasification (~18%), water electrolysis (~3.9%), and minor
alternative routes (~0.1%) [1-7]. However, these conventional processes are associated
with significant greenhouse gas emissions, highlighting the need for more sustainable
production pathways [8,9].

In addition to production, hydrogen storage remains a major challenge, particularly
for portable and on-demand energy systems. Conventional storage methods, such as
compressed gas and metal hydrides, present limitations related to efficiency, cost, and
energy consumption. Although materials such as lithium borohydride (LiBHy) offer high
energy density, their practical application is constrained by cost and scalability issues [10-13].
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A promising alternative for hydrogen generation is the reaction between metallic
aluminum (Al) and water. Aluminum is an attractive energy carrier due to its abundance,
recyclability, and high theoretical hydrogen yield (~1.245 L g~ ! at standard temperature
and pressure) [14-17]. The use of aluminum waste, such as beverage cans, provides an
additional advantage by enabling a sustainable and circular approach to hydrogen produc-
tion, which has recently gained increasing attention in waste-to-energy strategies [18-20].
However, aluminum hydrolysis is hindered by the presence of a passivating Al,O3 layer
(2-5 nm), which limits its reactivity [21]. To overcome this limitation, several activation
strategies have been proposed, including acidic or alkaline media and mechanical treat-
ments [22]. Among these, alkaline activation is particularly attractive due to its simplicity,
low cost, and rapid reaction kinetics. The main reactions of aluminum with NaOH in
aqueous solution are described by Equations (1)—(3), where NaOH acts as a promoter and
is regenerated during the process [23-27]:

2Al(s) + 6H,O(1) + 2NaOH(s) — 2NaAl(OH)4(aq) + 3Hz(g) (1)
2NaAl(OH)4(aq) — 2NaOH(s) + 2A1(OH)3(aq) (2)
2Al(s) + 6H,O(1) — 2A1(OH)s(aq) + 3H>(g) 3

NaOH consumed in (1) is regenerated in (2), completing the overall process in (3).
However, passivation by AI(OH)z and Al,Oj3 films can reduce hydrolysis by ~30%, lowering
H; yield by ~33% [28].

Nevertheless, the formation of AI(OH); introduces diffusional limitations, reducing
hydrogen yield and reaction rate [25]. Recent studies have highlighted that hydrogen
generation from aluminum in alkaline media is frequently governed by diffusion through
the product layer or by mixed kinetic regimes, depending on particle size and reaction
conditions [18,29].

Although hydrogen production from aluminum has been widely studied, most kinetic
analyses have focused on high-purity aluminum under controlled conditions, limiting
their applicability to real systems. In contrast, recycled aluminum exhibits heterogeneity
in particle size, morphology, and surface composition, which significantly affects reaction
kinetics [30].

In this work, a kinetic-empirical approach is applied to hydrogen generation from
recycled aluminum microparticles in alkaline media, with particular emphasis on particle
size effects. The study identifies an optimal particle size that maximizes cumulative
hydrogen production, while smaller particles enhance reaction rates. Additionally, kinetic
parameters based on the shrinking core model (SCM) [31], together with regression-based
correlations, are established to describe the dependence of hydrogen generation on particle
size. The results further support the presence of a mixed kinetic regime involving both
surface reaction and diffusion through the AI(OH); layer.

These findings provide a realistic framework for aluminum-water reactions and
support the design of sustainable hydrogen generation systems from recycled materials.
The obtained kinetic parameters enable preliminary small-scale reactor design; however,
extrapolation to significantly different particle sizes requires experimental validation, as it
may modify the controlling mechanisms described by the SCM.

2. Materials and Methods

Aluminum beverage cans were used to obtain aluminum alloy ingot. The chemical
components of each can part were as follows: AA 5182/H48 (beverage can lids) [32], AA
5042 /H18 (beverage can tabs) [33], and AA 3104/H19 (beverage can body) [34], as shown
in Table 1.
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Table 1. Chemical composition of the can’s alloys [14,19,20,28,32-34].
Composition %
Alloy :

Si Fe Cu Mn Mg Cr

AA 5182 /H48 Min 0.00 0.00 0.00 0.20 4.00 0.00

(Beverage can lids) Max 0.20 0.35 0.15 0.50 5.00 0.00

AA5042/H18 Min 0.00 0.00 0.00 0.20 3.00 0.00

(Beverage can tabs) Max 0.20 0.35 0.15 0.50 4.00 0.10

AA 3104/H19 Min 0.00 0.00 0.05 0.80 0.80 0.00

(Beverage canbody)  Max 0.20 0.80 0.25 1.40 1.30 0.05

First, the paint covering the cans was removed using sandpaper and solvent. Sub-
sequently, the cans were compacted. Figure 1a illustrates the main steps involved in the
recycling of aluminum cans. (1) Preparation: Aluminum beverage cans were collected
and mechanically shredded to reduce their volume prior to melting. (2) Melting and
casting: The shredded cans were placed in a crucible inside a melting furnace and heated
to approximately 700 °C (1292 °F). Once completely molten, the aluminum was poured
into a mold and allowed to cool at room temperature to form an ingot. (3) Mechanical
filing: The obtained aluminum ingot was mechanically filed using a 25 cm (10-inch) Bel-
lota steel flat file (model 6400110F1BL) in order to produce recycled aluminum powder.
(4) Magnetic separation: A permanent neodymium magnet was passed repeatedly over the
aluminum powder to remove any ferrous contaminants. (5) Particle size classification: The
iron-free aluminum powder was sieved to classify the particle size using standard sieves in
accordance with ASTM E11-22 [35].

Melting and castin;
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Figure 1. Schematic representations for (a) obtaining recycled aluminum powders and (b) quantifica-
tion of hydrogen production [36] from recycled aluminum using NaOH.

It is worth mentioning that Jayaraman et al. [17] reported that the specific surface area
and reaction temperature influence the reaction rate of aluminum with water, which in turn
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modifies the yield of hydrogen generation and the compounds formed. For this reason,
particles of different sizes were obtained by gradually filing.

Next, numbered sieves ranging from 230 to 35 (ASTM E11-22) were used to classify
the particles. The resulting particle size distribution is presented in the histogram shown
in Figure 2. Based on this distribution, three particle size ranges were selected for testing:
180-250 pm, 300425 pm, and 425-500 pm, as indicated by the arrows in Figure 2.
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Figure 2. Particle size distribution of sieved aluminum powders (mesh 230-35), highlighting the
selected size ranges (180250, 300425, and 425-500 um).

Figure 1b shows a schematic of the custom-made laboratory equipment for quantifi-
cation of the hydrogen production rates and its performance from recycled aluminum
in alkaline medium. To guarantee the reliability and reproducibility of the kinetic mea-
surements, rigorous control of the experimental boundary conditions was implemented.
The reaction was carried out in a 250 mL Kitasato flask operating at local atmospheric
pressure. To eliminate external mass transfer resistance and ensure homogeneous contact
between the aluminum particles and the 1.0 M NaOH solution, constant magnetic stirring at
400 rpm was applied using a hot plate stirrer. The reaction temperature was strictly main-
tained at 55 &= 1 °C using a PID controller integrated into the heating plate, complemented
by an external thermal insulator to mitigate heat loss from the exothermic reaction.

Prior to each experimental run, the entire setup—including the reactor, the silica gel
(5i0O;) serpentine, and the connecting hoses—was subjected to a leak test by temporarily
pressurizing the system and monitoring for pressure drops, thereby ensuring complete
hermeticity. The volumetric hydrogen flow rate was continuously recorded using a Cole-
Parmer digital flowmeter. To validate the measurements, the flowmeter was pre-calibrated
using a standard water displacement method. The overall experimental uncertainty for the
volumetric flow measurements, considering the instrumental sensitivity (£0.01 mL/min)
and propagated errors, was estimated to be less than 5%. Given that the theoretical
maximum hydrogen yield matched the integrated volume obtained, the purity of the
evolved gas was considered highly consistent with the expected reaction stoichiometry
(Equations (1) and (3)), with the silica gel effectively preventing moisture interference.
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Three repetitions were performed for each particle size distribution. The same proce-
dure was carried out for particles sized 300425 um and 425-500 um. Hydrogen production
occurred through Al-NaOH reactions (see Equations (4) and (5)), in a cyclic process where
environmental pollution is avoided and aluminum is efficiently reused [14,15,18-20].

2A1(s) + 2NaOH(s) + 6H,0(l) — 2A1(OH)3(aq) + 3Ha(g) (4)

2Al(s) + 2Al(OH)3(aq) + 4NaOH(s) + 6H,O(1) — 4NaAl(OH)s(aq) + 3Hz(g) (5)

Bayerite, a form of aluminum hydroxide (Al(OH)3), dissolves in NaOH to produce
soluble NaAI(OH),. This reaction is a key step in the Bayer process [37]. The ratio of the
Al(OH)3(aq) (Bayerite) to NaAl(OH)4(aq) on the reaction (5) is basically independent of
temperature [38]. Moreover, the oxidative behavior of aluminum in hydrogen production
strongly depends on the nature of the dissolved species present when it interacts with
aqueous solutions. Machands et al. have taken advantage of this behavior to develop a
new sustainable method (the AlHidrox process) to produce hydrogen from water under
mild conditions, in such a way that they have achieved to reduce the surface passivation
of aluminum for produce hydrogen through a process that allows reduced hydrogen
production costs [39].

In early moments aluminum comes into contact with the environment, it forms on the
aluminum an oxide film (Al,O3) of about 2—4 nanometers on its surface [40]. This Al,O3
on the aluminum surface is not homogeneous and has imperfections, through its ambient
humidity comes into contact with aluminum, forming aluminum hydroxide Al(OH)3 on
its surface and releasing Hj into the environment (see Equation (3)). The formation and
consequent growth of Al(OH)3 on the aluminum surface minimizes the reaction with water
molecules in the early moments. Although in alkaline conditions Equation (1), is favored by
the destruction of Al,O3 on the surface, giving reaction product NaAl(OH)4 and the release
of hydrogen into the environment. Hydrogen generation is increased by the interaction
of the alkaline medium (NaOH) with the aluminum surface and by the same hydrogen
generated by the embrittlement mechanism [41].

In addition, the average flow and the average volume of hydrogen produced were
determined where different stages during hydrogen production were identified. The
compounds and phases formed from the residual products were characterized by X-ray
diffraction (XRD), and scanning electron microscopy (SEM).

To establish a rigorous kinetic framework beyond empirical correlations, the cumu-
lative volume of hydrogen generated in the reactor was converted into the aluminum

conversion degree (x), defined as: « = Vr‘:tax , where V; is the hydrogen volume at time t and
Vimax is the total hydrogen volume produced.

The experimental conversion-time profiles were analyzed using the Shrinking
Core Model [42]. To identify the rate-controlling step of the solid-liquid reaction
between aluminum and the NaOH solution, the data were fitted to the following

fundamental expressions:
Surface chemical reaction control: 1 — (1 — oc)l/ 3 = kt.

Diffusion control through the product layer: 1 — 3(1 — a)*® +2(1 — &) = kyt.

where k; and k; are the apparent rate constants for chemical reaction and diffusion
control, respectively.

Finally, the reaction rates were normalized with respect to the initial surface area,
calculated under the assumption of spherical particle morphology and mean diame-
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ters for the three sieved size fractions, in order to decouple intrinsic kinetic effects from
geometric influences.

3. Results

Figure 3 shows the three hydrogen production flux curves as a function of time for
each particle size distributions ((a) 425-500 um, (b) 300425 um, and (c) 180-250 um). The
behavior of the H; fluxes for the three particle sizes is described in two stages (separated
by a dashed line): the first occurs in the initial moments of interaction of the aluminum
particles with the NaOH solution, which tends to increase to a maximum flow rate (Qmax)
of approximately 13 mL/min. Then, in the second stage, the flow rates tend to decrease to
values close to zero. This effect is due to the increased thickness of the Al,O3 coating on
the aluminum particles according to the Cabrera—Mott mechanism [43]. On the other hand,
an increase in hydrogen flux is observed as the particle size decreases; for example, in size
distribution (b) the Qmax reached varies from 13 to 16 mL/min, while in distribution (c) it
varies from 15 to 22 mL/min, from this it can be deduced that the decrease in particle size
plays an important role in the kinetics of hydrogen production.

An inflection point can also be seen in the curve, after passing through the maximum
indicated by arrows for each particle distribution. This suggests a second hydrogen
production reaction, albeit at a lower rate compared to the first region.

Figure 4a presents the average hydrogen flow curve, where the behavior of each
hydrogen production process can be observed in greater detail. Also, it shows that the
Qmax obtained for each particle size distribution (a), (b) and (c) are 13.13, 14.68, and
18.77 mL/min, respectively, indicating an increase as particle size decreases. Further-
more, the curves indicate hydrogen production reaction times (t,) of 29.30, 25.12, and
14.86 min for cases (a), (b), and (c), respectively, revealing a decrease in ¢, with decreasing
particle size.

Figure 4b shows the cumulative volume obtained from the H; production flow data
as a function of time. This figure shows that particle size curve (a) accumulates a volume
of 102 mL, while curve (b) accumulates 132 mL and curve (c) 106 mL of hydrogen. This
interesting result suggests the following explanation: in the first region, the particles react
very rapidly, achieving a very high flow rate and becoming coated with AI(OH)3;, which
quickly decreases the hydrogen production reaction, resulting in a smaller cumulative
volume. Thus, larger particles have a longer reaction time compared to smaller particles.

To quantitatively evaluate the effect of the average particle size (d,) on the Qmax and
t,, a statistical analysis of the experimental results was carried out. Table 2 presents the
descriptive statistics of the variables studied. The average particle size (dp = 215, 363 and
463 pm) was used as the input factor, while the Qmax and the ¢, obtained in each experiment
were considered as the response variables.

Table 2. Descriptive statistics of the maximum hydrogen flow rate (Qmax) and reaction time (t,) for
different average particle sizes.

d, Average Particle Size (um)

Descriptive Statistics

215 363 463
2241 15.05 12.81
Qmax 18.40 15.77 13.17
15.51 1323 13.44
F=Lii o 18.77 + 2.00 14.68 + 0.76 13.14 + 0.18
o Zxi—%)? 12.00 1.71 0.10
n—1
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Table 2. Cont.

d, Average Particle Size (um)

Descriptive Statistics

215 363 463
o =32 3.47 1.31 0.32
14.55 24.36 32.56
t, 14.85 24.26 27.85
15.18 26.75 27.48
¥=L% 4 % 14.86 + 0.18 25.12 4+ 0.81 29.30 + 1.64
o Zxi—%)? 0.10 1.99 8.02
n—1
o =s2 0.32 1.41 2.83
22_ T T T T T T T
20
::: (a) 425-500 pm
14_ Qmax

Hydrogen flow rate (mL/min)

(c) 180-250 um

0 5 10 15 20 25 30 35
Time (min)

Figure 3. Hydrogen flow rate versus time for particle sizes of (a) 425-500 um, (b) 300-425 pm, and
(c) 180-250 pum.
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Figure 4. (a) Average hydrogen flow rate and (b) cumulative volume versus time for different
particle sizes.

To characterize the dispersion of the experimental data, the main statistical parameters
were calculated. All experiments were performed in triplicate (n = 3). The data are
expressed as the mean =+ the standard error of the mean (SEM*), which was chosen to
illustrate the precision of the estimated average values for the maximum hydrogen flow
rate and reaction time across the different particle size distributions.

Based on the observed behavior of the average Qmax values as a function of particle
size, a power-law model is proposed to describe the relationship between these variables,
expressed as follows:

Qmax =14 d;; b (6)

where:

Qmax represents the dependent variable;

dp corresponds to the independent variable;

a is a proportionality constant;

b is the characteristic exponent of the model.

To determine the constants a and b using linear regression techniques, a natural
logarithmic transformation was applied to both sides of Equation (6). By taking the natural
logarithm (In1), the following expression (Equation (7)) is obtained:

1n(Qmax) = In(a) — bln(dp) (7)

This transformation converts the power-law model into a linear relationship between
the variables: y = [n(Qmax) and x = In(dp) which allows the model parameters to be estimated
using simple linear regression. Based on the average values of the maximum flow rate
and particle size presented in Table 2, a data linearization procedure was performed,
and the results are summarized in Table 3. Subsequently, Figure 5 shows the graphical
representation of 1n(Qmax) as a function of In(dp). This plot allows the parameters of the
power-law model to be determined from the slope and the intercept of the fitted linear
regression line.

Table 3. Variable transformation used for the linearization of the power-law model.

x =d, (um) Y = Quax (mL/min) In(x) In(y)
215 18.77 + 2.00 5.37064 2.93226
363 14.68 + 0.76 5.89440 2.68649
463 13.14 £ 0.18 6.13773 2.57566
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2.90 ~
y=-0.46557x+5.4322
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Figure 5. Determination of the constants a and b by linear regression of the power-law model.

Through linear regression fitting of the logarithmically transformed data, the parame-
ters of the proposed power-law model were determined. In this linear representation, the
slope of the fitted line corresponds to the value of —b, while the intercept represents the
term In(a).

Based on this procedure, the following power-law model was obtained, which de-
scribes the relationship between particle size and the maximum hydrogen flow rate:

Qumax = 228.6524,, 04657 ®)

The statistical analysis of the fit showed a coefficient of determination R? ~ 0.9999,
indicating that approximately 99.99% of the observed variability in the maximum flow rate
can be explained by the proposed power-law model (see Figure 6a).

On the other hand, in order to analyze the relationship between particle size (d,) and
reaction time (¢,), the average values reported in Table 2 were used. Based on a preliminary
observation of the data behavior, a simple linear regression model was proposed, described
by Equation (9):

tr=md,+0b )

where:

d, = particle size (um);

t, = reaction time (min);

m = slope of the linear regression;

b = y-intercept.

The parameters corresponding to the slope m and the intercept b were determined by
linear regression fitting, and the results are presented in Figure 6b. From this analysis, the
following empirical expression was obtained (Equation (10)):

tr = 0.0594d), +2.5998 (10)
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Figure 6. Relationship between particle size and the experimental response variables: (a) maximum
hydrogen flow rate described by the power-law model and (b) reaction time described by the linear
regression model. Error bars represent the standard error of the mean (SEM*) based on n = 3
independent replicates.

To determine the microstructural features of the samples after the experiments,
scanning electron microscopy (SEM) was performed, as shown in Figure 7. Backscat-
tered electron imaging reveals a homogeneous powder distribution at a magnification of
2000x (Figure 7a). A gray-scale contrast associated with oxidized particles coated with
Al(OH)3 can also be observed. For a more detailed observation, secondary electron imaging
was conducted at a magnification of 5000 x (Figure 7b), where the acicular growth of the
Al(OH);3 phase on the surface of the aluminum alloy particles is clearly visible. Further-
more, the coexistence of the main alloying elements was identified by Energy-dispersive
X-ray spectroscopy (EDS), as presented in Figure 7c. Oxygen is detected in the highest
proportion, which is attributed to the oxidation of aluminum. The remaining elements,
including Fe, Mg, Mn, Na, and Si, correspond to the alloy constituents listed in Table 1.
Chlorine (Cl) was also detected, which is attributed to impurities in the NaOH reagent.

15.0kV 9.8mm x5.00k SE um 5 10

Figure 7. SEM images of aluminum particles after NaOH reaction: (a) AI(OH)s-coated particles;
(b) 5000 x magnification showing acicular AI(OH)3 growth; (c) EDS confirms alloying elements
and oxidation.

These microstructural observations support the kinetic results obtained during hy-
drogen generation, indicating that the reaction proceeds through surface oxidation of
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aluminum particles followed by the precipitation of Al(OH)3, which progressively modifies
the reactive surface during the process.

The samples were subjected before and after to X-ray diffraction (XRD) to determine
the phases of the byproducts of the production reaction between aluminum and the alka-
line medium of sodium hydroxide (see Figure 8). Figure 8a shows the XRD pattern of the
powder sample before being subjected to the hydrogen production reaction. It displays
the typical crystalline structure of aluminum with its respective principal crystallographic
planes (111), (200), (220), and (311), which diffract in this 26 region according to Bragg’s
law. It is important to note that the alloying chemical components shown in Table 1 are
not visible in the pattern. This is because the alloying elements are randomly distributed
within the aluminum structure and at grain boundaries, as previously reported [44]. Ac-
cording to the random distribution of alloying elements within the aluminum matrix
and at grain boundaries, several critical microstructural effects occur. The XRD pattern
corresponding to the sample subjected to the hydrogen production reaction is shown in
Figure 8b, where it is possible to determine the coexistence of phases such as: Al, AI(OH)s,
and NaAl(OH);. These results confirm that hydrogen generation occurs through the alka-
line oxidation of aluminum, leading to the formation of hydroxide and aluminate phases
(Equations (1)—(5)), while residual metallic Al indicates that the reaction proceeds progres-
sively from the particle surface.

I T I i [ T T T I i T T

Al Al-Aluminum
(kR oc—AI(OH)3
B-NaAl(OH) ’
= Al
L"; (200)
Al Al
-"? (220) (311)
)
2 a)
2 )
E rN A SRR AN AN s~ A 2 b e LV st Pt B ¢ Y BN WA ans mPns S5 M St
o
o
ab)
o MUA e u\wf\.ym__,/"” J/L,mw}LmW WM_,/\__/_J\
‘F T T '7 T
20 40 80

20 (D eg.)
Figure 8. XRD patterns of aluminum powders before (a) and after (b) reaction with NaOH solution.

4. Discussion

The differences in hydrogen generation kinetics (Figure 3) are primarily attributed to
particle size effects resulting from the mechanical fragmentation of the aluminum ingot.
Particle size reduction increases specific surface area and surface energy, thereby enhancing
aluminum dissolution in alkaline media [32,36,40]. In addition, smaller particles exhibit a
higher density of surface defects, facilitating oxide disruption, and accelerating hydrogen
evolution [22,45-48].
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For the largest particles (425-500 um), a lower Qmax (~13 mL-min~?!) and longer in-
duction time (~30 min) were observed. In contrast, the intermediate fraction (300-425 um)
showed improved performance (~15 mL-min~!) with more sustained hydrogen produc-
tion, indicating particle size-dependent kinetics [49]. The smallest particles (180-250 um)
reached the highest Qmax (~19 mL-min~1) rapidly, followed by a decline due to the forma-
tion of an Al,O3/Al(OH)3 layer that limits mass transfer [50,51]. While smaller particles
enhance initial reactivity, the intermediate size range provides a better balance between
surface area and reaction stability, resulting in the highest cumulative hydrogen production
(Figure 4b). Hydrogen generation from recycled aluminum is comparable to that of acti-
vated or high-purity systems, despite simple operating conditions, highlighting its practical
advantages [25,52-56]. The observed behavior is consistent with literature reports, with
differences attributed to particle morphology, oxide thickness, and impurities [25,57].

The power-law model indicates a strong correlation between particle diameter and
maximum hydrogen flow rate. The exponent (b = 0.46557) suggests a nonlinear inverse
relationship characteristic of surface-dependent and mass transfer-controlled processes.
Linear regression analysis yielded R? = 0.9676, indicating that 96.76% of the variability
in reaction time is explained by particle size. The positive slope (m = 0.059 min-um™!)
confirms that reaction time increases with particle size, consistent with surface-controlled
kinetics, which is consistent with the research cited above.

On the other hand, SEM micrographs and XRD patterns confirmed the precipitation
and acicular growth of an AI(OH)3 layer on the aluminum surface, a well-known feature
of aluminum hydrolysis systems [58,59]. The progressive thickening of this layer acts as a
diffusion barrier, hindering the transport of the alkaline solution toward the unreacted alu-
minum core [59]. Consequently, the reaction follows a shrinking unreacted core mechanism,
consistent with the classical core-shell model [42].

To further elucidate the kinetic mechanism, experimental data were analyzed using
the Shrinking Core Model. Initially, the exposed aluminum surface is in direct contact with
the NaOH solution, resulting in a high hydrogen evolution rate (Figure 4b). As the reaction
progresses, a porous product layer forms around the unreacted core, requiring diffusion of
the reaction through this layer to sustain the reaction.

Assuming diffusion control through the product layer for spherical particles, the
conversion-dependent expression (Equation (11)) was applied:

Fi(a) =1-3(1—a)*? +2(1 — a) = kgt. (11)

where & = V;/Vyy is the conversion degree, V; is the cumulative hydrogen volume at time
t, and Vi is the total hydrogen volume. It is important to note that 1 g of aluminum
theoretically yields 1245 mL of hydrogen at standard temperature and pressure. In this
work, the reported total volume corresponds to the cumulative hydrogen volume obtained
experimentally under these conditions, as presented in Figure 4b. The parameter k; (min~?)
represents the apparent diffusion rate constant.

The linear regions of the transformed data (Figure 9) allowed the determination of kd
values of 0.137, 0.064, and 0.05 min~! for increasing particle sizes, with high coefficients
of determination (R? > 0.99), supporting diffusion through the product layer as the rate-
controlling step [29,42].

The calculated rate constants decrease with increasing particle size, which is consis-
tent with heterogeneous reaction theory [29]. This trend is attributed to the increased
diffusion path length and mass transfer resistance imposed by the growing hydroxide
layer [4,6]. Additionally, the effective diffusivity evolves during the reaction due to struc-
tural densification and porosity changes [20,58].
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The kinetic constant follows a power-law dependence on particle size (k o< d71).
Linear regression of the logarithmic form yields n ~ 1.4, indicating a mixed kinetic regime
between chemical reaction control (n = 1) and diffusion control (n = 2), in agreement
with the Shrinking Core Model [30,42]. This supports a multi-step mechanism involving
simultaneous interfacial reaction, diffusion, and mass transfer processes, as reported in
recent studies of aluminum-water systems [23]. It should be noted that this relationship
is valid only within the evaluated particle size range, as variations in morphology and
passivation layer properties may alter the controlling mechanisms [22].

1.0 5 P
y=0.137x-0.562 éj?bogg;o-”g
084  R’=0.9996 il
= [a— R?=0.9997
e Yy, d,=463 um
b d
0.2 1
0.0 1
(I) I é ' 1'0 I 1I5 ' 210 I 2I5 I 3I0
Time (min)

Figure 9. Linear fitting of the diffusion-controlled shrinking core model by plotting F;(«) as a function
of time for different aluminum particle sizes. The slopes of the fitted lines correspond to the apparent
diffusion rate constants (k;), showing excellent agreement with the model (RZ > 0.99).

Opverall, the progressive growth and densification of the oxide/hydroxide layer signif-
icantly increase intraparticle diffusion resistance of OH™ ions toward the unreacted core,
explaining the gradual decline in hydrogen generation rate. This behavior is consistent
with modified Shrinking Core Model approaches that account for variable diffusivity and
structural evolution within the product layer [42,59].

Finally, the predictive capability of the regression models is restricted to the particle
size range of 180 to 500 um. Extrapolation beyond this interval may lead to significant
deviations, as variations in particle size can alter the underlying kinetic mechanisms
governing the process.

5. Conclusions

Hydrogen was successfully generated from recycled aluminum cans via alkaline
hydrolysis using a 1.0 M NaOH solution, which effectively promotes oxide layer removal
and aluminum dissolution.

The results show that hydrogen production rate increases as particle size decreases
due to the higher specific surface area, with the smallest range (180-250 um) exhibiting
the highest reaction rate and shortest reaction time. In contrast, the maximum cumulative
hydrogen production was obtained for the intermediate particle size (363 um, 132 mL),
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compared to 106 mL and 102 mL for 215 pm and 463 pm, respectively, indicating a trade-off
between reaction rate and passivation effects.

The hydrogen evolution process followed a two-stage kinetic behavior: an initial stage
dominated by rapid aluminum dissolution, followed by a slower stage associated with the
formation of a passivating AI(OH); layer.

The dependence of hydrogen generation on particle size was adequately described by
both power-law and regression models, confirming that smaller particles enhance reaction
kinetics, while larger particles extend reaction time.

The shrinking core model provided an excellent fit (R? = 99.94-99.97%), with rate
constants of 0.137, 0.064, and 0.050 min~!. The relationship k o« d™ (n ~ 1.4) indicates a
mixed kinetic regime, where surface reaction dominates at early stages, while diffusion
through the Al(OH)3 layer becomes increasingly significant over time.

SEM/XRD analyses confirmed the formation of AI(OH)3, supporting the proposed
mechanism. Despite the ability to control hydrogen generation through particle size,
the relatively low flow rates and yields, together with the absence of purity and energy
analyses, limit practical applicability. Therefore, these results should be considered as a
laboratory-scale kinetic assessment.
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AlL,O3 Aluminum oxide

NaAl(OH); Hydrated sodium aluminate
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