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a b s t r a c t

A new process to obtain hydrogen from water using aluminum in sodium aluminate solutions is described
and compared with results obtained in aqueous sodium hydroxide. This process consumes only water and
aluminum, which are raw materials much cheaper than other compounds used for in situ hydrogen gen-
eration, such as hydrocarbons and chemical hydrides, respectively. As a consequence, our process could
be an economically feasible alternative for hydrogen to supply fuel cells. Results showed an improvement
eywords:
ydrogen generation
luminum corrosion
odium aluminate

of the maximum rates and yields of hydrogen production when NaAlO2 was used instead of NaOH in
aqueous solutions. Yields of 100% have been reached using NaAlO2 concentrations higher than 0.65 M
and first order kinetics at concentrations below 0.75 M has been confirmed. Two different heterogeneous
kinetic models are verified for NaAlO2 aqueous solutions. The activation energy (Ea) of the process with
NaAlO2 is 71 kJ mol−1, confirming a control by a chemical step. A mechanism unifying the behavior of Al
corrosion in NaOH and NaAlO2 solutions is presented. The application of this process could reduce costs

fuel
in power sources based on

. Introduction

There is an urgent demand to implement renewable and clean
uel alternatives to satisfy the energetic demand of the 21st cen-
ury due to fossil fuel depletion and to the importance of reducing
missions of greenhouse and polluting gases, responsible of harm-
ul effects like the climate change. Hydrogen is a non-polluting fuel
nd a clean energy vector that can be consumed in a fuel cell, con-
erting chemical into electrical energy with high performance in
ild conditions. Fuel cells are attractive devices for many types of

tationary and mobile applications, such as electric vehicles and
ortable electronic devices, due to their high energy densities [1].
owever, the development of effective methods for hydrogen pro-
uction and storage are an indispensable requisite to fulfill these
xpectations [2,3].

Hydrogen generation from reaction of chemical hydrides in
queous solutions has reduced hydrogen storage volume and/or

eight in comparison to conventional systems such as high pres-

ure or cryogenic storage [4]. Among these chemicals, sodium
orohydride (NaBH4) has been proved to be safe and able to reach
gravimetric hydrogen capacity of 21.3%. The hydrolysis reaction

∗ Corresponding author at: Edifici C – Campus de la UAB s/n, 08193 Bellaterra,
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cells that nowadays use hydrides as raw material for hydrogen production.
© 2008 Elsevier B.V. All rights reserved.

of sodium borohydride can be significantly accelerated by addition
of acids or certain metal salts with catalytic effect. Nevertheless,
sodium borohydride has some disadvantages: it is unstable and
sensitive to moisture in the air and it is an expensive raw mate-
rial (55 $ kg−1) [5] as compared to current fossil fuels prices, which
are nowadays the most used raw materials in hydrogen production.

On the other hand, among the different metals that can react
with aqueous solutions to generate hydrogen, aluminum and its
alloys have been recognized among the most suitable materials for
the development of future processes of hydrogen production [6].
Aluminum can be stored and transported in a much simpler, safer
and cheaper way than hydrogen. It is stable under usual conditions
and much less expensive than sodium borohydride: the price of
aluminum powder (3 $ kg−1) is 10–20 times lower than the price of
sodium borohydride [7,8].

The reactions of aluminum with aqueous solutions of sodium
hydroxide have been previously studied [9–12]:

2Al + 6H2O + 2NaOH → 2NaAl(OH)4 + 3H2 (1)

NaAl(OH)4 → NaOH + Al(OH)3 (2)

2Al + 6H O → 2Al(OH) + 3H (3)
2 3 2

Initially, the hydrogen generation reaction (1) consumes sodium
hydroxide, but when the aluminate concentration exceeds the satu-
ration limit, aluminate undergoes a decomposition reaction (2) that
produces a crystalline precipitate of aluminum hydroxide with the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:maria.munoz@uab.cat
dx.doi.org/10.1016/j.jpowsour.2008.11.009
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Nomenclature

A constant pre-exponential factor (s−1)
b stoichiometric factor
CNaAlO2

molar concentration of NaAlO2 (mol dm−3)
Ea activation energy (kJ mol−1)
k rate constant (s−1)
kex experimental rate constant for chemical step model

(s−1)
k′

ex experimental rate constant for mass transfer model
(s−1)

kq chemical reaction rate constant (m s−1)
n order of reaction
r0 initial radius of the Al reacting core (m)
R ideal gas constant (8.314 J mol−1 K−1)
t time (s)
T temperature (K)
X degree of reaction
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�Al Al molar density (mol dm−3)

egeneration of the alkali [9]. Reaction (2) has been studied in depth
oncerning the Al/air battery [13]. The overall hydrogen-generating
eaction of aluminum in an aqueous solution is described by equa-
ion (3) [10,12,14]. This reaction has also been investigated in order
o minimize the capacity loss and avoid the drop of Faradaic effi-
iency of Al anode [13]. Previous works [9–15] evidenced that the
verall process should not consume alkali and it is able to produce
ydrogen gas from Al with regeneration of hydroxyl ions. A major
urdle to the production of hydrogen via this corrosion reaction is
hat the aluminum surface is easily passivated [10], but the passiva-
ion can be minimized optimizing several experimental parameters
uch as temperature, alkali concentration, aluminum raw material
orm and solution composition.

Hydrogen generation systems based on Al corrosion do not need
o be warmed up externally, since Al corrosion is an exothermic
eaction. In addition, this reaction can be achieved under mild
onditions of temperature and pressure, providing a stable and
ompact source of hydrogen, much less expensive than the hydroly-
is of hydrides. Each kilogram of aluminum produces approximately
kWh of energy in the form of hydrogen [7] and, assuming an
chievable 100% hydrogen generation efficiency, it is possible to
each a global gravimetric hydrogen capacity of 11.2% H2, which is a
ignificant value to accomplish the U.S. DOE research targets [16]. If
eeded, this gravimetric hydrogen capacity can be increased using
combination of Al and NaBH4 to produce hydrogen [17].

One of the important commercial aluminum compounds is
odium aluminate, NaAlO2. It is used in water treatment as an
djunct to water softening systems, as a coagulant aid to improve
occulation, and for the removal of dissolved silica and phos-
hates. Sodium aluminate has been known for many years as an

ntermediate product in the extraction and purification of gibbsite
rom bauxite ores by the Bayer Process [18]. Considerable research
19–21] has been devoted to determine the identity of soluble
pecies in alkaline solutions of sodium aluminate (known as Bayer
iquors) to provide a key to understanding critical aspects of this
rocess, such as the unexpectedly slow precipitation and crystal
rowth kinetics of Al(OH)3.
The main objective of this work is to demonstrate the feasibility
f producing hydrogen by reaction of Al with aqueous solutions of
odium aluminate at mild temperatures. The basic idea is to take
dvantage of the alkaline properties of sodium aluminate to achieve
high pH and enhance the aluminum corrosion. The presence of
ources 192 (2009) 21–26

sodium aluminate in the aqueous solution could reduce aluminum
surface passivation, producing fuel cell grade hydrogen by a pro-
cess that decreases overall hydrogen production costs. The effects
of modifying several experimental parameters are reported in the
present article and compared with our own results using NaOH
solutions and with previous works.

2. Experimental

2.1. Chemicals

Sodium hydroxide (98% purity) was supplied by Panreac. Sodium
aluminate anhydrous was supplied by Riedel-de Haën. Al powder
(−325 mesh, 99.7% purity) was supplied by Strem Chemicals and
was routinely used in the experiments reported. Al flakes (1.0 mm
particle size, 99.99% purity) were supplied by Aldrich and were
used to analyze the formation of a passive oxide layer on Al sur-
face. All reagents were used as received. Deionized water was used
to prepare all the aqueous solutions. The different solutions tested
in this study were freshly prepared before performing the hydrogen
production experiments.

2.2. Apparatus, materials and measurements

The equipment used in the hydrogen generation experiments
has been described in a previous work [15]. Reagents were added
in a 250 cm3 Pyrex glass reactor containing 75 cm3 of the selected
aqueous solution. The reactor was heated in a water bath to main-
tain a constant temperature of 348 K. The mass of aluminum
powder added to the reactor was fixed at 0.2 g for each exper-
iment. Using 0.2 g Al powder it is possible to produce 272 cm3

H2 under standard conditions, assuming 100% hydrogen genera-
tion efficiency. Hydrogen production reactions started when the
aluminum powder came into contact with the aqueous solution.
Hydrogen produced by the reactions emerged from the reactor
through a silicone tube of 40 cm length and 8 mm internal diam-
eter; it was passed through a water bath at room temperature in
order to condense the water vapor, and was collected in an inverted
burette filled with water. The quantity of hydrogen gas produced
was measured (at 298 K and 1 atm) from the water level change in
the burette. All the experiments were performed under the condi-
tions above described unless otherwise stated.

2.3. Byproduct analysis

Solid byproducts of the hydrogen generation reactions were
analyzed with X-ray diffraction (XRD) for crystalline species iden-
tification. For XRD analysis of the byproducts, the solid mixture
remaining in the reactor was filtered using a vacuum pump and
a funnel provided with a filter plate. Solids were dried in an oven
at 75 ◦C under air for approximately 24 h to remove humidity. The
XRD analysis was also performed in air.

3. Results and discussion

Experiments with aqueous solutions of different compositions
were performed at the same initial pH in order to determine the
effect of sodium aluminate versus sodium hydroxide on the hydro-
gen production rates and yields. The experimental conditions and
results obtained from these experiments are reported in Table 1. It

is important to note that pH is a key parameter to modify hydrogen
production efficiency. In accordance with previous works [9,10,15],
a pH increase in the working aqueous solution enhances hydro-
gen production rates and yields. When the pH, the temperature of
aqueous solution, the particle size of Al powder and the quantity
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Table 1
Experimental conditions and results obtained with different solution compositions.

Initial pH Solution composition Yield (%) Maximum flow rate (cm3 H2 min−1) Final pH t(50%)
a (min) Final time (min)

12.0 NaOH 0.01 M 22 26 11.2 – 70
NaAlO2 0.06 M 33 20 12.3 – 75

1 12.6 0.7 2.6
13.0 0.4 1.7
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3.0 NaOH 0.1 M 100 204
NaAlO2 2.0 M 100 337

a Time when H2 production achieved a yield value of 50%.

f added Al are fixed, the hydrogen production efficiency is only
ffected by the specific chemical composition of the aqueous solu-
ion used in each experiment. So, the results reported in Table 1
eveal that it is possible to enhance hydrogen evolution efficiency
sing NaAlO2 instead of NaOH, obtaining better rates or yields at the
ame pH. Maximum flow rates were determined by maximum slope
f hydrogen generation curves (see Fig. 1). A comparison of maxi-
um flow rates, yields and times when 50% and 100% yield values

re achieved showed that sodium aluminate improved hydrogen
roduction efficiency with respect to sodium hydroxide. Concretely,
he obtained yields at pH 12.0 are superior for the sodium alumi-
ate experiment, and the observed hydrogen production rate at pH
3.0 for the sodium aluminate solution is more than 60% higher.

Hydrogen production rates and yields are affected by NaAlO2
oncentration, Al mass and temperature of the aqueous solution.
he effects of these parameters on hydrogen production using
odium aluminate are described in the following sections in order
o get a deeper insight into the present process.

.1. Reproducibility of hydrogen generation in NaAlO2

When using Al powder to generate hydrogen for power sources
uch as fuel cells, it is essential to control the rate and yield of
ydrogen evolution from Al corrosion. In order to evaluate the
eproducibility of hydrogen generation using sodium aluminate
queous solutions, three experiments were performed under the
ame conditions. Typical hydrogen production curves (volume of
2 produced versus time) are shown in Fig. 1 for these experi-
ents in 0.49 M NaAlO2 solution. As can be observed, after a short

nduction period (less than 15 s), hydrogen production rate is quite

igh at the first stages of the experiment, but it decreases as alu-
inum is being consumed. No significant differences are observed

etween curves. The average value of the maximum hydrogen flow
ate was 160 H2 cm3 min−1 with an associated standard deviation
f 4 H2 cm3 min−1. The obtained mean yield was 77.0% (measured

ig. 1. Hydrogen generation curves obtained using an aqueous solution of NaAlO2

.49 M at 348 K with 0.2 g Al powder. These three experiments were carried out
nder the same conditions.
Fig. 2. Effect of NaAlO2 concentration on H2 production yield after 1 h of reaction.

at 10 min) and its associated standard deviation was 0.2%. The small
variations found between the three replicates, carried out under the
same conditions confirmed that the present hydrogen generation
measurements were reproducible.

3.2. Effect of sodium aluminate concentration

A systematic study was performed in order to determine the
effect of NaAlO2 concentration on hydrogen production efficiency.
So, a series of experiments were carried out covering a range of
concentrations between 0.01 and 2.05 M. The effects of NaAlO2 con-

centration on hydrogen production yields and rates are shown in
Figs. 2 and 3, respectively. An increase of NaAlO2 concentration
caused a raise in yields, reaching 100% within 1 h of reaction for
concentrations equal or higher than 0.65 M, as can be observed in
Fig. 2. Concerning maximum rates, the rate of H2 evolution is faster

Fig. 3. Effect of NaAlO2 concentration on maximum rate of H2 generation.
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of NaAlO2 concentrations from 0.01 to 2.05 M, and plotting log kex

versus log CNaAlO2
. A satisfactory fitting was obtained (R2 = 0.98)

with a slope value of 1.0, confirming a first order reaction before
Al surface passivation takes control of the overall reaction rate.
From the y-intercept, a value of the chemical reaction rate constant
ig. 4. Comparison of hydrogen evolution curves obtained for 0.2 g Al powder in
aAlO2 0.31 M (–�–) and NaAlO2 0.65 M (–©–) at 348 K.

t higher NaAlO2 concentration. In Fig. 3, a lineal relationship can
e observed between maximum rates and NaAlO2 concentration,
onfirming a first order H2 production reaction at concentrations
elow 0.75 M. In contrast with the report of Aleksandrov et al. [22],
n augment of aluminate ions in the aqueous solution enhanced
ydrogen liberation.

Aluminum passivation and reactivation after some hours were
bserved in experiments performed at concentrations of NaAlO2
etween 0.10 and 0.31 M (see Fig. 4). This behavior can be attributed
o the formation of an Al(OH)3 layer on aluminum surface, which
rapped water molecules that continued reacting with the metal to
roduce hydrogen [24] but at a much lower rate. The said hydrogen
emained under the passive layer until the pressure of the gas was
ble to break it. Afterwards, the aqueous solution could contact the
etal again, and a reactivation of the reaction was observed. For

igher concentrations of aluminate (see upper curve in Fig. 4) this
assivation interval was not found. Thus, our results indicate that
he addition of aluminate anions in the aqueous solution has an
ffect on the passive film on the aluminum surface, reducing or
reventing aluminum surface passivation (depending on reactants
oncentrations).

The formation of the mentioned passive oxide layer on Al sur-
ace was confirmed with an experiment in 0.1 M NaAlO2 using
.0 g Al flakes as raw material. An XRD analysis of passivated Al
akes, which were filtered and dried before reactivation took place,
onfirmed the formation of Al(OH)3 (bayerite) and Al2O3·3H2O
nordstrandite) thin layer on metallic Al surface (see Fig. 5). In
ontrast, an XRD analysis of final precipitate of the hydrogen gener-
tion reactions using Al powder in aqueous NaAlO2 confirmed the
ormation of gibbsite and bayerite (different crystalline phases of
l(OH)3).

In order to understand the kinetics of the hydrogen generation
rocess, several kinetic models for solid–liquid heterogeneous sys-
ems were tested. These models usually depend on the degree of
eaction (X), which is the ratio “reacted mass/initial mass”. The
btained results were analyzed using two different shrinking core
odels [25], one controlled by a chemical step (4) and one con-

rolled by mass transfer in the product layer (5). The equations
escribing these two models can be expressed as follows:

− (1 − X)1/3 = kext (4)
− (2/3)X − (1 − X)2/3 = k′
ext (5)

A satisfactory fitting of the model controlled by a chemical step
4) was observed during the first minutes of hydrogen evolution in
ll the experiments carried out with NaAlO2 concentrations from
Fig. 5. XRD patterns of passivated surface of Al flakes (a) and solid byproduct using
Al powder in NaAlO2 solutions (b). Identification of diffracted peaks confirmed the
presence of nordstrandite (�) (Al2O3·3H2O), bayerite (�) (Al(OH)3) and gibbsite (�)
(Al(OH)3).

0.06 to 2.0 M. The model (4) was not valid when aluminum passiva-
tion prevailed. At that time the process presented a good fitting to
the model controlled by mass transfer in the product layer (5) up to
the end of reaction. The results are coherent with the formation of
a passive hydroxide layer on the Al particles surface, which makes
difficult the reagents diffusion from the aqueous solution towards
the aluminum core. An example of fittings obtained is shown in
Fig. 6 for NaAlO2 0.65 M.

From the matching of the model controlled by a chemical step it
is also possible to calculate the apparent order of reaction n, since
kex can be expressed as follows [25]:

kex = (bkq · Cn
NaAlO2

)/(�Alr0) (6)

The following relationship can be obtained by applying loga-
rithms to Eq. (6):

log kex = log(bkq/�Alr0) + n log CNaAlO2
(7)

So, the order of reaction was determined by performing sev-
eral experiments at constant temperature and r0, covering a range
Fig. 6. Fitting of the experimental data obtained using NaAlO2 0.65 M by heteroge-
neous kinetic models controlled by a chemical step (�) and controlled mass transfer
in the product layer (�).
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ig. 7. Effect of Al quantity on maximum rate of H2.production using NaAlO2 0.49 M.

f kq = 0.010 m s−1 at 348 K can be determined. The experiments
sing NaOH reported in Table 1 were also analyzed using Eqs. (4)
nd (5) in order to compare their kinetic behavior with the kinetics
bserved for NaAlO2 solutions. A similar satisfactory fitting of the
wo selected kinetic models was found, confirming that the pro-
ess is controlled by a chemical step until the passive thin layer is
ormed onto aluminum surface. Then, the model controlled by mass
ransfer in the product layer presented a good matching. Further
etermination of the order of reaction for NaOH solutions using Eq.
7) was also 1.0, confirming a first order reaction. Since reaction (2)
s an equilibrium reaction, NaAlO2 concentration and OH− concen-
ration are proportional and it can be concluded that systems with
aOH and NaAlO2 solutions are first order reactions respect to OH−,
hich suggests that the mechanism of Al corrosion in solutions of
aAlO2 or NaOH could be the same.

.3. Effect of Al mass

The relationship of the hydrogen release and the Al quantity was
tudied fixing the concentration of NaAlO2 to 0.49 M and varying
l mass added in the reactor between 0.2 and 1.0 g. The results
re shown in Fig. 7. As the Al quantity able to react with aqueous
olution increased, the hydrolysis rate became faster. It was found
hat the maximum reaction rate followed a linear relationship on
he initially added Al mass to the power of 2/3. This linear function
see Fig. 7) may be interesting in order to procure an appropriate
ydrogen evolution rate in further applications. Similar results have
een reported by Hu et al. [26] for Ni–Al alloys in NaOH solutions.
nce again in contrast with results reported by Aleksandrov et al.

22] for Al powder, our experiments performed in NaOH solutions
lso showed that the maximum flow rate is a linear function of the
nitial Al mass to the power of 2/3.

.4. Effect of temperature

The effect of temperature on the reaction rate was examined per-
orming a series of tests at different temperatures. Prior to starting
he experiments, NaAlO2 0.49 M solutions were initially heated to
elected temperatures between 338 and 358 K. Once the temper-
ture was equilibrated, the experiment was fulfilled by adding Al

owder to the preheated NaAlO2 solutions. As expected, the H2 gen-
ration rate increases with the rise of temperature. To quantify this
ffect, we used the Arrhenius equation:

= A exp(−Ea/RT) (8)
Fig. 8. Arrhenius plot of the rate constants using NaAlO2 0.49 M.

which gives the dependence of a rate constant (k) on the tempera-
ture (T) and the activation energy (Ea). By determining k from the
maximum flow rates obtained at different temperatures and using
Eq. (8), the activation energy of Al corrosion was calculated to be
71 kJ mol−1 from the plot of the reaction rate constant k against the
reciprocal temperature, with a good linear fitting (see Fig. 8). An
activation energy value higher than 40 kJ mol−1 indicates that the
process is controlled by a chemical step rather than by mass trans-
fer. This hypothesis was confirmed by the comparison of rates and
yields of two hydrogen production experiments under the same
conditions but with and without external agitation, which did not
reveal significant variations.

Apparent activation energy was also calculated using the
experimental rate constants kex obtained with Eq. (4) for the
NaAlO2 0.49 M experiments at different temperatures from 338
to 358 K. A linear regression of ln(kex) versus 1000/T was used
to determine the activation energy value, and a good fitting was
obtained. The apparent activation energy for the Al corrosion in
NaAlO2 0.49 M solutions was determined to be ca. 79 kJ mol−1,
which is similar to the activation energy value obtained from
the rate constants determined by maximum flow rates of H2
production.

3.5. Mechanism of Al corrosion in NaAlO2 and NaOH solutions

The previous literature on the reaction of hydrogen evolution
activated by hydroxide ions has led to a considerable span on the
activation energies obtained [11,22,27,29], although all of them
point to a chemical reaction as rate determining step (except some
time-dependent very low Ea reported in [29]), and also to dif-
ferent proposed mechanisms [22,24,28–30]. It is noteworthy that
our experimental value of activation energy (71 kJ mol−1) is con-
cordant with the result of 68.4 kJ mol−1 obtained by Hiraki et
al. [11] using NaOH 0.5 M. This similar activation energy points
again to a similar mechanism of Al corrosion in the presence
of NaAlO2 or NaOH. The possibility of a unified mechanism is
tempting, specially taking into account that the species present
in the media, after the reaction has begun, are the same in both
cases.

According to the results so far described, the following Al cor-
rosion mechanistic scheme is proposed (except when the reaction

is controlled by mass transfer in the product layer). The first stages
of the reaction of aluminum in aqueous solutions would be carried
out through three different reactions ((9–11)):

Al2O3 + 3H2O → 2Al(OH)3 (9)
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l(OH)3 + OH− � Al(OH)4
− (10)

l + 3H2O → Al(OH)3 + 3/2H2 (11)

In principle, the maximum flow rate should occur at the begin-
ing of the reaction since the Al quantity is the highest. However,
he maximum rate was delayed for a short induction period because
oth the previous hydration of the surface oxide film on Al (reac-
ion (9) [31]) and the dissolution of the Al(OH)3 so formed, through
tep (10), are needed in order to expose the metal surface directly to
ater. Step (10) is an equilibrium reaction which appears to deter-
ine the reaction order and the reaction rate. The process is order
with respect to aluminate in the range of concentrations above

uoted, and therefore with respect to the OH− concentration, since
oth of them are proportional according to the equilibrium constant
or step (10) (K = 101,5 [32]). The dependence of the hydrogen evo-
ution rate on the amount of Al added can be also understood since
ts surface is recovered with Al(OH)3, which should be removed by
eaction (10) in order to uncover the bare Al surface, not only to
nitiate hydrogen evolution but along all the process.

When NaAlO2 aqueous solutions are used, several aluminate
pecies are initially present in the solution [23], including polymeric
luminate ions that can act as nuclei for Al(OH)3 crystalliza-
ion, thus competing with the Al(OH)3 precipitation process on
l surface. In connection with this, let us retain that gibbsite and
ayerite were found in the final precipitate while nordstrandite
Al2O3·3H2O, probably the initial product of alumina hydration)
as only found on the Al surface for an unfinished experiment,

uggesting that the final product grows on those nuclei. The equi-
ibrium (10) allows an efficient transfer of at least part of the
ew aluminum hydroxide produced on the Al surface to the cited
uclei. This process allows to understand the depassivating effect
f aluminate described in Section 3.2, thus facilitating reaction
11) between exposed Al and water and improving rates and
ields with respect to experiments using only NaOH at the same
nitial pH.

Notice also that the final pH of the reactions in the aluminate
olutions is higher than those in NaOH solutions (see Table 1). This
act can be due to the effect of aluminate as hydroxide supplier,
gain through the key equilibrium (10). Naturally, the more aqueous
H− present, the faster reaction (10) is and, therefore, the faster the
hole process should be.

Under our experimental conditions, the stage (11) should
e a relatively fast and thermodynamically favored reaction
�G = −445 kJ mol−1 of H2) where hydrogen is produced. This
eaction would proceed presumably through three consecutive ele-
ental steps involving a water molecule and a hydrogen atom on

ach of them. The hydrogen atoms so formed would recombine
ery quickly to form H2. This is, to the best of our knowledge, the
implest mechanism that allows to explain all the data reported so
ar (except the above-mentioned results in [22] and [29]), both in
aOH and NaAlO2 solutions.

. Conclusions

In this work, the kinetic and mechanistic features of hydro-
en generation from Al corrosion in sodium aluminate solutions
ave been investigated. From the obtained results, the suitability
f Al to produce hydrogen from aqueous solutions of NaAlO2 has
een demonstrated. High rates and low reaction times of aluminum

orrosion in sodium aluminate aqueous solutions have revealed
promising system to obtain hydrogen for fuel cell applications.

his process could abate production costs relative to processes
ased on hydrolysis of chemical hydrides as raw materials for in
itu hydrogen generation. Concretely, some of the reported results

[
[
[
[

[

ources 192 (2009) 21–26

obtained at different NaAlO2 concentrations are potentially applica-
ble in hydrogen supply devices for fuel cell applications. It has been
shown how hydrogen production rate can be regulated varying
experimental parameters such as the concentration of NaAlO2, the
temperature or the aluminum mass available. Two shrinking core
kinetic models – Eqs. (4) and (5) – have been shown to fit the time-
evolution of hydrogen release at two different stages of the process,
both for NaOH and NaAlO2 solutions. A mechanism – reactions
(9–11) – unifying the behavior of Al corrosion in NaOH and NaAlO2
solutions is proposed. The minor Al surface passivation observed
in the presence of aluminate ions in the aqueous solution could be
attributed to the rate-determining equilibrium reaction (10), which
allows the efficient transfer of the new aluminum hydroxide pro-
duced to crystallization nuclei already present in the initial solution.
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