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HIGHLIGHTS GRAPHICAL ABSTRACT

e We use Al from recycling Al-cans
to produce NaAlH, as a hydrogen
storage material.

e Flakes of Al-cans and NaH (plus
additives) were ball milled.

e NaAlH, produced by this method
is competitive with pure-precursor

material.
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Hydrogen storage
Recycled Al
Sodium alanate

ahead as one of the most promising alternative fuel and
recent research focus on its storage and performance in
optimal conditions for mobile applications in the years to
come [1-3]. The main goal of any research in hydrogen stor-
age is to develop materials with high storage capacity, good

Introduction

The search for renewable and efficient energy sources is one
focus of attention in materials science today. Hydrogen steps
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performance, reversibility, and rapid reaction kinetics. So-
dium alanate (NaAlH,) is one of the most studied materials
due to its potential as a hydrogen storage medium.
Bogdanovi¢ et al. demonstrate the reversible hydrogen stor-
age/release in sodium alanate by doping with Ti compounds,
according to reactions [4]:

NaAlH, < 1/3 NasAlHg + 2/3 Al + H, (1)

1/3 NasAlHg < NaH + 1/3 Al + % H, ®)

Reactions (1) and (2) sum a reversible storage capacity of
5.6 wt%. Dehydrogenation reactions are performed between
100 and 280 °C and low pressure. Meanwhile, hydrogenation is
performed at pressures as high as 130 bar and temperatures
around 100—150 °C [5,6]. This hydrogenation/dehydrogenation
temperatures are in the border-line of compatibility with high-
temperature proton exchange polymer fuel cells (PEMFC) [7].
Cycling studies have demonstrated stability over 100 cycles [8].
Further improvements are expected by the use of scaffolds or
other supports that have a strong influence in hydrogenation/
dehydrogenation kinetics [9—11]. Despite the good perspectives
of the NaAlH, as reversible hydrogen storage material, the
NaAlH, is not massively used. One of the reasons for that is the
high cost of NaAlH,. In turn, the high cost of NaAlH, is due to
the difficulty and danger of its syntheses in organic solvents.
Commercially, NaAlH, is produced in organic solvents (toluene,
hexane, n-octane, ether, THF, etc.) from Na o NaH, an excess of
Al (up to 3:1), Ti-catalyst, and H, [12]. The mixture of organic
solvents, NaH and Al with oxygen/humidity is highly explosive.
This production method needs steps of purification and drying.
Because of that, the NaAlH, is frequently sold in THF solution.
The development of the NaAlH, synthesis by means of me-
chanical milling of NaH and Al and posterior hydrogenation
eliminated the need for organic solvents, purification and dry-
ing steps [13,14]. However, this method is usually performed
only in lab-scale for studies of hydrogen storage.

Other important points, not frequently discussed, are the
sustainability and availability of raw materials. High-purity
raw materials for NaAlH, syntheses had been customarily
used and reported; yet these materials are not always avail-
able, predominantly in developing countries. On the other
hand, the use of high-purity raw materials is adequate for
research purposes [15,16]. However, this can lead to high costs
of manufacture if massive production would be intended. To
the best of the author's knowledge just Bergemann et al. have
studied the possibility of producing sodium alanate by reac-
tive ball-milling of particles obtained from recycled Al-slags
(from waste and incinerated) [17].

In the present work, we propose the use of Al from recycled
beverage cans to produce NaAlH, as a hydrogen storage ma-
terial without the energy expenses that involves the inciner-
ation. The main reasons and/or advantages for this are:

i) The recycling of solid residues such as Al cans can be
incentivized by the production of sustainable NaAlH,.

ii) Reduce the energy of recycling Al for NaAlH, produc-
tion: Aluminum is usually recycled by means of the
melting of waste materials, included the NaAlH, pro-
duction [17]. That is a method of high-temperature that

necessarily implies high-energy consumption, not
recommend if the reduction of energy consumption is
desired in an industrial process [18]. The present work
uses one step of mechanical milling to produce a pre-
cursor mixture for NaAlH, production.

ii) The cost of producing a material for hydrogen storage
such as NaAlH, could be reduced by the recycling of Al
beverage cans; while the quality could be not severely
compromised. The Al beverage cans are usually manu-
factured with the 6061 Al-alloy [19]. The chemical
composition of 6061 Al-alloy (minimum and maximum) is
indicated in Table 1. Thus, the Al from beverage cans could
be a good-quality source of Al, of low-cost, for hydrogen
storage purposes. Additionally, the alloying elements can
be beneficial for hydrogen storage. For example, Mg is a
hydrogen storage material by itself; meanwhile, Fe, Cu, Zn,
and Ti had been widely used as accelerators for hydroge-
nation/dehydrogenation reactions.

iif) The purchasing of high-purity and fine-grinded metals
or metal-hydrides powders of Al, Ti or Mg is facing
increasing restrictions in certain developing countries.

Materials and methods
Al-cans conditioning and mixture preparation

Aluminum beverage cans were collected at the university
campus and used without severe washing, just a slight
washing to avoid an excessive presence of dust or organic
waste materials (sugars). The labeling (polymers and inks) of
the cans was not removed, thus that materials were also
milled. Both conditions were used to keep circumstances close
to an industrial process. To guarantee the same components
of Al-alloy, only a brand, and a type of cans was used (regular
coca-cola). The beverage cans were cut manually into approx-
imately 0.25 cm? flakes (approx. 0.5 cm per side). Due to the
manually cutting with scissors, only the bodies of the cans
were used, the tops and bottoms were discarded. Perhaps in
an industrial process, all the parts of the cans could be recy-
cled by using an automatized cutter.

In a first milling approach, only Al-flakes were milled
while a visual inspection allowed the determination of

Table 1 — Chemical composition of 6061 Al-alloy [19], and
EDS? experimental results of Al-cans.

Element Minimum Maximum Content®
(Wt. %) (wt. %) (wt. %), EDS

Al 96.0 98.61 87.5

Si 0.40 0.80 0.90
Fe 0.00 0.70 0.60
Cu 0.15 0.40 0.60
Mn 0.00 0.15 0.90
Mg 0.80 1.20 0.90
Cr 0.04 0.35 =

Zn 0.00 0.25 —

Ti 0.00 0.15 8.60

@ Energy-dispersive X-ray spectroscopy.
® Experimental results.
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optimal milling time. The depletion of Al-flakes happened
after 10 h of milling. This stage was performed to under-
stand the milling of Al-flakes. After that, a mixture of Al-
flakes, NaH, TiFs, and carbon nanotubes (Al.,ns/NaH/TiFs/C-
nanotubes hereafter) was milled together, establishing a
single milling procedure of 15 h. The TiF; was used as an
accelerator of the hydrogenation/dehydrogenation reactions
while the carbon nanotubes were used as a milling agent. Ce
and La-compounds [20,21], or other Ti-compounds have a
better performance as hydrogenation/dehydrogenation ac-
celerators; however, the purchase of some these compounds
is not easy in some developing countries. The strong ten-
dency of Al to the sintering instead of milling (refinement of
grain and crystal size) should be mentioned [22]. Thus, car-
bon nanotubes were used as the milling agent to avoid
agglomeration of materials at the wall of the milling vial.
The addition of carbon nanotubes also is well-known for
improving the hydrogenation/dehydrogenation properties of
the NaAlH, system [23,24].

Besides Al from cans, the rest of materials were: NaH,
95% purity, Aldrich; TiF;, 99.995% purity, Aldrich; and carbon
nanotubes, single-wall nanotubes, 99% purity, Aldrich. TiF;
was added in a proportion of 5 wt %, while the carbon
nanotubes were added in a proportion of 1 wt % of the total
Al/NaH powder mixture. A 10 wt % excess of Al was used.
The ball-milling was performed in a 316 L stainless steel
milling vial of inner volume of 100 ml. The handling of
materials was performed in a glovebox with high purity
Argon (10 ppm of O, and H,0). The milling vial was closed in
Argon atmosphere and transferred to the mill outside the
glove box. The design of the milling vial (bolted lid and
Viton® seals) allowed appropriate sealing and avoided oxy-
gen and moisture contamination during milling outside the
glove-box. The milling balls were made of yttrium-stabilized
zirconium oxide (1 cm diameter). The ball to powder ratio
was 15:1. The milling was performed in a PQ-N04 Ball Mill
planetary mill with 4 spots for vials (Across-International)
with the rotation frequency of the main wheel of 40 Hz. The
total milling time was 15 h divided into periods of 1-h milling
and 10 min resting. In each cycle of milling-pause, the di-
rection of the rotation of the planetary mill was inverted.
The milled materials were recovered and stored in argon
until further use.

Materials characterization

The as-milled and hydrogenated samples were character-
ized as necessary by scanning electron microscopy (SEM)
including energy-dispersive X-ray spectroscopy (EDS), X-ray
diffraction (XRD), and Fourier transformed infrared spec-
troscopy (FT-IR). SEM images were obtained in a JSM-IT300
microscope. Samples were dispersed on carbon tape inside
the argon glove box. Then, they were transferred to the SEM
chamber reducing the oxygen contact by means of a glove
bag, even though partial oxidation could be possible. Unless
otherwise indicated, SEM images were obtained by back-
scattered or secondary electrons, and 10 kV or 20 kV of ac-
celeration voltage. The range of conditions and detector
were dictated by each sample accordingly its characteristics.
X-ray diffraction experimentation was performed in a Bruker

D2Phaser diffractometer (Cu Ko = 1.540598 A). The powders
of as-milled, and hydrogenated materials were compacted in
a dedicated sample holder, then they were covered with
Kapton foil for protection against ambient oxygen, and
moisture during transfer to the diffractometer and data
collection. FT-IR characterization was performed in a Nicolet
iS10 of Thermo Fisher Scientific in ATR (Attenuated Total
Reflection) mode. The studied materials were compacted in
KBr pellets. The KBr was purchased from Sigma-Aldrich and
dried just before the pellet preparation. About 2.5 mg of each
material was dispersed in 50 mg of dry KBr.

Pressure-composition isotherms (PCI)

Pressure-composition isotherms were performed in an
isorb-100 machine (Quantachrome). A sample of about 1 g of
as-milled Al.,,s/NaH/TiFs/C-nanotubes was transferred to
the machine without oxygen contact by means of a sample
holder with an isolation valve. Then, the sample was heated
at 150 °C under a dynamic vacuum for 12 h. This step was
fundamental and we classify it as the activation of the
sample. After this, the sample was cooled down and the
calibration for void volume with ultrahigh purity helium
was performed. Hydrogenation reactions were performed
by a progressive increase (steps) of the hydrogen pressure
from 0.1 to 100 bar. Dehydrogenation reactions were per-
formed by a progressive decrease (steps) of the hydrogen
pressure from 100 to 0.1 bar. The equilibrium conditions
directed the time employed at each step. The equilibrium
conditions were no-changes in the registered pressure su-
perior to 0.1 mbar during 250 s, or a maximum time of
240 min per step. The cycles were recorded at 100, 150, and
200 °C. The hydrogen used during experiments was of
chromatographic purity.

Temperature programmed desorption/sorption (TPD/TPS)

Temperature programmed dehydrogenation experiments
were carried out in a Sieverts type apparatus of own design
and construction [25]. Calibration and operation were per-
formed as detailed in ref. [25]. Samples were transferred to
the Sieverts-type reactor without oxygen contact by means
of a closing valve at the sample holder. Then, the sample
was heated at 150 °C under a dynamic vacuum for 12 h for
activation. The hydrogenation was performed at 60 bar
hydrogen pressure and at 100, 150, and 200 °C. The first step
was to fix the initial pressure in the apparatus (60 bar), then
the sample was heated at the test temperature with a
heating ramp of 5 °C/min. The total hydrogenation time
was 1 h, counted since the starting of the heating. Then,
the sample was cooled down. At room temperature, the
pressure was released. For dehydrogenation reactions, the
initial pressure was fixed at 1 bar. After that, the oven
temperature was raised from room temperature to 100, 150
and 200 °C with a heating rate of 5 °C/min. The total
dehydrogenation time was 1 h, counted since the starting
of temperature increase. After reactions, the system was
cooled down and then purged for remaining hydrogen. The
hydrogen used during experiments was of chromatographic

purity.
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Results

Visual inspection and characterization of the milling
procedure

The Graphical Abstract present pictures of the Al recycling
process, from the can to the obtaining of Al-powders. EDS (K
series) report of the composition of the Al-flakes is presented
in the last column of Table 1. EDS demonstrated that the
content of Si, Fe, Cu, and Mn are slightly above the specifica-
tions of a 6061 alloy, and that the Ti content is very high
respect specifications (Table 1). The Fe content indicates no
contamination from milling vial. Cr and Zn were not detected.

In a first approach of milling, every hour, the milling vial
was opened and we observed the relative amount of Al-flakes.
10 h was enough to mill all Al-flakes of about 0.25 cm?. Then,
the same procedure was performed for the Al.a,s/NaH/TiFs/C-
nanotubes mixture. Here, the depletion of all the Al-flakes was
reached in 15 h. The increase of the milling time was induced
by a reduction of the effectiveness of ball-milling, particularly
by the use of carbon particles that reduce the friction among
particles. The milling was repeated several times to confirm
the depletion of the Al-flakes. Then, the Al.,,s/NaH/TiF5/C-
nanotubes mixture was characterized by XRD and SEM (Fig. 1).
SEM image (Fig. 1a) demonstrated that the Al-flakes were
reduced to particles of between 5 and 50 pm of diameter. The
majority of particles are in the upper limit, i. e. 50 pm, which is
very near to a —325 mesh size. Bright spots in SEM image
(Fig. 1b) of the as-milled Al.,ns/NaH/TiF3/C-nanotubes corre-
spond to Al-rich zones. The same conclusion about the Al-rich

zones was obtained before in other studies [26]. In general, the
TiF3 is well dispersed. Thus, the milling time and conditions
are adequate to transform Al-flakes to Al-micro and nano-
particles.

Fig. 1c presents the Al-flakes, as-milled Al.ans, and Alcans/
NaH/TiFs/C-nanotubes mixture X-ray diffraction pattern. The
Al-flakes presented a marked preferential orientation due to
the process to produce the cans. The peak due to (220) plane
reflections is more intense than the expected (111) reflections.
The Al-flakes presented small peaks that coincide with car-
bon; this can be explained by the labeling (polymer and inks)
of the can. Ball-milling changes the Al stresses and micro-
strains; the peaks intensity of as-milled Al.,ns are the ex-
pected accordingly to crystallographic data (ICSD-43423). As-
milled Al.ans indicate a refinement of the crystal size as
compared with the original Al-flakes. The crystal size of as-
milled Al..ns was determined by Rietveld analysis as
49.5 + 0.4 nm. Meanwhile the crystal size of NaH and Al in the
as-milled  Al.une/NaH/TiFs/C-nanotubes  sample
18.2 + 2.1 nm and 76.1 + 3.8 nm, respectively. No indication of
the rest of the components of the 6061 Al-alloy was found. The
reduction of the effectiveness of the ball milling with the
incorporation of NaH was confirmed by visual inspection and
XRD results.

were

Hydrogenation and dehydrogenation reactions, PCI and
TPD/TPS curves

Fig. 2a presents the phase diagram of the Ti-catalyzed system
NaH + Al, NasAlHg and NaAlHg [27]. The pink lines and black
squares indicate the path and maximum pressure during PCI

(c)
as-milled Al_, /NaH/TiF /C-nanotubes
as-milled Al -
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Fig. 1 — SEM and XRD characterization of as-milled Al_,,,s and Al ,,,s/NaH/TiF5/C-nanotubes mixture. (a) SEM of as-milled
Al.,ns powder. (b) as-milled Al.,,s/NaH/TiF3/C-nanotubes mixture. (c) XRD of Al-flakes (Al.,ns nNot-milled), as-milled Al.,,s,

and as-milled Al.,,s/NaH/TiFs/C-nanotubes mixture.
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Fig. 2 — (a) Phase diagram of Ti-doped (Ti(OBu),) NaAlH,4, NazAlH¢ and NaH + Al [4,27,32]. (b) PCI curves of Al .ns/NaH/TiF3/C-

nanotubes mixture at different conditions of p and T.

experimentation, respectively. The dots and stars in Fig. 2a
indicates the conditions used for temperature programmed
desorption/sorption experiments. On the other hand, in our
recycled material, the maximum expected capacity of
hydrogen storage through the formation of NaAlH, is 3.99 wt%
considering the 87.5 wt% purity of Al.ns, 95 Wt% purity of
NaH, The 10% excess of Al..ns, the 5 wt% of TiF5 and the 1% of
C-nanotubes. Fig. 2b presents the PCI curves of the Al.,ns/NaH/
TiFs/C-nanotubes mixture. The results are consistent with the
expected hydrogen content and the phase diagram. At 100 °C
and 100 bar, the system is in the NaAlH, zone, the hydrogen
uptake is 3.7 wt%. Meanwhile, at 200 °C and 100 bar, the sys-
tem is in the Na3AlHg zone, the hydrogen uptake is 2.0 wt%.
Thus, hydrogenation would be more effective at 100 °C and
100 bar, not taking in account kinetic effects. However, at
100 °C dehydrogenation is not completed, the equilibrium
plateau of the NasAlHg/NaH + Al is not defined. The best
conditions for hydrogenation and dehydrogenation reactions
are defined by the PCI curve at 150 °C; the equilibrium plateaus
are well-defined and the reactions can be considered as
reversible. The PCI curves demonstrated that the material
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Fig. 3 — TPD and TPS curves at 60 bar and 1 bar,
respectively, and 100, 150 and 200 °C. (HH = hydrogenation
reaction, DH = dehydrogenation reaction).

produced by the recycling of Al from cans meet the expected
phase changes for a NaH + Al, Na;AlH¢ and NaAlHg system.

Fig. 3 presents the TPD and TPS curves at 60 bar and 1 bar
pressure, respectively, and 100, 150 and 200 °C temperature. It
would be mentioned that our Sieverts type machine used for
this experiments is limited to 60 bar hydrogen pressure as a
maximum. Under this condition, only the formation of
NazAlH¢ was expected. Normally the experiments of hydro-
genation of NaH/Al/additives mixtures are carried out at
pressures superior to 100 bar to form NaAlH, [28]. Even this
circumstance, the Al.,ns/NaH/TiF3/C-nanotubes mixture pre-
sents a reversible hydrogen storage of 1.6 wt%. at 200 °C. The
dehydrogenation at 150 and 100 °C is very limited at 1 bar
hydrogen pressure. At 150 °C, the equilibrium pressure is
about 1 bar (Fig. 2b). Some reports use very low pressures or
vacuum to induce dehydrogenation at considerable rates [29].
The need for using very low or vacuum pressures for complete
dehydrogenation is frequently considered as a drawback for
the use of NaAlH, as a hydrogen storage material. However,
the main objective of this work was the recycling of Al and its
use as a precursor of a hydrogen storage material, not entirely
the optimization of the material for kinetics. As mentioned in
the introductory section, other additives than TiF; are more
effective in accelerating the hydrogenation/dehydrogenation
reactions, but they are not always available. Thus, in further
research, a better catalyst can be used.

Characterization of the hydrogenated materials

Fig. 4a presents the SEM image of the hydrogenated material
at 150 °C and 100 bar. This image is representative of the hy-
drogenated materials. The other hydrogenated materials did
not show significant changes as compared with this image.
The first observation is that the hydrogenated materials pre-
sented a huge agglomeration as compared with the as-milled
materials. The agglomerate size is above 100 pm. This is
consistent with the sintering of materials after exposing to
high pressure and heating. Superficially, the particles have
protuberances that the as-milled materials did not present.
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Fig. 4 — Characterization of hydrided materials. (a) SEM image. (b) FT-IR spectra. (c) X-ray diffraction patterns.

The protuberances can be associated with nucleation and
grow sites of the hydrogenated compounds.

In the alanates, the common structures are the tetrahedral
[AlH,* and octahedral [AlHe] > units. The tetrahedral
[AlH,]* has four normal modes of vibration active in the
infrared [30]. Octahedral [AlHe]® units have two normal
modes of vibration infrared-active [30]. The infrared active
modes in [AlH,] ' ion for the NaAlH, are the asymmetric
stretching modes at 1680 cm ™' and the bending modes in the
region 680-900 cm ™ [31]. The infrared active modes in [AlHg]
are the stretching modes at 1440 and 1290 cm™' and the
bending modes in the region 690-930 cm~* [30,31]. Fig. 4b
presents the infrared spectra of the hydrogenated materials
under different conditions. The region of the bending modes
does not properly differentiate between the tetrahedral [AlH4]
and octahedral [AlHg] > units. The stretching modes are more
effective differentiating the tetrahedral [AlH,]” and octahedral
[AlHg] 3 units. Fig. 4b demonstrated that the hydrided prod-
ucts are a mixture of NaAlH, and NasAlHes. However, the
hydrided material at 100 bar and 200 °C presents a more
prominent peak of NazAlHs (Al-H stretching [AlH]3).
Meanwhile, the material hydrogenated at 100 bar and 100 °C
present the distinctive Al-H stretching peak of NaAlH, almost
of the same intensity of the Al-H stretching [AlHg] > peak. X-
ray diffraction patterns of the hydrogenated materials
confirm the findings of the FT-IR characterization. The
hydrided materials are a mixture of NasAlHg, NaAlH, and Al
(in excess). The material hydrided at 100 bar and 100 °C is
dominated by the presence of NaAlH, Meanwhile, the pres-
ence of NasAlHg is more evident in the material hydrided at
100 bar and 200 °C.

Discussion

Despite the apparent simplicity of the described process for
recycling Al, the mechanical milling of Al is not a simple
process. Normally Al has the tendency of sintering instead of
dispersing unless using proper milling conditions [18]. In this
work, the milling conditions, particularly the milling time can
be considered as not intensive. This is especially important if
an industrial application is intended. Furthermore, the ball-
milling process of all the precursors of NaAlH,, i.e. the
Al..ns/NaH/TiFs/C-nanotubes mixture can be performed in a
single step. This also could be of interest for a practical
application. All the elements present in the Al from cans, i.e.,
Mg, Si, Ti, Mn, Fe, Cu, had been used as catalyst in different
materials for hydrogen storage. The presence of all this im-
purities can be beneficial to produce NaAlH,. On the other
hand, the purity of materials, and the excess of Al reduced the
capacity of hydrogen storage. However, the stored hydrogen
of about 3.7 wt % is in the range of other reported materials
using high-purity precursors and high-pressure testing
[4,5,8,17,28]. An optimization of the additives and the hydro-
genation/dehydrogenation conditions is desirable for a prac-
tical application.

Although some of the hydrogenation/dehydrogenation
conditions were not optimized, the use of recycled aluminum
from beverage cans for producing a hydrogen storage material
is feasible. This can be an alternative to the purchasing of Al
whenever this is not possible or exploitation of a residue is
wanted. Three sustainable factors of production of NaAlH,
from recycled aluminum must be highlighted: i) The recycling


https://doi.org/10.1016/j.ijhydene.2019.06.033
https://doi.org/10.1016/j.ijhydene.2019.06.033

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 20183—20190

20189

of Al necessary involve a reduction of the energy needed for
the production of Al from mining. ii) The mechanical-milling
process described in the present work can be considered as
low-energy consumption due to the process does not involve
the melting of Al (high-temperature process). iii) The recycling
and the production of the mixture precursor of NaAlH, are
performed in a single step. Thus, the NaAlH, produced here
can be classified as sustainable in addition to contributing to
the use of hydrogen as combustible.

Conclusions

A procedure for recycling Al from soft beverage cans to obtain
NaAlH, as a hydrogen storage material was presented. The
procedure is simple and easily scalable to industrial applica-
tions. Hydrogenation/dehydrogenation experiments demon-
strated a reversible storage of 3.7 wt %. This value of hydrogen
storage is competitive with NaAlH, produced from high-purity
materials.
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