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Abstract: An effective combination of oxidation medium, ball milling parameters, and copper
additive disperstiy ensuring fast aluminum scrap reaction with high hydrogen yield, was suggested.
Different milling parameters (5, 10, and 15 mm steel balls; 1 and 2 h; unidirectional and bidirectional
rotation modes) were tested for Al-10 wt.% Cu (50-70 pm) composition. The samples milled with
5(2h) and 10 mm (1 and 2 h) balls contained undesirable intermetallic phases AlCu and CugAly,
while those activated with 15 mm balls (1 h) provided the second-finest powder and best preservation
of the original Cu and Al phases. Among the tested (at 60 °C) 2 M solutions NaCl, LiCl, KCI,
MgCl,, ZnCl,, BaCl,, CaCl,, NiCly, CoCly, FeCl,, and AlCl3, the first six appeared to be almost
useless (below 4% hydrogen yield), the following four provided better results, and the ultimate 91.5%
corresponded to AICl3. Samples with Cu dispersity of 50-100 nm, 1-19, 50-70, and 150-250 um, and
with no additive, were milled under the optimal parameters and tested in AlCl;. Their total yields
were similar (~90-94%), while reaction rates differed. The highest rate was obtained for the sample
modified with 50-70 pm powder.

Keywords: aluminum scrap; copper powders; composite materials; ball milling; phase transformations;
intermetallides; aqueous salt solutions; hydrogen generation

1. Introduction

Rising global challenges associated with CO, emissions, energy security, and sustain-
able development prompt scientific, political, and business communities to intensify their
efforts to elaborate transformation strategies in the energy sector [1,2]. Transition to net-zero
greenhouse gas emissions, circular economy, renewable energy sources, and effective heat
and power systems represents an acute modern problem [3—6]. Cleaner technologies for
transport and buildings have already become reality [7-9]. And yet, the major drawback of
renewable energy (wind, solar, wave, tidal) is its inconsistency. Therefore, in recent years,
a number of solutions for its accumulation and storage, as well as for the optimization,
control, and management of its consumption have appeared [6,10,11]. One of the promising
approach to solving energy accumulation, storage, and transition problems is implemen-
tation of hydrogen—sustainable and environmentally friendly fuel [12]. Currently, the
major starting materials for its production are hydrocarbons (undergoing steam reforming,
pyrolysis, or gasification); their promising alternatives include water (split by electrolysis)
and biomass (subject to fermentation) [13-16]. Electrical water splitting, largely relying on
electrocatalysts (heterointerface materials with a hierarchical morphology, carbon-based
amorphous transition metal complexes, etc.), is the perfect method for large-scale hydrogen
production [17,18].
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On the one hand, hydrogen represents almost perfect ‘fuel of the future’, which can be
utilized in fuel cells, gas turbines, or internal combustion engines. On the other hand, how-
ever, its use is associated with dangers arising from its low ignition energy, relatively high
flame velocity, wide flammability range, and rapid diffusion [19,20]. The most popular of
the existing hydrogen storage technologies are physical storage (compressed or liquid gas),
and chemical storage (gas bonded to metal hydrides). Their main drawbacks are associated
respectively with high pressures (up to 700-1000 bar), low temperatures (down to 20 K),
and low hydrogen densities, poor reversibility, slow kinetics, and high dehydrogenation
temperatures [21].

In order to avoid the mentioned obstacles, a required amount of hydrogen can be ob-
tained in situ from the oxidation of some metals (mainly, magnesium and aluminum) with
water or aqueous solution. Under normal conditions, aluminum (excepting nanoparticles)
cannot react with water due to the presence of a slowly hydrated protective oxide layer
on the metal’s surface [22]. For micron-sized Al powders and distilled water, the reaction
with hydrogen generation became observable at temperatures of 68-70 °C, but proceeded
slowly [23,24]. Therefore, to induce the reaction, a number of approaches to remove the
passive film have been suggested. One of such approaches constitutes in carrying out
the process at temperatures above 100 °C that ensures a considerable increase on water
diffusivity [25-34]. Another approach is to destroy the protective film by aluminum ball
milling with various additives. The other ball milling effects are significant reduction in
the aluminum particle sizes, and creation of crystal lattice imperfections, favoring pitting
corrosion. Metal can be ball milled as it is, or with hard and brittle additives, such as
salts (e.g., NaCl, KCl, NiCl,, CoCly) [35-39], oxides and hydroxides (Bi(OH)3;, AIOOH,
Al(OH)3, Al,O3, TiO,, Co30y4, CryO3, MoO3, Biy O3, CuO, CuyO) [40—-46]. An important
ball milling effect for Al modified with metals (e.g., Bi, Zn, In, Ni, Sn, Cu) is the formation
of ‘microgalvanic cells’” enhancing galvanic corrosion of less noble aluminum in conduc-
tive media [47-51]. The same activation mechanism was employed for the alloy samples
manufactured by aluminum melting with various metals (Fe, Sn, Cu, Bi, Sn, Li) [52-58].
Addition of Ga and Ga-based alloys (together with In, Sn, Mg, Zn, Cu) results in liquid
metal embrittlement of aluminum, which undergoes cracking along the grain boundaries
and readily interacts with water over its newly created surfaces [59-64]. And one more
of the widely used ways to aluminum activation is dissolution of its passive layer by
the transformation of aluminum oxides and hydroxides into highly soluble compounds.
Thus, the reaction between alkali solutions, NaOH or KOH, and aluminum lead to the
formation of aluminates, NaAl(OH), or Kal(OH), [65-69]. And hydrochloric acid as well
as metal chlorides supply Cl~ ions which interaction with the oxide film produces oxy-
and hydroxychlorides [70-74]. Utilization of waste aluminum is another modern matter of
interest, as aluminum foils, wires, dross, cans, machining products, construction parts, and
debris represent a cheaper starting material for hydrogen production [75-81].

In the present study, a method for the conversion of aluminum machining waste in
form of chips and shavings into hydrogen will be suggested. To study the effect of solution
composition on the reaction rate, 2 M aqueous solutions NaCl, LiCl, KCl, MgCl,, CaCl,,
ZnCl,, BaCl,, NiCl,, CoCly, FeCly, and AICl3 will be tested at a temperature of 60 °C (below
the temperature of 68 °C, when aluminum-water reaction becomes detectable). Pitting
corrosion of Al in the presence of C1~ ions is affected by the material composition, presence
and distribution of micro-defects (vacancies, voids, etc.) as well as macro-defects (inclusions,
second phase particles, their size and shape) [82]. From the commonly used metals, Cu, Sn,
Al, Ni, Fe, Zn, and Pb, corrosion potentials of Cu and Al measured in chloride solutions were
the highest and the lowest [83]. To enhance aluminum corrosion in chlorine solution, its
modification with Cu will be performed. In some studies, it was shown that under specific
conditions, ball milling of Al with Cu leads to the formation of intermetallic phases Al,Cu
(stable) and CugAly (metastable, removable by annealing) [84-89] and, in case of prolonged
ball milling, additional phases of solid solutions Cu(Al) or Al(Cu) [90-92]. According to
the data collected from the studies on Al-Cu ball milling, prolonged ball milling and high
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rotation speeds leads to the formation of the said intermetallic compounds. Their formation
can be beneficial for the improvement of Al-Cu alloys mechanical properties. However,
the corrosion potentials of the intermetallic phases fall between those for Al and Cu [93].
Although the new phase is ‘cathodic” with respect to Al, the difference between their
potentials is obviously smaller than that for Al and Cu. Also the formation of such phases
consumes some amount of Al, thus decreasing the theoretical hydrogen yield. Moreover,
ball milling duration and milling ball size exert big influence on the structure transformation
of aluminum particles. Thus, it was demonstrated that prolonged ball milling (over 4-7 h)
of aluminum powder leads to a decrease in its hydrogen generation performance, and
that a smaller number of big balls provide much better powder particle size reduction as
compared to a big number of small balls [44,94-96]. Therefore, another aim of the present
study is investigation of the effect of ball milling parameters (duration and milling balls’
sizes) on the phase composition of samples manufactured of 90 wt.% Al scrap and 10 wt.%
Cu powder. The effect of additive particle sizes on hydrogen production from hydroreactive
metals is not obvious as well. Thus, in study [97], for Mg-Ni composite it was assumed
that a larger cathode (Ni) surface area resulting from shorter ball milling time was one of
the key reasons for faster hydrogen production. In contrast, in study [98], Bi nanoparticles
were reported to demonstrate better results than micron-sized ones. Therefore, for the
selected solution and ball milling parameters, the influence of copper powder particle size
on the hydrogen evolution performance will be studied as well.

2. Materials and Methods

The base starting material for the manufacture of hydroreactive samples was scrap of
D16 grade aluminum alloy (National Standard GOST 4784-97) which elemental compo-
sition was generally similar to that of 2024 aluminum alloy [99,100]. Activator (10 wt.%)
was represented by copper powders with various particle sizes: 50-100 nm nanopow-
der (98%, Technical Specification No. 1791-003-36280340-2008, ‘MP-Line Group” Ltd.,
Moscow, Russia), 1-19 pum ultradisperse powder (99.999%, Technical Specification No.
1793-001-50316079-2004, “‘MetallEnergoHolding’, group of companies, Ltd., Irkutsk, Russia),
50-70 um PMS-1 grade powder (99.5%, National Standard GOST 4960-2009, ‘Rushim.Ru’
Ltd., Moscow, Russia), and 150-250 um PMS-N grade coarse powder (99.999%, National
Standard GOST 4960-2009, ‘Uralelektromed’ JSC, Verkhnyaya Pyshma, Russia). 2 M aque-
ous salt solutions were prepared of distilled water and the following reagents: chemically
pure NaCl (National Standard GOST 4233-77, ‘LabTech’ Ltd., Moscow, Russia), chemically
pure KCl (National Standard GOST 4234-77, ‘LabTech” Ltd., Moscow, Russia), pure an-
hydrous LiCl (Technical Specification No. 2-476-11, ‘Component-Reaktiv’ Ltd., Moscow,
Russia), pure anhydrous CaCl, (Technical Specification No. 2-239-10, ‘Component-Reaktiv’
Ltd., Moscow, Russia), chemically pure AlCl3-6H,O (Technical Specification No. 2-191-10,
‘Component-Reaktiv’ Ltd., Moscow, Russia), pure ZnCl, (Technical Specification No. 1-533-
12, ‘Component-Reaktiv’ Ltd., Moscow, Russia), analytical grade BaCl,-2H,O (National
Standard GOST 4108-72, ‘Reahim” Ltd., Moscow, Russia), MgCl,-6H,O (CAS 7791-18-6,
‘Rushim.Ru’ Ltd., Moscow, Russia), FeCly-4H,O (Technical Specification No. 6-02-609-
86, ‘Rushim.Ru’ Ltd., Moscow, Russia), CoCl,-6H,O (National Standard GOST 4525-77,
‘Rushim.Ru’ Ltd., Moscow, Russia), and pure NiCl,-6H,O (National Standard GOST 4038-
79, ‘Rushim.Ru’ Ltd., Moscow, Russia).

Ball milling was performed using a centrifugal ball mill (S 100; ‘Retsch” GmbH, Haan,
Germany) and 125 mL milling pot which was filled in a glove box (G-BOX-F-290; 'TFUMAT-
ECH’ Ltd., Novosibirsk, Russia) under pure argon (99.993%, National State Standard GOST
10157-79, ‘NII KM’ Ltd., Moscow, Russia). To assess the effect of milling ball size, sets of
stainless steel balls of 5, 10, and 15 mm in diameter were used. The ball to powder ratio
of 24:1 was the same for all experiments; the ball sets included 191 small (5 mm) balls, or
24 medium size (10 mm) balls, or 7 big (15 mm) balls. To evaluate the milling duration
influence, 1 and 2 h time intervals were tested. The rotation speed of 580 rpm was the
same for all experiments. Two rotation modes—bidirectional, with pauses (30 s cycles,
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1 s pauses), and more intensive unidirectional, without pauses—were tested in order to
establish their possible influence on the formation of the said intermetallic phases and
dispersity of the resulting composites.

The preparation for experiments on hydrogen evolution included pouring 1000 mL
of 2 M aqueous salt solution into a reactor (1000 mL, JSC ‘Lenz Laborglas’, Wertheim,
Germany) and heating it up to 60 °C with a heater (CC-308B; JSC ‘ONE Peter Huber
Kiltemaschinenbau’, Offenburg, Germany) under stirring (300 rpm) with a magnetic mixer
(C-MAG HS 7; JSC "IKA-Werke’, Staufen, Germany). Then a 0.5 g sample was loaded into
the reactor. Generated hydrogen passed through a Drexel flask into a glass vessel filled
with water. Water ejected by the gas dropped into a flask placed onto scales (ATL-8200d1-I;
‘Acculab Sartorius Group’, New York, NY, USA), which readings were transmitted to a
computer. The temperatures in the reactor and glass vessel were measured correspondingly
with an L-type thermocouple (TP.KhK(L)-K11; ‘Relsib” LLC, Novosibirsk, Russia) and a
Pt100-type resistance temperature detector (TS-1288 F/11; ‘Elemer” LLC, Podolsk, Russia)
connected to a multichannel thermometer (TM 5103; ‘Elemer” LLC, Podolsk, Russia).
The atmosphere pressure values were obtained using a barometer (BTKSN-18; Technical
Specification No. 1-099-20-85, “UTYOS’ JSC, Ulyanovsk, Russia). The collected data were
used for the calculation of hydrogen volume values at standard conditions (Standard DIN
1343: 101,325 Pa, 0 °C) in accordance with the ideal gas law. The effect of various solutions
was evaluated from single experiments. And for the selected solution, all Al-based samples
(with copper additives of different dispersity and without it) were tested for three times
(repeated experiments).

The original materials, ball milled samples, and solid reaction product were inves-
tigated via X-ray diffraction (XRD) analysis performed at a ‘Difraey 401" diffractometer
(“Scientific Instruments” JSC, Saint Petersburg, Russia) with Cr-K« radiation (0.22909 nm).
The XRD patterns were processed using a database (Powder Diffraction File™) from the
International Centre for Diffraction Data (ICDD). Microstructure of the samples was ana-
lyzed by scanning electron microscopy (SEM) method and included imaging in secondary
electron (SE) and backscattered electron (BSE) modes. And elemental composition of the
samples was evaluated by energy-dispersive X-ray spectroscopy (EDX) method. SEM-
EDX analysis was performed by scanning electron microscope TESCAN VEGAS3 (‘Oxford
Instruments’ PLC, Abingdon, United Kingdom). Visual investigation and particle size mea-
surements of the original materials and manufactured powder samples were performed
using a Bio 6 model optical microscope with a high-resolution camera (UCMOS 10000KPA;
‘Altami’ LLC, Saint Petersburg, Russia). Particle size measurements were carried out by
means of “Altami Studio” software (version 3.5, ‘Altami’ LLC, Saint Petersburg, Russia).
The image processing procedure included ‘capturing’ particles in the image by adjusting
rendering settings, their contouring, and further automatic calculation of the contour sizes
(maximum Feret diameters) using the calibration data.

3. Results and Discussion
3.1. Effect of Ball Milling Conditions on Phase Transformations and Dispersity of the
Resulting Composites
The general view photographs of the starting materials under magnification with the
corresponding particle size distributions (excepting scrap composed of large ~1-10 mm
pieces) are given In Figure Al (see Appendix A). As it can be seen, scrap shavings had
a plenty of mechanical damages on their surfaces and edges, and copper particles had
irregular shape and uneven surface. As to the actual sizes of the powders, the evaluated
results differed from those claimed by the manufacturers; that can be ascribed to relatively
small numbers of particles for averaging, deviations from the actual particle sizes caused by
image processing (especially for small particles), and high divergency in the particles’ sizes.
To evaluate the effect of balls’ size and milling duration on phase transformations and
particle size reduction of the resulting composites, eight samples of aluminum scrap and
10 wt.% copper powder PMS-1 (50-70 um) were manufactured. Two compositions were
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milled for 2 h with 5 mm balls in two different modes: continuous unidirectional rotation,
and bidirectional rotation. Another two samples were mechanically activated during 1 h
with 7 steel balls 15 mm in diameter, under the same two milling modes. And the last four
test materials were manufactured by milling for 1 and 2 h, under the same two milling
modes each, using 24 steel balls 10 mm in diameter. The images of the said samples under
magnification are represented in Figure A2 (see Appendix A). It was clearly established
that milling with the smallest balls resulted in the poorest particle size reduction (resulting
flakes could hardly be classified as powder). The dispersity of the sample activated with
the medium balls for 1 h was higher (it contained powder-like pieces and larger ones). The
finest powder was obtained for 2 h ball milling with the medium balls. And the second-
finest composite corresponded to 1 h activation with the largest balls. Implementation of a
unidireactional rotation mode increased the share of smaller particles as compared with
a less intensive bidirectional mode. However, in general, no significant difference in the
particle sizes for the samples obtained under the said two modes was observed.

The phase compositions of the resulting samples were studied via XRD analysis. Their
XRD patterns are represented in Figure 1. In accordance with the results, for both rotation
modes, Al-Cu composition ball milled for 2 h with 5 mm steel balls included the original
Al and Cu phases, Al,Cu and CugAly intermetallides, and Al,O3 compound apparently
formed by the partial Al oxidation with residual oxygen. Moreover, as it was mentioned,
those milling parameters provided the worst particle size reduction of the base scrap,
yielding large flakes. Milling for 2 h with 10 mm balls resulted in the best particle size
reduction, effective for obtaining powders. However, the sample ball milled with a pause
was composed of Al, CugAly, and Al,O3 phases, and the sample milled with no pause had
Al,Cu phase as well. For those samples Cu was not detected. Under both rotation modes,
the composites activated for 1 h using 10 mm balls contained Al, Cu, CugAly, and Al,Os.
For them particle size reduction appeared to be worse than that for 2 h milling with balls
of the same size, but better than that for 2 h activation with the smaller balls. And under
both rotation modes, the composites manufactured for 1 h with 15 mm balls contained the
original Al and Cu phases with some amount of Al,O3. So, for the latest two samples, no
intermetallic phases were detected, and particle size reduction was comparable with the
best result (2 h, medium size balls, no pauses). Thus, the process parameters including
activation with the big balls for 1 h and milling with no pauses provided the beneficial
combination of effective particle size reduction and ‘conservation’ of the original Al and Cu
phases (excepting Al,O3 formation apparently caused by insufficient purging with argon).

3.2. Effect of Solution Composition on Hydrogen Evolution

For all 2 M salt solutions, reaction was carried out at 60 °C. All chlorine solutions were
tested at least for 50 min to access the general dynamics of the reaction process. The tested
samples were composed of Al scrap activated with 10 wt.% of PMS-1 powder ball milled for
1 h with 15 mm steel balls in a unidirectional rotation mode with no pauses. The resulting
hydrogen yield kinetic curves are shown in Figure 2. The results demonstrated that under
the tested conditions (salt concentrations, temperature, and sample preparation method)
NaCl, KCl, LiCl, BaCl, ZnCl,, and MgCl, solutions appeared to be almost useless for
hydrogen generation, providing hydrogen yield below 4%. NiCl, and CaCl, demonstrated
first- and second-highest reaction rates at the beginning; FeCl, and CoCl, started their
reactions with the samples relatively fast. For CaCl, solution, the reaction decayed rather
soon after such a promising beginning. In cases of Ni, Fe, and Co chlorides, metal pieces
anchored to the magnetic stirring bar were observed, that indicated proceeding of another
parallel exchange reaction between Al and the salts of those metals. Such a reaction
promoted hydrogen release, but at the same time obviously consumed a considerable
amount of aluminum.
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Figure 1. XRD patterns of the samples with different ball milling parameters: (a) 2 h, 5 mm steel balls;
(b) 1 h, 10 mm steel balls; (c) 2 h, 10 mm steel balls; (d) 1 h, 15 mm steel balls.
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Figure 2. Hydrogen yield kinetic curves for different solution compositions.
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As to AlCI; solution, the corresponding kinetic curve had a clear S-shape, typical for
topochemical reactions, with the acceleration region in the beginning, section with the max-
imum reaction rate and deceleration, and termination part [101]. That solution provided
the highest hydrogen yield of 91.5%. The value fell below 100% due to a partial oxidation
of the scrap with residual oxygen during ball milling, which was proved by the XRD
results. The effect of AICl3 constituted in its transformation, by hydrolysis, into high solu-
ble complexes: Al(H,0)s>* (pH < 3.6), [AI(OH)(H,0)4]** and [Al(OH),(H20),]* (pH ~4),
[AI(OH)(H,0)4]** and [AI(OH)4]~ (5.2 < pH < 6.7), and [AI(OH)4]~ (pH > 7.0) [102,103].
The filtered reaction product did not contain any solids looking like boehmite or alu-
minum hydroxide. The apparent reason for that was the formation of soluble aluminum
compounds instead of poorly soluble dense layers of AIOOH or Al(OH)3. The pH value
of 2 M AICl; solution measured at 25 °C with a Multiparameter Transmitter M300 (JSC
‘Mettler Toledo’, Greifensee, Switzerland) was ~1.25. So, according to the above data, the
measured pH corresponds to Al(H,O)¢>* soluble compound. The resulting dehydrated
solid product from the interaction between Al and hydrolyzed AICIj solution represents
a hydroxychloride compound Al (OH)nCl3m—n (m > 1; 0 < n < 3m). The basicity of the
polyaluminum chloride is defined as n/3m, and the highest basicity of ~83% corresponds
to Al,(OH)5Cl1-2H,0. Lesukite (Al,(OH)5Cl-2H,0) is a useful material for water treatment
and for binding of antibacterial agents to cotton fabric [104-106]. As reported in [107],
under thermal treatment at 543 K, Al,(OH)5Cl transforms into AI(OH),Cl, AIOOH, and
HyO (and at 723 K, AI(OH),Cl decomposes into Al,O3, HCl, and H,O). So, in theory,
aluminum oxidized with AICl3 solution can be recovered by AIOOH dehydration and
electrolysis of Al,Os.

3.3. Effect of Copper Powder Particle Size

To investigate the effects of copper particle size as well as its substantive presence, four
samples containing 10 wt.% additive of 50-100 nm, 1-19 pm, 50-70 pm, and 150-250 pm
powders, and a sample ball milled with no additive, were manufactured. The activation
process parameters were 1 h, unidirectional ball milling (no pauses), 15 mm steel balls. Due
to the detection of aluminum oxide in the previously described samples, more intensive
argon purging of the glove box was executed. The composites” photographs under magnifi-
cation are given in Figure A2 (see Appendix A). No any visible differences between the
samples were detected. Also the five samples were investigated by SEM and EDX methods,
and the respective visual data are represented in Figure 3.

In the SEM images (BSE mode) of the samples modified with copper powders, the
basic aluminum was shown in dark-grey, and copper were illustrated by white and light-
grey dots and spots with sharp or blurry contours. The mentioned copper-rich regions did
not have any drastic differences in sizes, excepting those for the sample with 150-250 pm
powder were somewhat larger, and those for 50-100 nm were generally smaller. The SEM
image of the sample without copper powder (BSE mode) did not show any considerable
contrast areas. And its microstructure, captured under SE mode, was similar to the mi-
crostructure of all four other samples milled with powders. As it can be seen, the particles
represented solid shape structures formed by agglomerated smaller metal pieces. As it can
be expected, 1 h ball milling with 15 mm balls (with no pauses) resulted in shear tearing
as well as deformation embrittlement and fracturing of the original chips and shavings
(several mm in size) into small pieces which agglomerated by cold welding. Large copper
particles likely reduced their sizes, while small ones, in contrast, agglomerated. Then they
were cold welded to aluminum particles, and some of them got smeared over the surface.
Presumably, some of the copper particles got embedded beneath the surface because of the
said ‘disintegration and integration” processes of the scrap particles structural evolution.
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Figure 3. SEM images and the corresponding EDX element distribution maps for different ball milled
samples: (a) 50-100 nm copper powder; (b) 1-19 um copper powder; (c) 50-70 um copper powder;
(d) 150-250 um copper powder; (e) without copper powder.
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The EDX analyses for the samples mechanically activated with copper powders evi-
denced the presence of Al (basic phase), Cu, Mg, and Mn—alloying elements; some amount
of Fe likely represented one more of the alloying elements, while the rest, together with C,
could be contamination from steel balls. The element distribution maps illustrate the most
important components of the composite samples. Unfortunately, despite more intensive
purging with Ar, for all samples O, apparently resulting from the aluminum interaction
with residual oxygen under high energy milling, was detected. That could point to the
imperfection of the used procedure for filling the milling pot with the original samples
and balls in the glove box. Probably, to prevent the undesired oxidation, a special lid
modification (with intake and exhaust nozzles for direct purging with protective gas), or
wet milling in a protective liquid, should be used. From the comparison between the
images for Cu and O distributions, it can be established that for the visible surface of the
particle with 50-100 nm Cu powder, O distribution was generally more uniform, while
Cu-rich regions were less dense, as compared to the other composites.

The XRD patterns of the original materials, ball milled samples, and filtered solid
product (from the reaction of scrap modified with 50-70 pm copper powder with 2 M AICl;3
solution), are given in Figure 4. The results proved that in addition to the basic Cu phase,
Cu nanopowder initially contained Cu,O and CuO phases as well. Apparently, intensive
oxidation by air is a common case for Cu nanopowders. Another small sized powder
(1-19 um), besides Cu, also contained Cu,O phase. For both larger powders (50-70 and
150-250 pm), single Cu phase was detected.

For the original scrap, only Al phase was identified by XRD analysis. In more detail,
its composition was evaluated by EDX measurements of its sample, ball milled for 1 h
without copper powder. According to the elemental composition assessment, the scrap,
milled as it was, contained (92.51 £ 0.49) wt.% Al, (1.69 £ 0.52) wt.% Mg, (0.71 £ 0.10)
wt.% Mn, (4.74 + 0.63) wt.% Cu, and (0.44 + 0.14) wt.% Fe. The obtained values match the
corresponding elemental contents of D16 grade alloy. The possible reason of the alloying
elements ‘invisibility” for XRD analysis was the potential presence of intermetallic phases
Al,CuMg, Al,Cu, and existing of Guinier—Preston zones (enriched with copper) typical for
aged dural alloys. So, the main alloying element (Cu) could be distributed among different
phases, and each of those phases could present in a negligible amount.

The solid residuals, remaining after the reaction, were examined with the optical
microscope in a dark field mode. The respective images (and particle size distributions) are
shown in Figure A3 (see Appendix A). The residuals majorly represented fine copper pieces
with some amount of larger ones. The solids remaining from the sample of 100% scrap,
apparently, represented copper (or enriched with copper) component of the D16 aluminum
alloy; as compared to the composite samples, its amount was insignificant. Aside from
the obvious size difference between the largest copper fractions, no explicit variance in the
sizes of the most abundant fine fractions was detected.

The sample of the scrap ball milled without copper additive contained Al and Al,O3
phases. And for all composites with different copper powders, Al, Cu, and Al,O3 were
identified. A closer visual examination of the Al,O3 peaks revealed that majorly those
for the sample with nanopowder and without additive were the largest and smallest,
respectively, while for the rest of the composites they had similar sizes. The filtered solid
reaction product contained Cu, Cu,O, and Al,O3 phases, with the latest two apparently
resulting from the reaction and ball milling respectively. As it was assumed earlier, none of
Al, AI(OH)3, or AIOOH were ‘found’ in the product. Thus, Al reacted with AICl3 solution
with the formation of water-soluble compounds.
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Figure 4. XRD patterns of the original materials, ball milled samples modified with different copper
powders, sample ball milled as it was, and filtered solid reaction product: (a) 50-100 nm copper
powder; (b) 1-19 um copper powder; (c) 50-70 um copper powder; (d) 150-250 pm copper powder;
(e) without copper powder; (f) reaction product (from scrap and 50-70 um copper powder composite).
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Figure 5 illustrates the effect of scrap modification with copper powders with various
particle sizes. As it can be seen, the kinetic curves for the samples ball milled with different
powders and without additive had their error bars overlapping at the beginning and
termination stages of the reaction. However, in the interval from nearly 40 to 60 min, the
curves clearly deviated from each other. There were several time intervals containing gaps
between the error bars of different hydrogen yield kinetic curves. The existence of the said
gaps proved that the reaction kinetics was affected by the presence of copper powders and
their dispersity.

100
90
80
O\o 4
g 0]
2 60
c ]
O 50-
9 4
S 40
T 0] —— Cu additive, 50-100 nm
: —— Cu additive, 1-19 um
207 Cu additive, 50-70 pum
10 Cu additive, 150-250 um
oL/ Y Al scrap 100%
T T T T T I i I i I i I
0 20 40 60 80 100 120

Time, min.

Figure 5. Hydrogen yield kinetic curves for the samples with different copper powder sizes and one
ball milled without copper.

The resulting hydrogen yields and maximum hydrogen evolution rates are listed in
Table 1. For all samples, their total hydrogen yields achieved close values falling within
the range ~90-94%. The missing hydrogen was attributed to the abovementioned partial
oxidation of Al during ball milling.

Table 1. Hydrogen production yields and rates for different samples.

Maximum H, Evolution

Sample Rate, mL/min/g H, Yield,%

Scrap and Cu additive (50-100 nm) 264 +34 92.18 £1.33
Scrap and Cu additive (1-19 pum) 33.7+12.3 89.68 + 3.87
Scrap and Cu additive (5070 pm) 39.8+7.0 90.90 + 1.02
Scrap and Cu additive (150-250 pm) 353 +39 91.71 £1.71
Scrap without copper powder 275+ 14 93.73 £+ 1.06

The effect of modification with copper additive revealed itself in the accelerated reac-
tion between Al and AICl; solution, as compared to the unmodified sample. For the samples
with additives, the reaction almost terminated after approximately 70-80 min, while for
the sample of scrap only it took nearly 110 min. The maximum reaction rates for the
sample with nanopowder and without additive were close to each other: (27.5 & 1.4) and
(26.4 £ 3.4) mL/min/g, respectively. The corresponding values for 50-70 and 150-250 um
modifiers definitely were larger—(39.8 = 7.0) and (35.3 & 3.9) mL/min/g. And that for the
sample with 1-19 um powder had a large uncertainty: (33.7 & 12.3) mL/min/g.



Metals 2023, 13, 185

12 of 21

The results demonstrated that under the tested experimental conditions (original
materials, sample compositions, ball milling parameters, selected salt solution and temper-
ature), the fastest scrap utilization with hydrogen evolution was provided via the sample
modified with 50-70 um powder. The second- and third-highest rates corresponded re-
spectively to 150-250 and 1-19 um copper additives. And the first- and second-lowest
results were obtained correspondingly for 50-100 nm modifier and scrap with no additive.
The slowest process for the sample without additive apparently was caused by the lack
of ‘microgalvanic cells” between Cu and Al phases promoting galvanic corrosion with
hydrogen evolution. And the lowest activation result for nanopowder can be ascribed to
the presence of copper oxides in it, more uniform distribution of O over the surface and
slightly higher content of Al,O3, and lower density of Cu distributed over the surface,
which could delay the reaction process at the beginning. As to the other three samples, the
highest performance for the 50-70 um powder possibly could be associated with the most
profitable Cu distribution in the sample during ball milling, as compared with the finer
and coarser powders.

4. Conclusions

In the present study, complex effects of oxidation medium, ball milling parameters,
and copper powder dispersity on the oxidation of aluminum scrap with hydrogen evolution
were studied. The key findings of the study were the following ones:

—  variations in ball milling parameters resulted in different phase compositions and
particle sizes of the composite samples—after 2 h of activation, the smallest milling
balls provided the worst particle size reduction and formation of as much as three new
phases, Al,Cu, CugAly, and Al,O3, besides the original Al and Cu. After 2 h milling
with medium-sized balls, Cu disappeared, detected phases were Al,Cu, CugAly, Al,
and Al O3, and the finest powder was obtained. Activation for 1 h with medium-sized
balls added CugAly, and Al,O3 compounds to the original Al and Cu, and reduced
particle sizes to the values falling between the mentioned two. And activation with the
largest balls for 1 h provided the best ‘conservation” of the original phase composition
(Al, Cu, and some Al;O3) and the second-smallest particle sizes;

— among the tested chlorine solutions, the least impressive results were obtained for
NaCl, KCJ, LiCl], BaCl,, ZnCl,, and MgCl, solutions. Somewhat better performance
corresponded to CaCl,, NiCl,, CoCl,, and FeCl, apparently interacting with Al via an
exchange reaction, thus consuming some of its amount while promoting its intended
reaction with hydrogen production. The highest result of 91.5% hydrogen yield was
obtained for AlClj solution. Neither Al, nor any Al-based compounds (excepting ini-
tially presenting Al,O3) were detected in the filtered solid reaction products, because
Al reaction with AICl; led to the formation of water soluble compounds;

—  after 2 h of experiment, all samples eventually yielded almost the same amounts of
hydrogen (~90-94%), but their reaction rates differed. The lowest rates corresponded
to the samples of 100% scrap and with 50-100 nm copper powder. In the first case,
the reason was the lack of Cu-Al couples promoting galvanic corrosion in conductive
media (AICI; solution). In the second case, reaction delaying at the beginning was
presumably caused by the presence of copper oxides, more uniform distribution of O
over the particles’ surface, slightly higher content of Al;O3, and lower Cu distribution
density. The highest rate for the sample with 50-70 pm Cu powder was presumably
ascribed to the fact that the Cu distribution density and sizes of copper-enriched
sites appeared to be optimal (as compared with coarser and finer additives), with its
‘cathodic’ structure effectively promoting Al corrosion with hydrogen generation.
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Appendix A

The images and particle size distributions (histograms and cumulative curves) for the
original materials, composite samples and solid reaction product residuals are represented
in Figures A1-A3.
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Figure A1. Optical microscope images and particle size distributions for original materials: (a) 50-100 nm
copper powder; (b) 1-19 um copper powder; (c¢) 50-70 um copper powder; (d) 150-250 pm copper
powder; (e) original aluminum-based scrap.

Figure A2. Cont.
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Figure A2. Optical microscope images of scrap and copper composites ball milled at different
conditions: (a) 50-70 um copper powder, 2 h, 5 mm steel balls; (b) 50-70 um copper powder, 2 h,
10 mm steel balls; (c) 50-70 um copper powder, 1 h, 10 mm steel balls; (d) 50-70 um copper powder,
1h, 15 mm steel balls; (e) 50-100 nm copper powder, 1 h, 15 mm steel balls; (f) 1-19 pm copper
powder, 1 h, 15 mm steel balls; (g) 150-250 um copper powder, 1 h, 15 mm steel balls; (h) no copper
powder, 1 h, 15 mm steel balls.
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Figure A3. Optical microscope images and particle size distributions for solid residuals remaining
after reaction of different composite samples: (a) scrap and 50-100 nm copper powder; (b) scrap and
1-19 um copper powder; (c) scrap and 50-70 um copper powder; (d) scrap and 150-250 um copper
powder; (e) scrap ball milled without additives (copper contained in D16 aluminum alloy).
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