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g r a p h i c a l a b s t r a c t
� Industrial Al waste utilized for H2

generation and by-product

production.

� Testing impact - NaOH amount,

solution and Al amount, tempera-

ture on H2 yield.

� Thermal insulation improved Al-

water reaction kinetics in the

reactor.

� Simultaneous pH, hydrogen yield,

and temperature measurements

were conducted.

� A comparison was made between

the measured and forecasted pH

values by models.
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a b s t r a c t

The study explores the feasibility of utilizing aluminium scrap waste from the construction

industry for hydrogen production via hydrolysis. Specifically, the study involves a primary

analysis of aluminium scrap waste and the impact of various reaction parameters, such as

NaOH molarity, reaction temperature, amount of Al scrap, solvent quantity, and the re-

action vessel insulation, and their effects on the reaction rate, H2 yield, and by-product
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formation. The pH of the reaction solution was continuously monitored to determine the

reaction mechanism, while the structure of the by-product was analysed at two stages:

after removal and drying, and after removal and washing. Our findings indicate that

increasing the reaction temperature has the most significant influence on the reaction

kinetics. Insulating the reaction vessel ensured self-promoted hydrogen production due to

the heat generated from the exothermic reaction inside the vessel, resulting in an

approximate temperature increase of 5 �C for all tested reaction solution molarities

compared to non-insulated conditions. The pH measurements were conducted in two

different ways. The first one involved immersing a pH probe directly into an open reaction

container. The second approach utilized a closed reaction container under isothermal

conditions, where both the pH and H2 yield were measured simultaneously. In addition,

the obtained data was compared between the measured pH values and the predictions

generated by models utilizing the measured H2 evolution in order to forecast the pH

behaviour. The modelling results recognize and suggest the existence of separate reaction

phases or zones, each characterized by distinct influences on the pH level.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The last decade, and especially the current time is an

outstanding period as we are facing various issues in terms of

climate change, global warming, energy crisis and so on.

Among others, waste generation and sustainable manage-

ment are recognized as a growing challenges for thewelfare of

our planet and mankind [1,2]. According to previous articles,

the generation of globalmunicipal solidwaste reached several

billionmetric tonnes during the last years and it is foreseen to

rise to about 3.4 billion by 2050 [3e6]. Proper waste manage-

ment must be ensured in order to avoid environmental

pollution and public health hazards, which could be caused by

open dumping, landfilling, disposal into water or other un-

sustainable waste disposal activities. Therefore, the imple-

mentation of a true circular economy with various other

alternatives for cleaner waste management is encouraged

including reuse, recycle, repurpose, energy recovery, etc. [7,8].

Meanwhile, increasing aluminium (Al) demand as a stra-

tegic material in Europe (estimated 40% increase in demand by

2050) suggests increased aluminium waste generation. Conse-

quently the recycling of Al is considered to be a key to sus-

tainable circular economic development [9,10]. Although

Europe is one of theworld leaders in Al recycling industry, huge

amounts of Al currently is still landfilled or wasted. Therefore,

innovative improvements that increase sustainable waste

management of Al waste is highly desirable. New ways to uti-

lize or recycle Al waste have to be developed in order to reduce

landfilled or unused Al waste, which pollutes ground, rivers,

and streets aswell as poses a danger of combustion via reaction

with water and hydrogen production. But the posed danger can

be turned into a feature not a bug, as a low-value waste Al can

be utilized for energy generation on-demand. The concept of

waste-to-hydrogen is recognized as an attractive solution for

generating a zero-carbon fuel from waste material [11e13].
et al., Hydrogen from ind
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Specifically, waste aluminium can be used during the hy-

drolysis process, where aluminium particles react with water

to produce zero-carbon hydrogen. The hydrolysis of

aluminium is known as an efficient, inexpensive and envi-

ronmentally friendly way to produce hydrogen [14,15]. Such

produced hydrogen is highly pure and therefore can be

applied directly for production of electricity via fuel cells or

decarbonization of combustion fuels such as use in an inter-

nal combustion engine or gas turbines [16e18]. In comparison

to catalyst enhanced hydrogen production (for example

methane steam reforming) which require ample amounts of

energy, time and resources [19] or suggested storage in hy-

dride forms [20] the Al water reaction provides a cost effective

solution for sustainable hydrogen supply and storage.

During this reaction up to 11% of hydrogenmass compared

to the weight of aluminium can be generated, which, in most

cases, is higher than the commonly used storage methods of

hydrogen. Under ambient conditions, theoretically, the reac-

tion of 1 g of aluminium with water can yield 1.36 L of

hydrogen gas [21]. Therefore this reaction is an important way

to initiate H2 generation on-demand [22]. Additionally, due to

the exothermic origin of the reaction, 4.3 kWh of heat per kg

aluminium is co-produced with the hydrogen. The solid by-

product of the process is mainly Al(OH)3; there are potential

application for this side-product aluminium hydroxide which

could make this option for scrap aluminium recycling or en-

ergy recovery even more sustainable and economical [23].

Considering that the aluminium itself is the most abundant

metal in the earth's crust, which has a very high energy den-

sity. It is an environmentally safe and relatively cheap metal

with an oxidation state of þ3, contributing to better hydrogen

production as compared to other active metals [24,25]. On the

other hand, the increasing demand for the utilization of clean

energy sources leads towards to the pursuit of innovative

technologies. In this case, hydrogen is considered as a “hot

topic” in the modern energy world. It is recognized as an ideal
ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/
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Fig. 1 e Hydrogen production reaction scheme.
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future (and in some cases today's) energy source due to the

high energy content (approximately thrice of the gasoline)

which does not generate any harmful pollutants during the

process of energy generation [12,26,27]. Because of these, and

other characteristics, hydrogen is presented as one of the best

alternatives to tackle the climate change and energy crisis.

There are various articles which look at waste aluminium

utilization for hydrogen production using different modifica-

tions of hydrolysis reaction. For instance, S. P. Tekade et al.

used waste aluminium metal wire to generate hydrogen from

human urine in the presence of liquid metal gallium (Ga) and

sodium hydroxide (NaOH) [12]. Other scientists examined

waste aluminium cans in low alkaline aqueous solution,

where Al cans were pre-treated using various ball milling

combinations as well as hand grind. Before the ball milling,

the paint was removed in concentrated sulfuric acid. More-

over, during the hydrogen generation, Ni or Ni/Bi additives

were used for better H2 yield [28]. S. T. Lim et al. used waste

aluminium cans in powdered form together with other

metallic powdered additives, such as Sn, Zn or Mg. They

showed that binary composite (powdered Al cans with 3% Sn)

has the highest H2 yield [29]. Other authors present their re-

sults where waste Al of soda rings was used with a solution of

sodiumhydroxide from 1M to 10 M [30]. In all aforementioned

cases, some technical and fundamental questions still need to

be answered, such as reactionmechanism is not clear; at large

concentrations, the hydroxide poses a hazard, and the

makeup is unclear; pre-treatment or additives introduce

complexity into the system.

The increment of the amount of sodium hydroxide in the

aluminium water reaction is a simple and effective way to

increase H2 yield. Still, as it can be seen from the other authors

work, the majority of them use additives or other pre-

treatment methods in order to successfully employ waste

aluminium for H2 production [31e37]. These strategies are

appropriate for scientific experiments, but talking about the

industry, any additional steps, such as ball milling, introduc-

tion of Ga, etc. consume time, materials, and other resources.

Therefore, the commercial application of aluminium reaction

with water for hydrogen production is very limited in the in-

dustry sector. It appears that the cost of thesemechanical and

chemical pre-treatments may mean that economically viable

hydrogen production from aluminium scrap might, at least

currently, only be possible with relatively pure aluminium

waste with micron-level or even smaller particle dimension.

In addition, it is not clear how initial parameters influence the

by-product, as recycling/reusing Al(OH)3 is crucial step for true

circular economy and green hydrogen.

In the present work, we examine the possibility of using

aluminium scrap from the construction industry for hydrogen

production by hydrolysis. Specifically, aluminium scraps were

received directly from the drilling process of aluminium pro-

files, which in this case are used to fabricate insulating glass

windows frames, doors, etc. To our knowledge this is the first

analysis of the suitability and performance of this very widely

encountered type of construction sector Al waste for the hy-

drolysis process. The analysis of such waste Al is reasonable

because even a small aluminium construction company can

produce tens of kilograms of such waste per day. A series of

experiments were performed including different NaOH
Please cite this article as: Urbonavicius M et al., Hydrogen from ind
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molarity, reaction temperature, amount of Al scrap, insulation

or non-insulation of the reaction vessel, etc. Also, the results

include the calculation of the Arrhenius equation constant.

Moreover, the analysis and modelling of the reaction mecha-

nism (basically pH behaviour during the Al-water reaction)

and reagent structure were performed as well to better un-

derstand the formation process of the reaction by-product.
2. Materials and methods

2.1. Materials

Waste aluminium scraps were received from company “Sti-

klita, JSC”. Stiklita produces aluminium frames for insulating

glass units and other household application. As-received

aluminium scrap was used during all the hydrolysis reaction

without any additional pre-treatment. NaOH (>99% purity)

pellets were used for the preparation of an alkali solution.

Distilled water was used as a base for the alkali solution. After

the hydrolysis reaction, the solution, which consists of alkali

and reactedwaste Almaterial, was poured out into a Petri dish

and left in an ambient atmosphere at room temperature until

the water evaporated. The obtained sediments were extracted

from the Petri dish and designated as the solid reaction by-

product. Another batch of by-product was washed after

pouring out into a Petri dish.

2.2. Hydrolysis reaction

A custom-made laboratory stand was used for hydrogen

generation by reacting waste Al scrap with the alkali solution

(0.24, 0.5 and 1 M). Fig. 1 is a schematic of the reactor system.

The main components were: i) Reaction flask. For measuring of

reaction temperature, some experiments were performed

with an in-flask thermocouple with the reaction flask fully

wrapped with thermal-insulation material made from poly-

styrene; ii) A water bath for temperature control, used to control
ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/

https://doi.org/10.1016/j.ijhydene.2023.09.065


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x4
or limit the reaction flask temperature in the range of

20e70 �C; iii) Interim flask with cold water. This flaskwas used as

condensing vessel to remove water moisture from the H2

product stream prior to H2 measurement, especially needed

when the reaction temperature was allowed to rise to above

40 �C; iv) Inverted burette, which was used for quantifying

hydrogen production yield. The inverted burette has a grad-

uated scale in steps of 1 mL and filled up with water. The

amount of H2 produced was evaluated by the decrease of

water level in the burette. The H2 generation reaction rate was

measured by integrating the H2 flow with time. The initial

conditions were at 20 �C (293.15 K) and 1 atm (101.325 kPa) and

experimentally controlled temperature in the range of

20e70 �C.
Various parameters have been analysed in order to eval-

uate their influence on H2 production yield via waste Al re-

action with alkali solution: the amount of alkali solution,

molarity, primary reaction temperature at different molarity,

insulation of reaction flask and its influence on reaction

temperature.

2.3. Characterization of aluminium scrap

The surface morphology of initial waste Al materials was

investigated by scanning electron microscope (SEM, Hitachi

S3400 N). The bulk elemental composition and elemental

mapping were analysed by energy dispersive X-ray spectros-

copy (EDS, Bruker Quad 5040). The initial waste Al was iden-

tified by X-ray diffractometer (XRD, Brucker D8) using a Cu Ka

radiation and Lynx Eye linear position sensitive detector at 2

theta angles in the range 20e70�. The TOPAS software was

used for crystallite size calculation.

2.4. pH and molarity measurements of the alkaline
solution

The pH measurements were conducted using the pH/mV

meter Metria M21. The pH meter was recalibrated after each

measurement using 3-point calibration (pH 4, 7, and 10

buffers). The electrolyte solutionwithmolar concentrations of

0.24, 0.5, and 1 was used to initiate the Al-water reaction.

Before the reaction, the pH sensor was immersed in the

alkaline solution until it reached pH equilibrium. Two sets of

experiments were conducted: one involved measuring pH in

an open reaction vessel without considering the temperature

impact, while the other involved measuring pH in a closed

reaction vessel tomaintain isothermal conditions and prevent

the solution from coming into contact with air. The sensor

was continuously present throughout the entire reaction, and

pH readings were recorded at regular intervals throughout the

reaction. The pH values were converted to molarity using

standard calculations to determine the changes in molarity

during the reaction.

2.5. Activation energy

Activation energy is used to assess the energy required for a

chemical reaction. Depending on the temperature, the frac-

tion of molecules with energy equal to, or greater than, the

activation energy Ea is given by the Arrhenius equation:
Please cite this article as: Urbonavicius M et al., Hydrogen from ind
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K¼Ae�
Ea
RT (1)

where K is the reaction rate constant, A e is the frequency

factor constant, R e is the universal gas constant, and T e is

the absolute temperature. Usually, Ea is derived by performing

experiments to determine the reaction rate constant at

different temperatures. Taking the natural log of Eq. (1) yields

the following:

lnK¼ lnA� Ea

RT
(2)

Graphing ln K vs. 1/T gives a straight line, known as

Arrhenius approximation. In this approximation the slope

equals -Ea/R, and the y-intercept equals ln A.

The activation energy is moderately dependent on particle

size and weakly dependent on the alkaline concentration. It is

challenging to perform the size separation of Al scrap particles

(Fig. 2b). This prevents a simple measurement of the param-

eters of the particle size distribution, whether Gaussian or

otherwise. We therefore defer developing a quantitative

model of the kinetics as a function of particle size to future

work.

2.6. Characterization of by-products

The BET-specific surface area of the calcined samples was

measuredwith TriStar 3000 surface area and porosity analyser

from Micromeritics. The crystal structures of the by-product

were analysed using X-ray diffractometer (XRD, Brucker D8)

using a Cu Ka radiation and Lynx Eye linear position sensitive

detector at 2 theta angles in the range 20e70�.
3. Results and discussion

The comprehensive surface morphology, structure and

elemental analysis for waste Al scraps were done by SEM, EDS

and XRD techniques. The obtained results are presented in

Fig. 2. First of all, it should be mentioned that the waste Al

scraps were in dimensions between hundreds of microns to

several centimetres, with wide variety of shapes (Fig. 2a and

b). Also, the surface morphology measurements revealed that

every scrap has two-types of surfaces: one side with straight

lines (Fig. 2c), while the other one has waived lines (Fig. 2d).

The difference between those surfaces is aimed by drilling

process of aluminium profiles. Structural analysis revealed

intense aluminium peaks with cubic crystallographic orien-

tation of (111), (200) and (220) at 2Q ¼ 38.2�, 44.5� and 64.9�,
respectively (Fig. 2e). Elemental composition showed that

waste Al consisted of 94.3 at. % of aluminium, 0.6 at. % of

magnesium, 5.0% of carbon and 0.1 at. % of oxygen (inserted

table in Fig. 2e). The origin of the surface carbon can be

attributed to the metalworking process during the production

of aluminium profiles. Meanwhile, magnesium is commonly

used material to increase strength, improve corrosion resis-

tance and provide good wettability characteristics to the

industrially used aluminium. However, the amount of mag-

nesium is too small to be seen in crystalline form by XRD.

The reactions between the scrap Al and water at different

temperatures (20 �C, 30 �C, 40 �C, 50 �C, 60 �C and 70 �C) were
ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/
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Fig. 2 e (a) Real-image, (bed) SEM views at different magnitude and (e) XRD graph with inserted EDS elemental composition

of initial waste Al scraps.
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carried out using different alkali concentrations (0.24 M, 0.5 M

and 1 M). Each time, the reaction was carried out using 0.2 g Al

scrap and 50 mL alkali solution, and the reaction results are

shown in Fig. 3. As the temperature of the 0.24 M alkali solu-

tion increased (Fig. 3a), the kinetics of hydrogen generation

could be significantly enhanced, while the cumulative change

in hydrogen yield was negligible (250 mL of H2 at 20 �C and

260e270 mL of H2 at 30e70 �C). The reaction was completed in

approximately 140 min at 20 �C, and only in about 30 min at

60 �C and 70 �C.
Similar correlations were observed by increasing the alkali

solution to 0.5 M and 1 M, where the hydrogen yield reached
Fig. 3 e Hydrogen production after the reaction between 0.2 g o

temperatures and concentrations: (a) e 0.24 M, (b) e 0.5 M and

approximation with 0.24 M NaOH solution.

Please cite this article as: Urbonavicius M et al., Hydrogen from ind
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about 260 mL (Fig. 3b and c, respectively). In the presence of

0.5 M alkaline solution, the reaction reached completion at

260mL of H2 in 173min (250mL in 100min) at 20 �C, and in 70,

24, 18, 9, and 7min at 30, 40, 50, 60, and 70 �C, respectively. The
reaction rate was increased again by increasing the alkali

concentration further to 1 M (260 mL of H2 in 79 min at 20 �C).
In this work we focus onmeasuring and fitting the reaction

rate constant as a function of temperature. We use a well-

known chemical reaction model for thin plates [38]. This

model distinguishes two reaction regimes: Firstly, conditions

where the chemical reaction is the controlling step, secondly,

conditions where mass transfer is controlling. In our findings,
f Al scraps and 50 mL of alkali solution at different

(c) e 1 M. (d) Arrhenius regression plot and its linear

ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/

https://doi.org/10.1016/j.ijhydene.2023.09.065


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
under reported conditions, Al hydrolysis is primarily

controlled by chemical reactions. The measured reaction rate

fits well across the entire reaction pathway under this

assumption (from reaction start to the end).

The key equations of the chemical reaction-controlling

model are:

XAl ¼K� t (3)

K¼ki � cnOH
drAl

(4)

where XAl is the chemical conversion of aluminium, t is time,

ki is the intrinsic reaction velocity, cOH is alkali concentration,

d is the scrap thickness, and rAl is aluminium density. As cOH is

related to pH measurements, it is preferable to take the deci-

mal log of Eq. (5):

logK¼ log
ki

drAl
þ n� log cOH (5)

Before the mass transfer effects become important, the

value of n is close to unity for every sample and alkali, a

finding that suggests that reaction R1 (eq. (6)) may have a rate

limiting elementary step that involves a single hydroxyl ion.

The Arrhenius plot from 0.24MNaOH temperature dependent

series and obtained values of K are shown in Fig. 3d.

As seen in Fig. 3d, the linear conformity is very good,

characterized by the R-squared value of 0.9992. The activation

energy, Ea, for this chemical reaction series is consequently

determined to be 48.1 kJ/mol.

Comparing different alkali concentrations at the same

temperature (Fig. 4a), 250 mL of hydrogen was produced in

140, 100 and 63min using 0.24, 0.5 and 1 M alkali, respectively.
Fig. 4 e Hydrogen production after the reaction between 0.2 g o

different alkali concentrations, and (b) varying solution amount

and (d) flow by reaction between (i) 0.25 g of Al scraps with 50

50 mL of 0.12 M alkali solution.
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Thus, the reaction time can be reduced by 55% by quadrupling

the alkali concentration. However, the kinetics of the reaction

appear to be more dependent on the temperature factor, as

the reaction delay can be shortened and the rate of hydrogen

production increased even more notably by increasing the

temperature.

Another factor that can affect the reaction kinetics, and is

rarely considered, is the ratio of the volume of alkali solution

to metal. In Fig. 4a we used our default ratio of 1 g Al: 250 mL

solution. In Fig. 4b we report the effect of varying the metal to

solvent ratio. The reactions were performed using 25, 50, 100

and 200 mL alkali solution at room temperature with the fixed

amount of 0.2 g Al scrap in each run, i.e. we tested the ratios

1 g Al: 125mL, 1 g Al: 250mL, 1 g Al: 500 mL and 1 g Al: 1 L. The

reaction started after about 3minwith 25 and 50mL, and after

1.6 min with 100 and 200 mL of alkali solution, respectively.

Moreover, hydrogen production rate was accelerated by

increasing the amount of alkali solution from 25mL (250mL of

H2 produced in 120 min) to 100 mL (250 mL of H2 produced in

61 min). A further increase in the volume of the alkali solution

to 200 mL did not affect the reaction kinetics and was

observed in the same way as in the case of 100 mL.

Presumably, more solution with the same amount of scrap

Al means more OH groups are free to move, reach and break

down the alumina layer and support the reaction. The

reduced amount of water tends to prolong the reaction

because the Al scrap occupies a relatively larger volume in the

vessel, and the increasing amount of the reaction by-product

can also act as a barrier.

Although the type of water (tap water, seawater, pure

water) was not considered in this work, it is worth noting that

it can also be an important factor in hydrogen production [39].
f Al scraps and 50 mL of alkali solution at 20 �C using (a)

with a constant molarity of 0.5 M. (c) Hydrogen production

mL of 0.24 M alkali solution and (ii) 0.5 g of Al scraps with

ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/
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If the hydrogen produced by the hydrolysis reactionwere to be

used to generate electricity on-board, it may be desirable to

assess the impact of the water type, as the surrounding

environmentmay determine the conditions of the usedwater.

One of the simplest and cheapest ways to break down the

passive oxide layer is to use hydroxide promoters (NaOH,

KOH, 2.5% wt. H2 yield) [40]. However, the main challenge in

using a highly alkaline solution (e.g., 5 M or more) is its cor-

rosive nature, not only increasing safety requirements on

scaling up the technology but also might damage the fuel cell

membrane if hydrogen is supplied directly after the reaction

to the fuel cell. To reduce the concentration of the alkali so-

lution but ensure the same fast reaction process, the kinetics

of hydrogen generation could be controlled by combining the

alkali concentration and the mass of Al scrap (Fig. 4c and d).

The reaction kinetics were very similar with decreasing alkali

concentration from 0.24 M to 0.12 M and increasing the mass

of aluminium scrap from 0.25 g to 0.50 g, respectively (Fig. 4d).

However, with a higher concentration of alkaline solution,
Al½metal� þ 4OH�½aq�!3e�½metal� þAlðOHÞ�4 ½aq� ðR1 e Al dissolutionÞ (6)
more hydrogen is produced (270mL) compared towhen a lower

concentration (250 mL) is used (Fig. 4c). Of course, when more

aluminium is used with a lower alkali concentration, there is a

high probability that the reaction is incomplete and the final

by-product will contain the additives of pure metallic Al.

Aluminium scrap as a low value waste could be utilized to

produce both hydrogen and heat in reaction with water that

yield 0.11 kg of H2 and about 15e16 MJ (z4.3 kWh) of heat per

1 kg of Al [23,41]. First, the reaction was carried out using 0.2 g

of Al scrap with 50 mL of different alkali solutions (0.24 M,

0.5 M, and 1 M) in a non-insulated glass vessel with a ther-

mocouple mounted inside to record the temperature data

during the reaction (Fig. 5aec). Each time, the reaction was

initiated using room temperature (23 �C) alkaline solution. The

maximum temperature reached during the reaction increased

with increasing alkali concentration, 26 �C at 0.24 M, 27 �C at

0.5 M, and 29 �C at 1 M, respectively.
AlðOHÞ�4 ½aq�!AlðOHÞ3½solid� þ OH�½aq� ðR3 e Aluminium hydroxide precipitationÞ (8)
In order to achieve the maximum amount of heat dissi-

pated during the reaction, it is necessary to consider not only

the thermodynamic and reaction conditions, but also the

thermal insulation of the vessel used in the open space. In this

case, the same glass vessel was insulated with polystyrene

foam and the above-mentioned reactions were repeated

(Fig. 5def). This time, the temperature peak reached by the

reaction increased even more, 30.3 �C at 0.24 M, 32.2 �C at

0.5 M, and 33 �C at 1 M, respectively. It is also interesting to

note that the shape of the temperature rise curve almost co-

incides with the hydrogen production curve. Furthermore, at
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lower alkali concentrations (Fig. 5d and e), the hydrogen pro-

duction rate increased and the reaction was completed faster

compared to the reaction in the non-insulated vessel (Fig. 5a

and b). Therefore, a properly selected reaction vessel can help

to ensure self-promoted hydrogen production due to the heat

generated during the exothermic reaction inside the vessel.

To gain a deeper understanding of the mechanism behind

the aluminium-water reaction, it is crucial to consider the

alterations in the pH value of the solution. The leading hy-

pothesis for the mechanism of aluminium hydrolysis and

hydrogen evolution in alkaline solutions (pH > 10) is that the

high alkalinity results in the de-passivation of the aluminium

metal, which in turn allows aluminium hydroxide ions

(AlðOHÞ�4 ) to dissolve into solution [42e47]. A possible mech-

anism for aluminium hydrolysis with hydrogen evolution can

then be expressed by the following two ‘half reactions’

[48e51]:
3e�½metal� þ 3H2O!3OH�½aq� þ 3
2
H2 ðR2 e Water splittingÞ

(7)

Clearly the net process results in a pH downshift, i.e., the

net consumption of one hydroxide ion.

This pH downshift should continue until the concentration

of aluminium ions, at high pH predominantly the species

AlðOHÞ�4 ½aq�, reaches saturation. The saturation threshold is a

function of parameters like pH (base molarity) and solution

temperature together with the Al ion concentration. Once the

saturation point is reached in a given experiment the precip-

itation of the solid product will commence [42,46]. Although

several species can precipitate, namely various aluminium

hydroxides or sodium aluminates depending on the solution

parameters, the dominant solid precipitate typically aimed for

is the precipitation of amorphous, Gibbsite or Bayerite

aluminium hydroxide [52]:
The combination of these reactions (hydrolysis and pre-

cipitation) predicts an initial rapid pH downshift that will slow

down, or may even reverse into a pH upshift, when the con-

centration ofAlðOHÞ�4 ½aq� andOH�½aq� and temperature reach a

level where that precipitation of AlðOHÞ3½solid� commence.

To investigate the behaviour of pH and reaction progress, a

batch of experiments was conducted using different molar-

ities of solution. The pH values were measured in an open

reaction container during the reaction between aluminium

and an alkaline solution. The changes in pH and molarity of

the alkaline solution over time are presented in Fig. 6. The
ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/
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Fig. 5 e Hydrogen production between 0.2 g of Al scrap with 50 mL of alkali solution of different concentrations (aec) in a

non-insulated reaction vessel and (def) in a thermally insulated reaction vessel. The hydrogen production curves are

marked with orange squares and the temperature curves inside the vessel during the reaction are marked with blue

triangles. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)

Fig. 6 e Evaluation of electrolyte pH (a) and molarity (b) changes during the aluminium-water reaction in an open vessel.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x8
alkaline solution molarities (0.24 M, 0.5 M and 1 M) corre-

sponds to pH values of 13.74, 13.96 and 14.16, respectively.

During the measurement, the pH value changes were recor-

ded every 5min. The data in Fig. 6 shows an almost linear slow

downshift at 0.24 M NaOH, and a very rapid large pH down-

shift for higher NaOH molarities that levels off quickly. A pH

decrease was observed from 13.74 to 13.64 for the reaction

initiated at 0.24 M after 120 min of reaction time. In terms of

molarity, it is approximately 20.5% decrease comparing the

initial and the final molarity values. The other two reactions

initiated at 0.5 M and 1 M showed an even more significant

decrease in pH values: from 13.96 to 13.52 for 0.5 M (64% of

molarity decrease) in 65 min of the reaction time and from
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14.16 to 13.87 for 1 M (49% of molarity decrease) in 45 min of

the reaction time.

The observed pH and molarity indicate a significant

downshift. However, this experiment overlooked the impact

of temperature, which can be substantially increased by the

exothermic nature of the reaction (as in Fig. 5). The pH is

widely recognized to be highly sensitive to the temperature of

the measured solution, suggesting that this oversight may

have distorted the obtained results to some extent. Further-

more, the use of an open reactor allowed the solution to

interact with atmospheric air during its reaction with

aluminium. Consequently, it is plausible that the measure-

ments primarily reflected the reaction of NaOH with
ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/

https://doi.org/10.1016/j.ijhydene.2023.09.065


i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 9
atmospheric CO2, rather than the consumption of OH by

aluminium. This explanation may be relevant since the NaOH

solution is commonly known to be utilized for CO2 capture

purposes [53].

An increase in temperature can lead to changes in the

autoionization constant of water, known as Kw(T), which in

turn affects the pH level. Since the main aim of this investi-

gation is to specifically assess the effect of Al dissolution (and

concentration of hydroxide ions) on pH, it is scientifically

reasonable tomaintain an isothermal environment within the

reactor enhancing the reliability of the scientific findings.

Therefore, another series of experiments was conducted to

eliminate the influence of atmospheric air and the tempera-

ture variations during exothermic reactions. To maintain

nearly isothermal conditions throughout the process, the re-

action vessel was placed in a stirring water bath with circu-

lating water. The temperature was set to 20 �C. The hermetic

reaction vessel was equipped with a pH meter and
Fig. 7 e Simultaneous measurement of pH, hydrogen yield and

aluminium and 50 mL of solution with NaOH molarities of (a) 0
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temperature probe. Three different experiments were carried

out using molarities of 0.24 M, 0.5 M, and 1 M. The amount of

produced hydrogen, pH value, and temperature were

measured simultaneously, as depicted in Fig. 7. In this case,

the deviation of the reaction temperature remained insignif-

icant throughout the entire duration of the reaction.

Interestingly, it is apparent that there is no straightforward

relationship between hydrolysis and pH level. At a solution

concentration of 0.24 M, the pH consistently decreased

(Fig. 7a), while at 0.5 M and 1 M, the pH either increased or

remained relatively constant (Fig. 7b and c), despite the sig-

nificant progression of the H2 reaction.

The subsequent figures presented below depict a compar-

ison between the measured pH values and the predictions

generated by models that employ the measured H2 evolution

to forecast the pH behaviour.

The activity coefficient of hydroxide ions (gOH-) plays an

important role in understanding the behaviour of aqueous
temperature conducted in a closed vessel using 0.2 g of

.24 M, (b) 0.5 M and (c) 1 M.
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solutions and their impact on various chemical processes [54].

It represents the deviation of the ion concentration from their

ideal values. It is used to account for the non-ideal nature of

the solution and adjust the concentration of hydroxide ions

when calculating pH. By incorporating gOH- into models, the

accuracy of pH predictions can be improved, providing deeper

insights into the underlying chemical reactions.

At concentration of 0.24 M NaOH, the best fit model as-

sumes gOH- adjust to 1.27 after the introduction of metal ion

(compared to measured gOH- value of 1.12 prior to the intro-

duction of metal ion) and system H2 measurement delay of

114 s relative to pHmeasurement delay (z0 s). However, even

the raw unadjusted pH model (red DOH- ¼ �1 in Fig. 8a), i.e., a

model that simply uses a fixed gOH- of 1.12 as wasmeasured in

the NaOH solution with no metal ions, shows a remarkably

good agreement with the measured pH downshift.

A best fit model can be obtained by assuming a reaction

path that passes through three zones or phases, albeit that at

0.24 M NaOH the first two phases (pure hydrolysis and tran-

sitory precipitation) is almost negligibly short (Fig. 8b). Note

that observing these distinct reaction phases or zones be-

comes more noticeable from a concentration of 0.5 M and

higher. To our knowledge, the literature contains only one
Fig. 8 e (a) Best fit model for pH at 0.24 M NaOH (DOH- represen

measured pH and H2 model for pH at 0.24 M NaOH.
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similar report that examines and attempts to correlate H2

evolution with pH evolution in the context of aluminium hy-

drolysis [48]. This report also identifies and proposes the ex-

istence of distinct reaction phases or zones, each exhibiting

unique effects on pH level.

At 0.5 M NaOH and 1 M the pH rises instead of fall

(Fig. 9). This fits a model with no zone, or time with disso-

lution without precipitation. Moreover, the rise in pH is

more rapid than can be modelled by the theoretical increase

in [OH-] as predicted by reaction R1, namely 3 mol of [OH-]

generated per mole of Al3þ alone e the model R1 line in Figs.

9 and 10 underestimates the increase in pH if it is imple-

mented strictly.

Two possible explanations that would fit the data well is

illustrated by the models R1* plotted in Figs. 9 and 10. The R1*

model can be achieved in two equivalent ways. Firstly, if 4.5

[OH-] ions are released per Al hydrolysed (per 1.5H2 evolved)

that would change the R1 model to the R1* curve that closely

fits the data. The second explanation is that the dissolution of

metal into the electrolyte also changes the hydroxide activity

coefficient. At 0.5 M this change would be from the measured

value of gOH- ¼ 1.06 prior to metal introduction, to a value of

gOH- ¼ 1.6 after metal introduction.
ts the change in the amount of hydroxide ions) and (b)
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Fig. 9 e Measured pH and H2 model for pH at 0.5 M NaOH.

Fig. 10 e Measured pH and H2 model for pH at 1 M NaOH.
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In both the 0.5 M NaOH and 1 M NaOH data, an increase in

the activity coefficient by a factor of 1.5 produces the R1*

model curves that closely fit the measured pH data and cor-

relates the measured H2 to the pH change. In the absence of

any apparent chemistry that could result in a net increase of

4.5 mol [OH-] per mole Al hydrolysed, perhaps the most

parsimonious conjecture is that an upshift in hydroxide ac-

tivity occurs as metal ions dissolve into the electrolyte. The

resulting trends for activity coefficient change, and the

magnitude thereof, is within typical values of gOH- reported in

other studies [55,56]. In particular, Christov et al. [56]

measured gOH- values that at low pH first decrease below 1 as

alkalinity increase, but then at higher even higher alkalinity

gOH- as a function of [OH-] curve back upwards and achieve

values with gOH- > 1 up to the ranges suggested here. Delegard

et al. [55] suggested that in addition to just NaOH or base
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molarity, the addition of other anions or cations (like Al3þ)

can also significantly alter gOH-.

It is worth noting that since the pH only directly measures

the product of gOH- and [OH-]. Therefore, it is impossible to

establish empirically, or definitively, to what degree the

observed increase in pH here is due to an increase in gOH- or

[OH-] from a pH measurement alone. In Fig. 9, the model R1*,

that fits the data well, is the result of postulating the release of

3 [OH-] ions per Al3þ ion (i.e., 3 [OH-] ions per 1.5H2 measured

in the experiment) and then also assuming that the activity

coefficient gOH- increases from 1.06 to 1.6 upon the metal ion

generation. However, mathematically, the pH model yields

identical results when assuming a fixed activity coefficient

(gOH-) at its pre-metal value of 1.06, and instead assuming

reactions that increase the number of hydroxide ions by

approximately 4.5 mol for every mole of Al3þ. These are two
ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/
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examples belonging to a family of models that result the same

product of gOH- and [OH-]. Both models, referred to as “model

R1*”, demonstrate a good fit to the measured pH data shown

in Fig. 9 until the point where the “precipitation phase” begins

and the pH levels off.

Fig. 10 shows the measured pH evolution vs time at 1 M.

The same trend as at 0.5 M (Fig. 9) is repeated, with a rapid

increase in pH (as predicted by R1), followed by a levelling off

of pH (as predicted by R1þR2þR3). However, at 1000 s, a similar

pattern emerges e an upshift in pH followed by stabilization,

even though the evolution of H2 continues.

Exactly as in Fig. 9, the data can be most accurately fitted if

the hydroxide activity gOH- increases by a factor of approxi-

mately 1.5 after the introduction of metal. In the case of 1 M

NaOH, gOH- increases from an initial measured pre-metal

value of 1.01 to a best fit value of 1.52 after the introduction

of the metal.

The observed trend in this experiment, wherein the pH

stabilized for about 780 s (from 220 s to 1000 s), followed by a

subsequent drift upwards and another stabilization around

1560 s, is evidently complex. In a second run similar behaviour

is observed with the exact time points for stabilization

potentially varying from run to run. This somewhat in-

determined complexity in the pH measurement of Al metal

ion solutions is consistent with the findings of several early

studies investigating the nature of aluminium solubility, like

Hem & Roberson [57] or Rubin & Hayden [58] who did detailed

investigations of the nature of Al ions in solution, and the

reputed “polymerization” of ions like Al(OH)4
- polymeric net-

works. Their work suggests that Al ions, particularly the

Al(OH)4
- ion, which is the predominant Al ion under the alka-

line conditions studied here, have the potential to self-

organize into polymeric networks over time. These networks

may eventually lead to the formation of hydroxide gel or

correspond to the crystal structure observed during hydroxide

precipitation. Regarding the somewhat complex dynamics of

this polymerization process and its relation to “the effects of

[Al ion complex] polymerization on pH during aging”, Hem &

Roberson noted that while the solution or precipitation of

aluminium hydroxide is often simplified as a chemical equi-

librium, a more likely representation involves a complex re-

action scheme with both slow and fast steps. And in general,

they described a somewhat complex, and possibly partially

quasi-chaotic or indeterminate evolution of the pH with Al

dissolution. This evolution, as suggested by Hem & Roberson

and previous researchers, is predominantly linked to anion

complex polymerization during the aging. For instance, Hem

& Roberson observed greater pH measurement uncertainty,

particularly at lower pH levels, detailed in the “Factors con-

trolling pH” section [57]. Due to the significant presence of

structural OH in polymerized species, a direct connection

between pH and degree of polymerization could not be

established. For example, a pH of 4.43 appeared when over

half of aluminium slowly polymerized, matching pH when

only 15% polymerized. Authors explained that growing poly-

meric aggregates lower pH as protons transfers from water
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molecules within the octahedra [[Al3þ(H20)6-x(OH-)x
�(x�3)],

eventually entering the solution due to all Al octahedra in-

ternal spots occupied by [OH-] ions. Qualitative observation of

the impact of polymeric species on solution pHwas evident in

multiple experiments.

Upon the aforementioned observations, it is essential to

examine the XRD results of the reaction by-product, which

provide further insights. The XRD results of the reaction by-

product using various alkali concentrations (0.24, 0.5, and

1 M) are presented in Fig. 11. The reaction by-product was

analysed at different stages: (1) the precipitated by-product

that was dried after the reaction was completely finished,

and (2) the reaction by-product dried and washed with

distilled water.

Before the measurement at step (1), the by-product was

removed from the alkali and dried under ambient conditions.

Normally, Al-water reaction at room temperature results in

the formation of the Al(OH)3 by-product. However, in this

case, the (1) diffractogram mainly consisted of thermonatrite

(Na2(CO3)H2O, JCPDS: 01-070-2148), small peaks of Al(OH)3
(JCPDS: 00-020-0011), and very tiny peaks of sodium oxide

hydrate (Na2(O2)(H2O)8, JCPDS: 04-011-1675). Thermonatrite is

typically formed by the reaction of CO2 with NaOH, and it is

well known that NaOH solution can be used as an absorbent to

capture CO2 [53]. In this case, it is possible that the wet by-

product may have absorbed CO2 during the removal and

drying process due to the prolonged contact with air as shown

in the following equation (9).

2NaOHðaqÞ þCO2ðgÞ /Na2CO3ðaqÞ þH2OðlÞ (9)

Since thermonatrite is water-soluble, it was easily washed

out by rinsing the by-product with distilled water. Thus, only

the Al(OH)3 phase was identified in all cases of alkali solution

in the (2) spectra of Fig. 11. The crystallite sizes of the washed

by-product of 0.24, 0.5, and 1Mwere found to be 32.6, 36.2, and

28.4 nm, respectively, indicating the synthesis of nano-

crystalline product.

The aluminium hydroxide by-product can be used as a

precursor to produce gamma alumina, which is formed at

temperatures above 500 �C [59] and can be used as a valuable

industrial product [60,61] or fed back into the aluminium

production process.

The measurement results of BET-specific surface area for

the by-product samples (Table 1) indicated that the samples

containing sodium carbonate as the primary phase have

significantly lower BET values, typically ranging from 1 to

3 m2/g (occasionally slightly above 20 m2/g). In contrast,

samples consisting solely of aluminium hydroxide exhibited a

specific surface area within the expected range of approxi-

mately 220 m2/g.

The low BET surface area of samples can be attributed to

contamination with NaOH, as mentioned above, during the

drying process. It is worth noting that this reaction can also

occur with solid NaOH that contains moisture. Hence, it is

crucial to take caution when preparing a sodium hydroxide

solution to avoid such contamination.
ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/
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Table 1 e The BET-specific surface area of samples.

Molarity of reaction solution BET surface area of by-products, m2/g

Before wash After wash

0.24 M 12.6 z220

0.5 M 2.9 z220

1 M 1.2 z220

Fig. 11 e XRD patterns of the by-product after the reaction of aluminium with water at different NaOH molarities. The

spectra include: (1) the pattern of dried reaction by-product obtained after the completion of the reaction, and (2) the pattern

of washed reaction by-product. The molarities of NaOH used were (a) 0.24 M, (b) 0.5 M, and (c) 1 M.
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4. Conclusions

The Al-water reaction and its kinetics can be influenced by

several factors: temperature, alkali concentration, water

amount, aluminium mass, and its ratio with alkali concen-

tration, and even heat dissipated during the reaction. In

particular, temperature plays an important role in the reac-

tion kinetics, and proper thermal insulation of the vessel can

even promote the hydrogen production process due to the

heat dissipated in the exothermic reaction. The results pre-

sented in this work showed that even with a relatively low

alkali concentration, relatively intensive H2 yield can be

reached by optimizing and raising the initial reaction tem-

perature, the amount of waste aluminium scrap, or insulation

of reaction vessel (i.e. using self-heating in the adiabatic

reactor). The Arrhenius equation accurately fitted the

measured data and allowed the estimation of the activation

energy as 48.1 kJ/mol when using only a 0.24 M alkali solution.

The experiment revealed that the pH behaviour during

aluminium dissolution is complex and does not follow a
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straightforward pattern. The oversight of temperature and

atmospheric air exposure in the initial experiment was

addressed by conducting new experiments in an isothermal

environment. The pH decreased at a concentration of 0.24 M

NaOH, while at higher concentrations of 0.5 M and 1 M NaOH,

the pH either increased or remained relatively constant

despite significant hydrogen evolution. The increase in pH at

higher NaOH concentrations could be explained by an upshift

in the hydroxide activity coefficient. The 0.24 M modelling

suggests that the reaction passes through three zones: hy-

drolysis, precipitation, and dissolution. Meanwhile, the 0.5 M

and 1 M concentrations indicate two zones: hydrolysis and

precipitation. The complex pH evolution suggests the

involvement of polymerization processes and the formation

of polymeric networks of aluminium ions.

Further analysis revealed that the by-product obtained

from the alkali solution and dried under ambient conditions

contains a substantial amount of thermonatrite, which results

in a relatively low surface area (1e2 m2/g). Therefore, an

additional step is required, namely rinsing the by-product

with distilled water, to avoid contamination and improve
ustrial aluminium scraps: Hydrolysis under various conditions,
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/
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surface area to approximately 220 m2/g. It is essential to use

CO2-free NaOH when producing Al(OH)3 by reacting

aluminium with sodium hydroxide. It is also important to

prevent CO2 from entering the reactor. If that is done, it is

possible to produce high surface area alumina from Al(OH)3
obtained by reacting aluminium with NaOH solution.

Investigated Al water reaction has high potential for clean

hydrogen and energy production, but the feasibility of the

recycling process and proper scaling will require a proper

combination of kinetics influencing parameters. We must

consider the hazardous nature of high concentration alkali

solutions and environmental and economic implications.

Further investigation of full cycle influence on the economic

and environmental influence of such recycling process has to

be done in addition to other electrolyte compositions.
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