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a b s t r a c t   

Industrial Mg alloys scraps containing 3% of Al and 3% of Zn (and about 20% of MgO and Mg(OH)2) were ball 
milled with the addition of 5 wt% C and 5 wt% of Ni, Cu, Co or SiO2. 3 h of ball milling were needed to obtain 
optimum hydrolysis performances of the mixtures (e.g. yields of almost 90% obtained within 1 min). Pellets 
of such obtained powder were prepared as it is easier for an application. The shape of the hydrolysis curves 
highlights first an incubation period depending on the compactness of the pellets and then a second part 
with a logarithmic shape. A new model is presented that allows to take into account both parts of the 
hydrolysis curve. The model is applied successfully to all the pellets having various compactness. 

© 2022 Published by Elsevier B.V.    

1. Introduction 

On one side, due to their low cost and density, high specific 
strength and stiffness, castability, magnesium alloys are widely ap-
plied in many fields, such as automotive and aerospace industries  
[1–3]. Such beneficial properties of Mg alloys make them attractive 
structural materials. Alloying of magnesium is usually done to im-
prove the very poor resistance of pure magnesium towards corrosion  
[4,5]. Also, various processing and manufacturing techniques, such 
as thermal treatment [6], equal-channel-angular-pressing [7], heat 
treatment [7], and addition of rare-earth elements [8], have de-
monstrated the capability to improve the corrosion resistance of Mg 
alloys. Nevertheless, the recycling of magnesium is not favorable 
from an economical point of view which leads to the accumulation 
of tons of magnesium alloys wastes. 

On the other side, it is clear that what we are emitting today and 
disposing in the atmosphere will keep busy our next generation. In 
other words, the most serious environmental problem today is the 
greenhouse global warming caused mainly by CO2 accumulation in 
the atmosphere, which cannot be stopped as long as fuel used will 
contain carbon. The only carbon free fuel is hydrogen. Nevertheless, 
two main problems should be solved before turning from fossil fuel 

economy to hydrogen economy: the production (actually 95% of 
hydrogen is produced from fossil fuel) and the storage (whatever it is 
liquid, under pressure or in solid form such as metal hydrides, it 
always suffers from severe drawbacks). 

If it is well-known that good solutions quite often are the enemy 
of better solutions, simple solutions are often answering complex 
questions. Therefore, hydrolysis of magnesium alloys waste can be 
proposed; it will allow (i) the valorization of waste, (ii) the pro-
duction of hydrogen without C emission and, (iii) as the hydrogen 
can be produced on demand, no storage will be necessary. It is a 3 in 
1 solution. 

The hydrolysis of Mg (and Mg alloys) can be written as follows: 

+ +Mg H O Mg OH H2 ( )2 2 2

Such solution exhibits low security concerns as hydrogen is 
produced on demand and not stored, and the Mg(OH)2 produced is 
innocuous. Almost 1 L (1.02 exactly) of hydrogen can be produced 
with only 1 g of magnesium (at 1 bar, 25 °C and without any external 
energy addition). Nevertheless, the reaction is so irreversible (or at 
least needs too much energy to be reversed) that can make this al-
ternative non-viable for extensive applications. However, con-
sidering the huge amount of cheap Mg scraps available (e.g., 
especially from the automotive industries [9]), such reaction can be 
proposed for small portable applications. 

However, a drawback in this process is that the formation of a 
MgO/Mg(OH)2 passive layer around the material can limit the yield 
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of reaction by hindering the contact between the unreacted material 
and water [10,11]. Some alternatives have been proposed to avoid 
this problem [12–23], namely, (i) the acidification of the reaction 
environment that dissolves the passive layer [12–14], (ii) the mod-
ification of the microstructure to increase the number of defects 
acting as nucleus site for the hydrolysis reaction [15–17], (iii) the 
incorporation of additives with different functions (galvanic cou-
pling, pitting corrosion, etc.) [18–20] and (iv) the use of salt solutions 
as the Cl- anions strongly induce pitting corrosion [21–23]. 

The aim of the present study is to establish the possibility of 
preparing powders of Mg-alloy scraps that react quickly enough 
with water. As a matter of fact, pellets would be easier to use and 
more secure than reactive powders. Therefore, the reactivity of 
prepared pellets will be presented, and a model will be proposed to 
fit the kinetic reaction of pellets. 

2. Experimental details 

Magnesium alloys scraps were taken from a motor car manu-
facturer. The scraps are quite regular with a size of few millimeters 
(4–8) with a thickness of less than a millimeter (ranging from 0.6 to 
0.9 mm). The chemical analysis will be presented later. To prepare 
powder, the scraps were ball milled with a Fritsch P5 miller. Milling 
was performed at 250 rpm with the sequence of 15 min of con-
tinuous milling followed by 2 min of rest and a ball to powder 
weight ratio of 17:1. Powder was passed through a sieve of 200 µm 
and sometimes sieved again to 100 µm and stocked in a glove box 
filled with purified argon. The added elements (5 wt%) were graphite 
powder (Fischer Scientific) and either: nickel powder (Alfa Aesar, 
99.5%), copper powder (Alfa Aesar, 99.8%), cobalt powder (Alfa Aesar, 
99.5%), or silicon oxide powder (Fischer Scientific, 99.99%). 

The hydrolysis performances of the materials were evaluated by 
monitoring the volume of hydrogen produced over time in a 3.5 wt% 
NaCl solution (i.e. similar to seawater) [17,18,24,25]. Hydrogen pro-
duction is presented as the conversion yield (%), which is defined as 
the volume of produced hydrogen over the maximum volume of 
hydrogen measured after acid addition (which corresponds to the 
theoretical value calculated using the hydrolysis equation of pure Mg  
[26]). The tests were made at least three times to ensure repeat-
ability. 

The samples were analyzed by X-ray diffraction (XRD) using a 
Philips PANalyticalX’Pert (PW1820) diffractometer with Cu Kα1 ra-
diation (λ = 1.5405 Å) for structural characterization and crystalline 
phases identification. The phase amount was estimated by Rietveld 
refinement (using Fullprof). 

Morphology was observed by scanning electron microscopy 
(SEM) using a TESCAN VEGA3 SB microscope equipped with a sec-
ondary electron detector (SE), a backscattered electron detector 
(BSE) and an energy dispersive X-ray spectrometer (EDS) for the 
elemental surface composition analysis. Particles size distribution 
was evaluated by laser granulometry in absolute ethanol using a 
MASTERSIZER2000 from Malvern®. Chemical composition of scraps 
was measured by Varian 720ES ICP-OES under Argon. 

3. Results and discussion 

The chemical composition of the magnesium alloys scraps was 
measured by ICP-OES. Three different pieces were taken in order to 
check also the homogeneity of the alloys. It was shown that the alloy 
contains 3.0 (1) wt% Al and 2.9 (1) wt% Zn. It also contains traces of 
Mn (less than 0.1 wt%) and S (less than 0.05 wt%). Therefore, ac-
cording to ASTM notation, the alloy should be named as AZ33. 

As the alloy contains Al and Zn, it is important to know if these 
two elements are incorporated in the magnesium lattice or if it 
forms compounds (such as Mg17Al12). Fig. 1 presents the XRD ana-
lysis of the initial material. The phases Mg, Mg(OH)2 and MgO are 

detected. The Rietveld refinement allows us to estimate the relative 
amount of each phase: Mg(OH)2:11.2 (3) %; MgO: 7.8 (1) % and Mg: 
81.0 (6). The presence of Mg(OH)2 and MgO in rather large amount is 
due to (i) the machining process which is done under air and (ii) the 
storage under air of the scrap for more than 6 months. Moreover, the 
low crystallinity of these two phases may lead to an overestimation 
of these phases by Rietveld refinement. 

The refined lattice parameters of Mg a = 3.204 Å and c = 5.201 Å 
are slightly below the lattice parameters of Mg a = 3.209 Å and c 
= 5.211 Å (ICDD PDF card 00–035–0821) showing that Al and Zn are 
dissolved in the Mg lattice. Therefore, the starting magnesium alloy 
should be considered as a composite material with a magnesium 
solid solution as the main component, MgO and Mg(OH)2. According 
to previous results [17,18,24,25], the milling time was done for 1 and 
3 h and by adding 5 wt% of C as well as 5 wt% of Ni or Cu or Co or 
SiO2. As an example, the micrographies taken after 3 h of milling for 
the mixtures containing Cu and Ni are presented in Fig. 2. The par-
ticles shape is rather similar in all the cases and the particles size is 
also very close. The granulometric measurement reveals a d50 of 58, 
65, 66, 66 µm for Cu, Ni, SiO2 and Co addition, respectively. With only 
C addition the d50 is 75 µm. As seen from SEM observation (and 
confirmed by granulometric measurement) the particles size dis-
tribution is rather small (always ranging from 10 to 100 µm). Sur-
prisingly, the size reduction does not depend on the hardness of the 
added element as the smallest size is obtained for the softer material 
(i.e., Cu). This seems to be a consequence of graphite (always in-
corporated as an additive) playing the major role on size reduction 
during milling. Additionally, it also should be mentioned that in the 
case of Ni, Co and silica the dopant remains mainly on the surface 
(visible as bright part on SEM images) whereas in the case of Cu it is 
probably within the magnesium matrix (only partially visible on 
SEM images). 

All the mixtures prepared were tested on hydrolysis. Some ty-
pical results are presented in Fig. 3. With only C addition, the kinetic 
is rather slow with an almost full reaction after 5 min. The kinetics 
are gradually improved by adding respectively SiO2 (not shown to 
simplify the graph), Cu, Co, and Ni. The order Cu-Co-Ni respects the 
order of the electrochemical potential difference toward Mg. So, it 
must be concluded that the galvanic coupling occurring between the 
transition element and the magnesium is responsible for the kinetics 
(particle size distribution are similar in all the cases). As an example, 
such observation has been done in the case of Mg + RE-TM-Mg 
compound [18]. It also should be noticed that as in the case of Cu 
addition, the added material is embedded in the magnesium and not 
on the surface, these should have also hindered the reaction. The 
mixture AZ33 + 5 wt%C + 5 wt%Ni ball milled for 3 h leads to the best 
kinetic with a yield of 90% reached in about 1 min. These is in 
agreement with previous patented study [27]. 

The experimental curves for the hydrolysis of Mg-additives are 
usually fitted with the Avrami-Erofeev equation [28–33], which is 
deduced from the nucleation and growth process:  

α(t) = 1 – exp (-Ktn)                                                                     

where α(t) is the reaction rate (i.e., the ratio of reacted material to 
total material); K and n are constants, and t is the reaction's time. In  
[31] Hancock has shown that this expression can also be used to 
identify other rate-limiting processes, such as diffusion, geometric 
contraction models, etc. In his paper he reports that there are groups 
of mechanisms that correspond to distinct n values ranges: 
0.54–0.62 for diffusion models and 1.00–1.11 for geometric con-
traction models and first order reaction. The measured curves were 
fitted with Eq. 1 and the quality of the fit was estimated from the 
correlation coefficient R2. The results are summarized in Table 1. 

From Table 1, it appears that when the milling time is 1 h, the n 
values are in the 0.87–1.03 range meaning that a first order process 
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or a 3D interface reaction occurs. Nevertheless, when the milling 
time increases up to 3 h, the values of n are in the 1.38–1.59 range 
which is more difficult to explain with the Hancock’s model [31]. 
This intermediate value could be interpreted as the lack of a clear 
rate limiting step or, perhaps, as a process limited by the combina-
tion of a nucleation and growth process (n = 2, 3) and a geometric 
contraction model. 

As expected, hydrogen generation rate increases with tempera-
ture. The rate constants of hydrogen generation by hydrolysis were 
measured from the linear portions of the plots of ln[-ln(1-α)] vs. ln(t) 
at four different temperatures (15, 25, 35 and 40 °C) and used to 
calculate the activation energy (using an Arrhenius type plot). We 
just focus on the mixtures having the best kinetic (i.e., AZ33 + 5 wt%C 
+ 5 wt%Ni milled 3 h) and the results must be taken carefully as the 
range of temperature is rather narrow. The activation energy was 
14.5 kJ/mol which is very close to the value obtained for pure Mg 
mixed with the same additives (i.e., 14.34 kJ/mol [17] and 18 kJ/mol 
in [34]). Although, this value is lower than those obtained for NaBH4 

hydrolysis reaction by using Co-B as catalyst (i.e., 35.6–53.3 kJ/mol-
NaBH4) [35,36]. 

Nevertheless, thinking about an application, free powders can be 
rather difficult to use and to handle. Therefore, the use of bulk ma-
terial is more appropriate, but the kinetics are rather slow due to the 
lack of diffusion path for the water inside the material. That is the 
reason why we think about using pellets made with the obtained 
powder. It is easy to handle, the oxidation in air will be low and the 
porosity can be controlled to enhance the diffusion of water. 

6 mm diameter pellets were simply prepared by applying a 
pressure at room temperature from the synthesized powders. 
Depending on the applied pressure, the porosity (or the 

Fig. 1. XRD patterns of the initial powdered material.  

Fig. 2. SEM micrographies obtained after 3 h of ball milling for the mixtures AZ33 + 5 wt%C + 5 wt%Cu (left) and AZ33 + 5 wt%C + 5 wt%Ni (right) using backscattered electrons.  

Fig. 3. Yield of H2 produced as a function of time during the hydrolysis reaction of 
different mixtures ball milled for 3 h. 

Table 1 
Value of K and n using the Avrami-Erofeev model.      

Powder type (number of measurements) K n R²  

AZ33 + 5%C BM1h (2) 5,29E-03 0,94 0,9991 
AZ33 +5%C BM3h (5) 1,41E-03 1,38 0,9966 
AZ33 +5%C +5%Co BM1h (2) 9,40E-03 1,03 0,9971 
AZ33 +5%C5Co BM3h sieved at 100 µm (2) 5,31E-03 1,38 0,9966 
AZ33 +5%C+5%Cu BM3h sieved at 100 µm (3) 1,23E-03 1,43 0,9938 
AZ33 +5%C + 5%Ni BM1h (2) 2,46E-02 0,87 0,9999 
AZ33 +5%C + 5%Ni BM3h sieved at 100 µm (2) 4,51E-03 1,59 0,9980 
AZ33 +5%C + 5%SiO2 BM1h (2) 1,76E-02 0,88 0,9998 
AZ33 +5%C + 5%SiO2 BM3h (5) 1,16E-03 1,45 0,9880 
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compactness) varies. In order to reduce the cost of material, only the 
mixture AZ33 + 5 wt%C milled 3 h was tested. Table 2 summarize the 
various pellets prepared. 

It is worth pointing out that when the applied pressure was 
lower than 681 bar (20 bar read on the manometer of the press), it 
was not possible to handle the pellet (not compact enough). For 
technical reason (breaking the tools), it was not possible to go at 
higher pressure than 2382 bar (70 bar read on the manometer of the 
press). 

The hydrolysis curves are presented in Fig. 4. As expected, when 
the compactness increases (i.e., porosity decreases) the kinetic be-
comes slower. Nevertheless, even with the more compact pellet (i.e., 
70% compactness), the reaction is completed after 15 min. That 
clearly opens up a way to the preparation of bulk material having a 
controlled porosity. The maximum yield for the pellets is less than 
85% as it was 90% for the free powder. This is due to the oxidation 
occurring during the preparation of the pellets (done under air). 

The time to reach 50% of the full hydrolysis (named half time on  
Table 2) increases almost linearly (and same observation for the time 
to reach 70%) with the compactness. Comparing the hydrolysis 
curves of pellets with the one of free powder leave us with two main 
observations:  

(i) with pellets, an incubation period appears where the reaction is 
very slow (up to 4 min for the more compact pellet). As seen 
from Fig. 5a (the straight line is considered when a linear fit can 
be obtained with a R² value higher than 0.95), the duration of 
this period is linearly dependent on the compactness. Moreover, 
this period ends always at the same yield (about 8%). Therefore, 
this period can be associated with the reaction of the surface of 
the pellet. The more compact this layer, the longer the incuba-
tion period. Considering an 8% yield means that the thickness of 
the reacted layer is about 90 µm. To ensure that, larger pellets 
(750 mg instead of 150 mg) were tested. The incubation time is 
reduced to 6% of the full hydrolysis corresponding to a thickness 
of the reacted layer of about 90 µm again. In Fig. 5b the slope 

value is plotted as a function of the compactness. No linear de-
pendence was found. But as previously, the more compact, the 
lower the slope. It appears that when the compactness reaches 
value higher than 65%, the slope value decreases less. Having an 
almost constant reaction kinetic when the compactness in-
creases probably means that for more compacted pellets, the 
diffusion of water is done through a compact layer and not to-
wards the various pores existing when the compactness is lower.  

(ii) after the incubation period, the kinetic is slower for the more 
compact pellets. In fact, the slope decreases gradually from the 
one of the free powder to the more compact pellet. That means 
that, after the hydrolysis of the surface layer (i.e., the incubation 
time reported in (i)) the pellets do not fully pulverize into free 
powder but some agglomerates remain. Therefore, the pellets 
prepared with the higher pressure (higher compactness) are less 
pulverized. In fact, when the reaction is stopped after 50% yield, 
more agglomerates are observed for the higher compactness 
pellets. 

To fit the reaction kinetics, it is possible to use the previous 
models used without taking into account the incubation period (i.e., 
considering, as often, the reaction kinetics between 10% and 80% of 
the total yield). Nevertheless, this is not fully satisfactory as all the 
phenomenon taking place will not be considered. Therefore, it could 
be of interest to have a model able to take into account both the 
incubation period and subsequent reaction of hydrolysis. 

A simple idea is to sum two different models: one for the in-
cubation (the “surface” reaction) and the other one for the hydrolysis 
of more and more free powder (named bulk as it is inside the pellet). 
The two equations should be linked. The goal was to find the model 
that fit the best the hydrolysis curves because it will be needed for 
application. Therefore, we restrict, in this paper, the model corre-
sponding to a first order reaction (n = 1; leading to a particular form 
of an exponential of –kt). 

Then, the first equation for the incubation period can be written 
as follow: 

Table 2 
Characteristics of the [AZ33 + 5 wt%C] pellets used.        

Pressure on the sample (bar) [read on the manometer of the press] 681[20] 851[25] 1021[30] 1361 [40] 2042 [60]  

Equivalent Force (N)  1924  2405  2886  3848  5738 
Compactness or relative density (%)  60  61  62.5  65  70 
Half time (s)  162  193  218  311  504 

Fig. 4. Yield of H2 produced as a function of the compactness (i.e. the applied pressure to fabricate the pellets) of AZ33–5 wt%C pellets. The inset highlights the influence of the 
compacity on the initial “straight” slope and duration of incubation time (discussed in Fig. 5). 
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=R t A e( ) (1 )surface
k t

1 1 (1) 

where A1 and k1 are adjustable parameters. 
The reaction for the second stage can be written as follow: 

= +R t A e( ) (1 )bulk
k t t t

2
( )2 0 1 (2) 

where the A2, k2, t0 and t1 are adjustable parameters. 
These two equations should be linked together by a sigmoidal 

function than can be defined as: 

= +s t tanh M t t( )
1
2

[ ( ( )) 1]0 (3)  

A representation of this function is illustrated in Fig. 6. The end of 
the incubation period is shown by the 1 value for s(t). Note that s(t) 
is not 0 even at the starting point as when the reaction starts, few 
almost free powder can be produced (in very low quantity at the 
beginning which is illustrated by the almost 0 value of s(t) at the 
very beginning). 

The overall reaction kinetics will therefore be modeled by the 
relationship: 

= +R t R t R t s t( ) ( ) ( ) ( )a surface bulk (4)  

Fig. 7a and c represents an example of the functions Rsurface (t) 
and Rbulk (t) and allows to see their temporal placement before they 

are combined with the function s(t). These functions were obtained 
after optimization on time responses produced by pellets com-
pressed at 70%. 

This modeling methodology was applied to data from several 
hydrolyses for different pellet compressions. The parameters of 
model (1) to (4), namely: A1, k1, A2, k2, t0 and t1 are obtained by 
minimizing the criterion 

=J
R t R t

N

| ( ) ( )|k
N

a k k

where Ra”(tk) represent the simulated data and R(tk) are the mea-
sured values. 

Fig. 7b and d present a comparison of data from hydrolysis re-
actions with pellets with AZ33 + 5%C compressed at 70% and 62.5% 
respectively with the models developed. 

It clearly appears that the fitting is really good. Whatever the 
compactness, the difference between experimental and calculated 
data is very small. That means that the model is robust enough to be 
used for fully dense material. It will allow to simulate the hydrolysis 
of controlled porosity material. Nevertheless, it has to be pointed out 
that the tortuosity of all the pellets used here are equivalent and 
using bulk material with various tortuosity could show the limit of 
our model. 

Fig. 6. Representation of the s(t) to illustrate the incidence of surface and bulk reaction as a function of time.  

Fig. 5. a- Slope duration (left) and b- slope value (right) as a function of the compactness of AZ33 + 5 wt%C pellets.  
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4. Conclusion 

Hydrogen was successfully produced by the hydrolysis of Mg- 
based wastes. The scraps contain 3% of Al and 3% of Zn. A relatively 
large amount of oxide and hydroxide of magnesium was found as the 
machining process was done under air and as the scraps were dis-
posed under air for more than 6 months. It was shown that ball 
milling for 3 h with the addition of 5 wt% C and 5 wt% Ni leads to the 
best performances in term of hydrolysis yield and kinetics. As al-
ready seen, the C act as a lubricant during the milling and also as a 
protective layer on the surface of magnesium alloy and nickel allows 
the galvanic coupling between Mg and Ni. With such mixtures, 
yields of almost 90% were obtained within 1 min. The ball milling 
combined with the addition of C and Ni is a suitable method to 
produce hydrogen by hydrolysis from magnesium alloys scraps. 

Several models were applied to fit the hydrolysis curves of the 
powder and a change of the behavior was observed between the 
mixtures ball milled for 1 and for 3 h. In the first case a 3D con-
traction volume or a first order reaction rate could be the rate lim-
iting steps. For the materials milled 3 h not a single rate control 
process could be identified. It is suggested that a combination of a 
nucleation and growth and a geometric contraction process could be 
affecting the reaction. 

Pellets are easier to handle and to use and their hydrolysis 
highlights two mains observations: (i) an incubation period which 
depends on the compactness of the pellets (duration and intensity) 
and (ii) a second part which also depends on the compactness as the 
more compact pellet generates more agglomerates during hydro-
lysis. The porosity as well as the link between pores are responsible 
of the hydrolysis behavior of the pellets. That will be of great help for 
the study of bulk sample. 

The use of classical model does not allow to take into account the 
previous two phenomena. Therefore, a new model was developed 
with 2 functions: (i) one taking into account the surface reaction 
(incubation period) and (ii) the second one taking the other part. The 
model appears very robust as it allows to fit the hydrolysis curve 
whatever the compactness. The behavior of bulk material having 
controlled porosity can be fitted with this model. 
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