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Abstract
This study focussed on assessing the efficiency of thermal pre-treatment of Al alloy waste powders to facilitate their sub-
sequent treatment and disposal. Five samples originating from aluminium surface finishing industries underwent thermo-
gravimetric analyses and were subjected to a laboratory tub furnace. Four set temperatures (450, 475, 500, 525 °C) for the 
tubular furnace were selected based on the TG results. Using sequential images of the sample inside the tubular furnace, the 
ignition delay time was calculated. In addition, the efficiencies of medium-temperature thermal pre-treatment were determined 
using the gas volume method. The shot blasting samples (S1 and S2) exhibited shorter ignition delay times compared to the 
sandblasting (S3) and one of the polishing samples (S4). The influence of ZnO alloy content on the ignition delay time was 
investigated, revealing that the ignition delay time decreased with an increase in ZnO alloy content. The raw and pre-treated 
materials were analysed for morphology, composition and reactivity. The pre-treatment efficiency of the samples improved, 
especially with a retention time longer than the ignition delay of the samples. Recommendations for the storage and handling 
of pre-treated products were provided.
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Introduction

Due to worldwide industrialisation and fast economic 
growth, industrial solid waste production has constantly 
increased over the decades. Amongst metals, aluminium 
as the second-most used metal globally has been used in 
a remarkably wide range of commercial goods in modern 
society due to its unique combination of characteristics such 
as softness, lightness, strength, excellent electrical and heat 

conductivity, low density and low melting point [1]. The 
most notable wastes generated in the aluminium production 
cycle are red mud, dross, grinding filter powder, furnace gas 
filter powder, skimming and salt cake [2]. Types of metallic 
wastes and their amounts vary depending on the raw materi-
als used, operating conditions, the type of technology and 
furnace technology used [3]. Aluminium’s natural tendency 
to corrosion leaves it looking dull through an aluminium 
oxide layer that forms over the metal to protect it. Towards 
increasing performance and service life of aluminium prod-
ucts, proper surface treatment technologies allow aluminium 
surfaces to remain pristine and prevent them from becoming 
tarnished or showing any signs of rusting. Metal surface 
technologies, such as brushing, polishing and sandblasting, 
generally imply phases that produce grinding filter powder, 
mainly as a by-product [2]. The expansions of aluminium 
dust during the processing, storage and transportation of 
bulk materials and powders have been characterised as an 
environmental hazard with the potential to cause harms to 
metal working area, waste transport and disposal systems 
[4]. Apart from the difficulties in managing the risk of dust 
explosions in metal working industries, the potential haz-
ards of aluminium wastes disposal area have been studied 
by many researchers [5–9].
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At present, the traditional disposal methods (e.g. storing 
and landfilling) are greatly limited for the hazardous alumin-
ium wastes. Aluminium waste dusts cannot be transferred to 
landfills because they will likely react amphoterically with 
water in the presence of hydroxyl ions and lead to inad-
vertent generation of hydrogen [10]. A study by Arm and 
Lindeberg [11] reported hydrogen explosions that occurred 
in landfills, rock caverns, old oil wells containing wet fly 
ashes caused by aluminium–water reactions. The overall 
reactions responsible for hydrogen generation in water–alu-
minium reaction are as follows [12]:

On exposure to oxidative atmospheres and temperature, 
an oxide film forms rapidly on aluminium particles surface, 
providing stability [13, 14]. According to Trunov et al. 
[15, 16], oxidation of pure aluminium, that is caused by a 
sequence of polymorphic phase transitions, occurring dur-
ing the growth of the oxide film, can be divided into four 
main stages between 300 and 1500 °C. Whilst the thickness 
of the natural amorphous alumina layer increases slowly in 
the initial stage (300 °C < T < 550 °C), this layer transforms 
into γ-Al2O3 around 550 °C and this leads to a stepwise mass 
increase (the second stage). When pure Al reaches its melt-
ing point at ~ 660 °C, the transformation of γ-Al2O3 layer 
into θ-Al2O3 polymorph occurs (the third stage). Finally, as 
a result of the fourth stage, the α-Al2O3 is formed at tem-
peratures above 1100 °C. Thus, the most probable alumin-
ium–water reaction at room temperature is Eq. (1).

Shmelev et al. [17] and Rosenband and Gany [18] reported 
that the presence of a small fraction of activators enables a 
spontaneous reaction of activated aluminium particles even 
with cool water, which typically would not react with oxide 
or hydroxide surface layers. Nithiya et al. [19] confirmed the 
alkaline compounds in aluminium wastes. In a landfill, a highly 
exothermic reaction, which occurs when the water in contact 
with aluminium wastes become alkaline, between hydroxyl 
ions and aluminium metal inadvertently releases large amounts 
of flammable or toxic gases (e.g. hydrogen, acetylene, ammo-
nia, carbon monoxide and benzene) [20]. Hydrogen gas from 
the amphoteric reaction of aluminium–water in the presence 
of hydroxyl ions is believed to be [20]:

(1)2Al + 6H
2
O → 2Al(OH)3 + 3H

2
+ Heat

(2)2Al + 4H
2
O → 2AlO(OH) + 3H

2
+ Heat

(3)2Al + 3H
2
O → Al

2
O

3
+ 3H

2
+ Heat

(4)Hot H
2
+ O

2(air) + combustibles → fire

(5)Al(Metal) + (OH)−1
(AQ)

+ 3H
2
O(Liquid) →

[

Al(OH−1)
4

]−1

(AQ)
+ 3∕2H

2(Gas) + Heat

The consequences of the amphoteric reaction of alu-
minium within landfills are discussed by Stark et al. [20]. 
Their report showed that aluminium–water reaction may 
cause: (1) changes in leachate composition and qual-
ity; (2) undesirable increase in waste temperatures; (3) 
changes in gas composition and pressure with decreasing 
methane production and with increasing the generation of 
combustible and toxic gases; (4) microbial activity that 
would be considered desirable in anaerobic environments 
decreases; and consequently (5) the nuisance odours 
increase as a symptom surrounding the landfills.

Furthermore, fine particles of aluminium powder cannot 
be stored without specific safety precautions and consid-
erations because they can readily disperse as a cloud in 
air due to their low masses. Upon dispersion in the air, 
which allows the particles to mix with oxygen, the burning 
occurs quickly so that an explosion results. Many studies 
have investigated the flammability of aluminium waste 
dusts produced by different metal industrial processes and 
the dust properties that contribute to explosions [21–27]. 
According to prevention and mitigation of dusts explo-
sion with the concept of inherent safety, avoidance of dust 
cloud formation or control it below the minimum explosi-
ble concentration is fundamental [28]. Managing the risk 
of explosions in storages is not an easy task and lead to 
difficulties especially in small companies that often have 
limited resources.

Moreover, with increasing attention to the renewable 
high-calorie fuel such as hydrogen, there is a tendency to 
use aluminium and its alloys as the suitable metal source 
for hydrogen production. Therefore, disposal, utilisa-
tion and explosion control of this materials are receiving 
increasing attention in the future. According to the above 
concerns regarding the disposal of aluminium waste pow-
ders, it does not appear that any of the disposal methods 
alone would be effective in reducing the hazardous con-
sequences that exist when aluminium explosible dust is 
present in quantities above its minimum explosive con-
centration. Therefore, reducing aluminium waste powders’ 
reactivity as much as possible through thermal pre-treat-
ment or thermal oxidation (not higher than 600 °C) may 
be the most promising approach, and then to determine 
the appropriate disposal (such as landfills) or utilisation 
(such as direction used in the formulation of porous con-
crete [29], fingerprint detection compounds [30], coatings 
and inks [31, 32]and hydrogen generation devices [33, 
34] according to the risk assessment of residual reactivity 
level.
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The utilisation of low–medium-temperature thermal 
treatment for waste disposal has increased due to its effec-
tiveness and lower energy usage in recent years. Thus, in 
this study, the efficiency of medium-temperature pre-treat-
ment of different aluminium waste powders from surface 
treatment industries, which applied a variety of processes 
to treat aluminium surfaces (e.g. shot blasting and polish-
ing), was investigated. Implemented diagnostics including 
scanning and transmission electron microscopy (SEM), 
X-ray diffraction (XRD), sample weight monitoring in 
time and low heating rate reactivity analysis by thermo-
gravimetry (TG) were utilised in this study. An analysis of 
thermogravimetric (TGA) data was performed to investi-
gate the thermal behaviour of five different waste powders 
from aluminium surface treatment industries. Pre-treat-
ment conditions were optimised by tubular furnace simu-
lation experiments, and the total volume of the generated 
hydrogen before and after pre-treatment was examined.

Experiments

Materials and samples

The characteristics of the aluminium powders as by-products 
of metal working processes vary depending on the produc-
tion techniques. A total of five aluminium waste samples 
were collected from different surface treatment industries. 
Surface treatment companies in Northern Italy use a vari-
ety of processes to treat aluminium surfaces, including 
shot blasting and polishing. In blasting, different blasting 
media are sprayed at high velocity onto the metal surface 
for the purpose of treating the metal surface. Blasting is 
mainly used to remove contaminants from the surface of 
castings, in preparation for subsequent finishing treatments, 
such as painting, enamel coating or mechanical treatment. 
Shot blasting is typically performed with rotating blade 
machines in which a stream of cleaning agents (steel grains 
or iron shots) is emitted, bombarding the casting’s surface 
[35]. Instead, mechanical polishing process involves using 
abrasive media, flat wheels, sandpaper, wool berets, polish-
ing sponges to remove scratches, nicks, and other surface 
defects created during the machining process. Polishing is 
a technique for improving the appearance and shine of the 
surface either manually or mechanically, thereby achieving 
the desired surface structure [36].

For this study, in three blasting factories that performed 
blasting on aluminium surface, dusts captured through 
drawholes and sent to a cyclone followed by a bag filter. 
Thus, three samples were collected from different grind-
ing filter powders. In addition, two samples were collected 
from factories where polishing operations were conducted 
on aluminium products. According to the European Waste 

Catalogue adopted by Decisions (EU) N° 995/2014 and 
1357/2014 of 18 December 2014 of the Council of the Euro-
pean Community, as amended by Decisions 2000/532/EC, 
all the samples found in this study are classified as hazardous 
waste according to the EWC 12 01 14* and 12 01 16* [37, 
38]. Note that the purpose of this study is neither to assess 
the hazards associated with the samples nor to control their 
coding.

In this study, the effects of ZnO alloy powder as an addi-
tive on the ignition and oxidation properties of the samples 
were investigated. To prevent using raw materials, a zinc 
oxide alloy powder, which was produced as a waste in a 
metal industry, was utilised as an additive for decreasing the 
aluminium ignition delay time. The chemical composition 
of ZnO alloy powder is listed in Table 1. The mass fraction 
of the S3 and S5 to the ZnO alloy powder mixture was 1:1, 
1:2 and 1:4 (w:w).

For decelerating the ageing of aluminium particles, fresh 
aluminium waste powders were rapidly stored in vacuum 
bags. The particle size distribution of the dust was realised 
on dry samples of about 50 g using a Ro-Tap Tyler mechani-
cal sieve shaker equipped with Tyler mesh sieves. A balance 
with ± 0.0001 g sensitivity performed for weighing opera-
tions. The morphology of the samples was determined using 
a scanning electron microscope (SEM) with a Zeiss EVO 
MA10 (Carl Zeiss, Oberkochen, Germany). The X-ray dif-
fraction (XRD) pattern was characterised on a D2 Advance 
powder X-ray diffractometer (Bruker, Karlsruhe, Germany). 
The elemental composition of the samples was determined 
through an acid digestion of 0.5 g waste with 15 ml of 37% 
hydrochloric acid and 5 ml of 65% nitric acid in a DigiBlock 
with 95 °C for 2 h. The cold digested samples were filtered 
on a Whatman grade 542 filters. Then metal contents deter-
mination was performed by means of an ICP Agilent Plasma 
Spectrometer.

Unreacted aluminium measurement

In this study, free aluminium content was indirectly deter-
mined by measuring the volume of gas released following 
the reaction between aluminium waste and NaOH solutions 
of 30 wt%. Due to strong alkalinity of NaOH solutions, 
aluminium–water reaction is quick [39]. As suggested by 
Zhu et al. [40] and Shi et al. [41], the efficiencies of the 
medium-temperature thermal pre-treatment of aluminium 
waste samples can be obtained by measuring the content of 
the unreacted Al in the sample after thermal pre-treatment. 
To determine unreacted aluminium in a sample, previous 
studies utilised volumetric techniques using hydroxide pro-
moters such as NaOH, Ca(OH)2, CaO and salt promoters 
such as NaCl [42]. Adding these components disrupts the 
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aluminium oxide layer on aluminium particles and releases 
hydrogen gas.

The schematic of the hydrogen generation and alka-
line water–aluminium reaction temperature systems used 
in the experiment is shown in Fig. 1 (a). Equation 6 shows 
the water–aluminium reaction in the presence of NaOH as a 
hydroxide promoter [43].

Here are the equations that can be used to calculate the 
unreacted Al content in thermal pre-treated products [43][43]:

(6)2NaOH + 2Al + 2H
2
O → 2NaAlO

2
+ 3H

2
.

(7)nH2
= V∕22400

(8)n
Al

= n
H2
∕1.5

(9)WS
Al
= 26.98

( g

mol

)

×nAl

where V  refers tothe volume of hydrogen produced by the 
reaction of unreacted aluminium with NaOH-water (ml); WS

Al
 

is the mass of aluminium in the tested sample (g); WS , WP 
and WAl are the mass of tested sample (g), the total mass of 
the thermal pre-treated product (g) and the total mass of Al 
in the original sample, respectively; WP

Al
 is the total mass of 

aluminium in the thermal pre-treated product. Moreover, η 
refers to the thermal pre-treatment efficiency.

TGA test

The determination of the parameters of non-isothermal oxi-
dation under the standard conditions of programmed heating 
in an atmosphere of air can be utilised to compare the reac-
tivity of the powders [45]. Parameters for an evaluation of 

(10)WP
Al
= WS

Al
×WP∕WS

(11)� = (WAl −WP
Al
)∕WAl × 100

Table 1   Chemical analyses of the selected wastes produced in the aluminium surface treatment industries

Attention: 12 01 14* machining sludges containing dangerous substances
12 01 16* waste blasting material containing dangerous substances

Sample S1 S2 S3 S4 S5 A

Waste European Code 12 01 16* 12 01 16* 12 01 16* 12 01 14* 12 01 14*
Waste origin Grinding filter 

powder; from 
shot blasting

Grinding filter 
powder with 
CaCO3; from 
shot blasting

Grinding filter 
powder; from 
sand blasting

Grinding filter 
powder; from 
polishing

Grinding filter 
powder; from 
polishing

ZnO alloy powder

Organic matter %wt - - - 28.74 38.78 -
Mineral oil %wt - - - 8.29 5.14 -
Al mg/kg 1,519,567.4 514,003.31 98,303.09 11,749.05 38,527.90 78,288.94
As 37.23 0.00 31.76 3.84 2.02 10.2
B 292.62 236.44 94.23 7.63 6.92 32.25
Be 0.03 0.04 1.11 0.03 0.06 0
Cd 1.10 0.00 59.91 0.97 0.28 3.31
Co 0.00 0.00 51.68 0.00 0.85 236.97
Cr 42.21 47.33 2747.14 24.89 21.59 512.18
Cu 1351.26 874.58 3635.68 781.03 1146.02 9647.06
Mg 5386.44 43,971.9 702.22 300.34 409.63 6058.45
Mn 147.04 182.94 5457.92 167.19 115.29 491.07
Mo 32.99 12.63 128.2 2.20 2.26 30.75
Na 1076.24 566.24 364.3 286.89 487.78 48,406.97
Ni 108.47 72.40 1244.07 9.26 32.27 2712.72
Pb 530.02 351.04 944.86 92.04 53.56 338.65
Sb 146.9 91.84 99.05 7.7 5.84 66.51
Se 11.85 5.26 0.00 0.27 0.22 52.06
Sn 19.35 15.80 41.30 1.82 6.23 16.6
Tl 214.35 246.1 86.97 6.42 9.93 1.59
V 0.00 0.00 0.00 0.00 0.00 431.32
Zn 345.22 294.55 71,895.44 52,958.52 620.08 138,160.47
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the reactivity of powders, including temperature of intensive 
oxidation onset (Ton, °C), the mass gain at the first oxidation 
step (αI, mass %) and the total mass gain at the end of the 
oxidation process (αT, mass %), can be obtained during the 
processing of the results of non-isothermal oxidation under 
standard conditions of programmed heating in an atmos-
phere of air using thermogravimetric analysis (TGA) and 
differential thermal analysis (DTA) curves [46, 47].

The medium-temperature thermal pre-treatment charac-
teristics of aluminium powder wastes under nitrogen atmos-
phere (anaerobic condition) and air atmosphere (aerobic 
condition) were tested by heating the fine powder samples 
(~ 5 mg) in an open Pt crucible from room temperature to 
1000 °C at the rate of 10 °C/min in a thermogravimetric 
Q5000 apparatus (TA Instruments, New Castle, DE, USA) 
interfaced with a TA5000 data station. Then to achieve 25 
°C, the instrument was ventilated until it was completely 
cooled.

Tubular furnace simulation experiments

Four different furnace set points (450, 475, 500 and 525 °C) 
were selected based on the TGA to identify the ignition delay 
time, the optimum heating time and to evaluate the efficiency 
of medium-temperature thermal pre-treatment for reduction 

of the reactivity of aluminium waste samples. The tubular 
furnace consists of an air cylinder, a tube furnace and a tem-
perature controller (Fig. 1 (b)). When the temperature of the 
tube furnace reached the set temperature, the air with the flow 
rate of 300 (l/h) was continuously fed into the quartz tube for 
15 min to ensure that air was exhausted. Then an alumina boat 
(105 × 14 × 9 mm) was loaded with sample (~ 70 mg), and then 
it was placed into the centre of the tube furnace.

Ignition delay is the amount of time necessary to destroy 
the weak oxide film on the surface of Al particles that allows 
the fresh aluminium core to easily react with oxygen to form a 
strong oxide film in the presence of temperature. To obtain the 
ignition delay time of each sample, a video camera was used. 
In this experiment, ignition delay time (td) was interpreted as 
the duration of time between when sample appeared below 
window and the first combustion phenomenon occurred. The 
ignition delay time was captured utilising a video camera and 
the ignition delay time (td) is as follows:

where t0 is the time of the first image of the sample captured 
inside the tube furnace and ti is the time corresponding to the 
first appearance of ignition phenomenon of sample.

(12)td = ti − t
0

Fig. 1   Schematic diagram for 
the experimental systems; a gas 
volume measurement system; b 
tubular furnace
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Results and discussion

Basic characteristics of the samples

The main elements identified in each sample are listed in 
Table 1. The most abundant element in the analysed sam-
ples was Al. Amongst the elements discovered were Cu, 
Mg, Pb and Zn, as well as other elements at low concen-
trations. The identified elements included Cu, Mg, Pb, Zn 
and other elements at low concentrations (Table 1). The S4 
and S5 were obtained from polishing processes. Therefore, 
these samples contained a certain amount of the mineral 
oil and organic matters depending on the age of the polish-
ing tools, and on the pressure and speed adopted to polish 
the pieces. Although the amounts of these components 
were relatively low, they constituted a major effect on the 

particle size distribution and the reactivity behaviour of 
the samples.

According to the scanning electron microscope images 
of the samples (Fig. 2), it can be concluded that the mor-
phology of the samples is affected to a great extent by the 
manufacturing process that generates the powders. The pow-
ders feature mainly non-spherical. In general, the particle 
texture appears cluster with smooth surface. In the case of 
shot blasting samples (Fig. 2(a), (b) and (c)), the repeated 
fragmentation of particles during blasting causes mechani-
cal breakage of the oxide film and consequently provides 
the direct contact between oxidiser and fresh surfaces of 
aluminium. Moreover, some zinc oxide particles have been 
stuck to aluminium particles during blasting.

The particle size distribution for all tested samples is 
illustrated in Fig. 2(f). As shown, samples associated with 
blasting processes contain a high proportion of fine parti-
cles. For instance, about 94% particulate S1 compounds by 

Fig. 2   SEM characterisation of 
the tested samples: a the S1; b 
the S2; c the S3; d the S4; e the 
S5; f particle size distribution of 
the tested samples
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weight were less than 0.1 mm diameter and 66 wt% was 
less than 0.05 mm. The sample S5 has a fraction over 1 mm 
about equal to the 30 wt%. However, a total of 22 wt% of the 
S4 remained over the sieve 1 mm. Essentially, the residues 
left behind using cloth, brushes and sponges to polish the 
surfaces were remained in this range. The polisher material 
residues vary in quality and quantity depending on the tech-
nique used for polishing a metal surface. The organic matter 
test revealed 38.78 wt% of the S5 contains organic matters 
that consists mainly of long threads of organic residues of 
polishers (Fig. 2(d) and (e)). The organic content of the S4 
was about 28.74 wt%.

The remained samples over each sieve were collected and 
tested to determine the effects of particle size on reactivity of 
the samples (Fig. 1 s). For the S1, results demonstrated that 
reactivity, which implies the content of metallic aluminium 
in powders, increases with decreasing particle size. This 
result is in agreement with the previous studies’ conclusion 
that metal content of such powders typically decreases with 
increasing particle size [48, 49]. However, for the polishing 
samples, the remained samples over sieve 1 mm interest-
ingly release more hydrogen gas with respect to the samples 
with particle size less than 125 µm. Testing for mineral oil 
revealed that the Samples 4 and 5 contained 8.29 wt% and 
5.14 wt% mineral oil, respectively. Mineral oil was used in 

polishing processes basically because of its excellent lubri-
cating properties. Generally, in polishing processes, mineral 
oil was absorbed by polisher materials. As a result, micro- 
and nano-sized aluminium waste particles were trapped by 
mineral oil, and they were attached to polisher residues. This 
might explain the reason of higher reactivity of larger parti-
cles compared to those with smaller particles in the S5. Due 
to the organic content, temperature increase and release of 
combustible gas associated with hydrolysis of aluminium, 
the polisher residues of the S4 and S5 require treatment.

Hydrogen generation capacity of the raw samples

Figure 3(a) shows a trend of changing hydrogen production 
(normalised with the weight of tested sample) with increas-
ing reaction time. When the activator solution (NaOH) 
remains constant in all runs, the hydrogen production start 
time and the hydrogen production volume of each sample 
are unique and dependent on both granulometry and chemi-
cal properties of the samples. Although the S2 showed the 
fastest response to the alkaline water solution, 74.4% of the 
volume of hydrogen which measured after 24 h was released 
within the first hour of the reaction. Because of the greater 
proportion of the particles smaller than 0.5 mm, the S2 has 
the fastest start time whilst its aluminium content is lower 

Fig. 3   a Hydrogen production 
of different samples over an 
hour; b temperature change dur-
ing the reaction of aluminium 
and alkaline water; c hydrogen 
generation rate during the reac-
tion of aluminium and alkaline 
water
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than the S1. The S1 released 87.62% of its long-term meas-
ured hydrogen in the first hour of the reaction. For the S1 
and S2, a large volume of gas was observed in a short period 
of time after starting the reaction, indicating their potential 
hazard in the presence of hydroxide promoters. Compared to 
other blasting samples, the corresponding hydrogen produc-
tion start time of the S3 took longer than the other blasting 
samples because of its greater granulometry distribution. 
Following the first hour of the reaction, the hydrogen pro-
duction equalled 69.16% of those corresponding to the long-
term production.

A lower aluminium content in the polishing samples 
resulted in significantly small hydrogen production. There-
fore, to identify the hydrogen generation changes during 
the reaction time, the corresponding values for the S4 and 
S5 were shown in the second Y-axis. Due to the more alu-
minium content of the S5 compared to the S4, spontaneous 
alkaline water–aluminium reaction of the S5 is faster. The 
results of the S4 and S5 revealed that 22.16% and 99.73%, 
respectively, of the long-term hydrogen production were 
achieved within the first hour of the reaction.

The effects of different aluminium waste samples on alka-
line water temperature changes are illustrated in Fig. 3 (b). A 
significant temperature rise occurred for the S1. The alkaline 
water temperature increased from 26 to 46.5 °C in 12 (s) 
for the S1 whilst increasing to 37 °C was observed in 10 s 
for the S2. The alkaline water temperature changes for the 
S3, S4 and S5 were 5 °C, 1.5 °C and 11.5 °C, respectively. 
A similar finding corresponding to the rise of temperature 
in alkaline water–aluminium reactions was reported by Cai 
et al. [42] and Li et al. [50]. A comparison of Fig. 3(b) and 
(c) indicates that hydrogen generation rate is associated with 
alkaline water temperature rise. As shown, the temperature 
of alkaline water increases just before hydrogen is released 
due to the oxidation reaction. This confirms the Rosenband 
and Gany’s [18] conclusion that an increase in alkaline water 
temperature likely further accelerates hydrogen production 
rate. Consequently, due to elevated temperatures and explo-
sive gases produced by leachate hydroxyl ions shortly after 
aluminium samples are dissolved in water, the samples can-
not be disposed in landfills without being pre-treated.

Thermal reaction characteristics of the tested 
samples

Figure 4 shows the TGA and DTG curves of the samples 
measured under anaerobic and aerobic conditions at a heat-
ing rate of 10 °C/min. Different samples exhibited signifi-
cantly different TGA profiles. For the S1, it is possible to 
distinguish three main mass change steps. The first mass loss 
stage is from room temperature to about 400 °C with 2.3% 
mass loss which can be due to the solvent release. Then it 
follows with two continuous mass gain steps. The first mass 

gain step of about 9.7% ends at 720 °C. In the correspond-
ing DTA curve, an exothermic peak is suddenly affected by 
the latent heat of aluminium melting at 600 °C. Then the 
second intense mass gain step (about 34.9%), which not yet 
concluded at 1000 °C, took places. This intense mass gain in 
the second step is because of the melting of Al which causes 
the volume expansion of Al core and resulting in compress 
pressure within the tensile stress on the oxide film and the 
Al core. Therefore, the samples S1 exhibit significant mass 
gain (around 37%) since the oxidation of Al between 400 
and 1000 °C. Moreover, the slope of the mass gain steps 
indicates the oxidation rate of the sample which decreases 
with increasing the reaction time. Since the thickness of 
oxide film on the Al surface increases, the slope of mass 
gain branch or reaction rate decreases.

On the contrary, under nitrogen atmosphere, the S1 shows 
a slow mass loss from room temperature up to 500 °C, that 
mass loss step can be due to the solvent release. Although 
nitrogen is considered as a nearly inert gas, aluminium 
nitride forms when aluminium is heated above 830 °C in 
atmosphere of nitrogen and the reaction involve is Eq. 13 
[51].

The DTA curve (Fig. 4 (a)) can be used to investigate the 
reaction between nitrogen and aluminium. The DTA curve 
shows an exothermic peak around 820 °C probably related 
to the aforementioned reaction. As concluded by Saravanan 
et al. [52], aluminium and nitrogen react even at tempera-
tures as low as 850 °C. Therefore, the consistent mass gain 
between 500 and 1000 °C is mainly due to the transforma-
tion of Al to AlN.

To reduce or eliminate the fire and explosion likelihoods, 
the manufacturer that produced the S2 added calcium car-
bonate powder as an inert powder into a bag filter powders. 
By means of thermogravimetric analysis (TGA), influ-
ences of CaCO3 on oxidation process and thermal behav-
iours of aluminium waste powder are shown in Fig. 4 (b). 
Under air atmosphere, the TGA curve includes four weight 
change steps. With regard to the solvent release, there is a 
weight loss step during heating up the sample at 25–575 
°C. By increasing the temperature up to 610 °C, there is 
a continuous weight gain in the TG curve resulting from 
oxidation process of Al particles. In the zone of 610–730 
°C, the TGA/DTA curve is indicative of the overlapping of 
one peak of exothermic reaction and two peaks of endother-
mic reactions. The intensity of the endothermic process of 
the decomposition of CaCO3 and the process of aluminium 
melt has overshadowed the exothermic process of oxidation. 
Because of this, the DTA curves cannot depict these stages 
clearly. By continuing to increase the temperature up to 1000 
°C, a noticeable mass gain is achieved due to the oxidation 

(13)2Al + N
2
→

Δ
2AlN
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process, although the gain has not completed. Decompo-
sition of calcium carbonate similarly affects the oxidation 
behaviour of the S2 under N2 atmosphere (Fig. 4(b)). How-
ever, the total mass gain value obtained for N2 atmosphere 
differ considerably from those obtained from air atmosphere.

The corresponding TGA curves of the S3 are shown in 
Fig. 4(c). In air atmosphere, there is no mass gain or any 
mass loss to the temperature limit of 200 °C. This is indica-
tive of the fact that no significant oxidation or decomposition 
has taken place within the temperature range of room tem-
perature to 200 °C. As the temperature is increasing, a con-
tinuous mass gain is started around 200 °C and the mass gain 

has not been completed at 1000 °C. The production process 
of the S3 may give insight into why oxidation is taking place 
at such low temperature (at 200 °C). During the production 
of the S3, the manufacturer applies solid lubricants to bur-
nish and compact the coating, thereby optimising the surface 
area of the coating on the substrate. Solid lubricants can 
react and be oxidised with exposure to temperature. Along 
with this mass gain, an exothermic peak is not observed in 
the DTA curves between 200 and 1000 °C. Whilst the tem-
perature increases, the oxidation of the metals takes place, 
leading to increase in the mass gain reaching a total of about 
12.31% at 1000 °C.

Fig. 4   TGA/DTA curves of a 
the S1; b the S2; c the S3; d the 
S4; e the S5
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Figure 4(d) shows the baseline-corrected TGA and DTA 
traces for the Samples S4 under air and nitrogen atmos-
phere, respectively. In nitrogen atmosphere, after a solvent 
release step (0.8% up to 125 °C), a first mass loss ending at 
around 275 °C leads to a 10% mass loss. After this, releas-
ing the organic matters with low evaporation temperature 
takes place, ending at 320 °C (3.4%). Then it follows with 
an intense mass loss step at 350 °C (see the DTG peak) 
due to the desorption of organic matters with high evapora-
tion temperature. By increasing the temperature, two further 
mass variations of 0.3% and 3% take place between 510 °C 
and 650 °C and from this temperature value to 1000 °C, 
respectively. The total mass loss of the S4 is about 31%. In 
addition, the S4 shows mass loss steps under air atmosphere. 
However, it is less distinguishable. A first multi-step process, 
from 125 to 525 °C, leads to a strong mass loss of 30.8%. 
This mass loss step mainly occurs because of the desorption 
of organic matters. Finally, a small mass increase of 0.4% 
is detected between 650 and 1000 °C, indicating that Al 
particles react with oxygen in the chamber.

For the sample S5, the solvent release ends at about 
100  °C under nitrogen (Fig.  4(e)). A desorption step 
accounting for 6.2% mass gain takes place, ending at 205 °C. 
Subsequently, due to the presence of organic matters with 
the high evaporation temperature, a strong mass loss (34.8%) 
is recorded up to 600 °C, including 4 steps which the most 
important one was ended at 410 °C. The mass remains con-
stant starting from 800 °C. However, the total mass loss 
is about 42.34%. Under air, Sample S5 shows a negligible 
solvent release (Fig. 4 (e)). By increasing the temperature, 
a 4-step decomposition process accounting for 36.4% mass 
loss is recorded from 100 to 500 °C. From 530 to 620 °C, a 
1.2 wt% mass gain is recorded, and then a 2.2% mass loss 
ends at 700 °C. A further increase in temperature leads to a 
mass gain of about 2.5% at 1000 °C.

Pre‑treatment simulation experiment 
of the samples in a tubular furnace

The blasting samples and polishing samples showed differ-
ent combustion behaviour inside the furnace (Fig. 2s). When 
the blasting samples (S1 and S2) are loaded into the tube 
furnace, they absorbed heat and slowly turned red. Depend-
ing on the furnace set point, chemical composition of the 
samples, and more importantly the thickness of oxide shell 
which has been formed due to the ageing of Al particles, 
the S1 and S2 are ignited after a specific delay times. First, 
the samples are partially ignited, then the combustion area 
spreads out. The brightness of combustion area of the S1 
is obviously higher than that of the S2, indicating that the 
release heat of the S1 is larger. As the S1 and S2 ignited, the 
tube furnace temperature increased, verifying the release of 
heat. Both samples exhibit the highest ignition delay at 450 

°C and it decreases with increasing the furnace set point. 
In comparison with the S1, the S2 has a relatively low Al 
content, but it showed a strong ignition at the tested tempera-
tures. This is principally because of its high percentage of 
small particles with large self-heating rate, which becomes 
dominant for the ignition of Al particles [15, 16]. In addi-
tion, a considerable percentage of magnesium (Mg) as an 
alloying component leads to decrease the Al ignition delay 
time and temperature [53].

The reduction efficiency of hydrogen production of Al 
powder represents its effectively oxidised amount, which is 
a very important parameter to characterise the reactive Al 
content. For estimating the effect of heating time on thermal 
treatment efficiency to reduce the reactivity of different sam-
ples, unreacted Al content was calculated by measuring the 
volume of gas (Sect. 2.2). According to Fig. 5 and Table 2, 
the samples that are taken out of the furnace before ignition 
occurs are much more reactive than those left inside the 
furnace for longer periods of time. This is because the igni-
tion causes the weak alumina shell on the Al particle surface 
to be broken, and the exposed active Al rapidly reacts with 
oxygen. Therefore, ignition contributes to an important heat 
feedback mechanism for influencing the oxidation rate.

The XRD patterns of the combustion products of the 
tested samples, after being heated in the tube furnace, are 
shown in Fig. 3s, the diffraction peaks of metal oxide be 
detected. In the SEM images shown in Fig. 6, the combus-
tion products of the S1 and S2 are submicron needles, and 
the combustion products of the S3, S4 and S4 are spheres. 
Thus, the microstructure of the combustion products of all 
the tested samples changed radically in comparison with 
the initial powders. Obviously, the appearance of combus-
tion products in the form of needles of submicron diameters 
results from participation of the gaseous phase in the forma-
tion of the final products [54].

The S3 without an additive cannot be ignited at any of 
the tested furnace set points, so its ignition delay time is 
not presented in Table 2. Some methods have been intro-
duced to improve the ignition of Al particles. One approach 
is to increase the proportion of nano-sized Al compared to 
micron-sized Al since nano-sized Al particles have lower 
ignition temperature and faster burning rate [55, 56]. In addi-
tion, for the enhancement of the ignition process of Al pow-
ders, Al can be blended with some materials. Many efforts 
have been made to understand the effects of different addi-
tives (e.g. chromium chloride (CrCl3) [57], sodium fluoroa-
luminate (Na3AlF6) [41], sodium fluoride (NaF) [39], potas-
sium fluoride (KF) [58], nickel (Ni) [59], magnesium (Mg) 
[60], silicon (Si) [61], silica (SiO2) [62], zinc addition [63]) 
on pure aluminium/aluminium alloys’ thermal characteris-
tics. Since resources shortage and environmental concerns 
are increasing, moving towards a resource-efficient and cir-
cular economy is essential. Waste prevention target defined 
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Fig. 5   The reactivity reduction 
and hydrogen production of pre-
treated products vs. heating time 
at different set temperatures; (a 
and b) the S1; (c and d) the S2; 
e and f the S3; g and h the S4; i 
and j the S5

0

10

20

30

40

50

60

70

80

90

100

1 2 3 4 5 10

R
ea

ct
iv

it
y

 r
ed

u
ct

io
n
 (

%
)

Heating time (min)

450 °C

475 °C

500 °C

525 °C

(a)

0.00E+00

5.00E-03

1.00E-02

1.50E-02

2.00E-02

2.50E-02

3.00E-02

3.50E-02

4.00E-02

4.50E-02

1 2 3 4 5 10

H
2

(m
o
l)

/m
as

s 
o
f 

te
st

ed
 s

am
p
le

 (
g
r)

Heating time (min)

450 °C
475 °C
500 °C
525 °C

(b)

0

20

40

60

80

100

120

1 2 3 4 5 10

R
ea

ct
iv

it
y

 r
ed

u
ct

io
n
 (

%
)

Heating time (min)

450 °C
475 °C
500 °C
525 °C

(c)

0.00E+00

5.00E-03

1.00E-02

1.50E-02

2.00E-02

2.50E-02

1 2 3 4 5 10

H
2

(m
o
l)

/m
as

s 
o
f 

te
st

ed
 s

am
p
le

 (
g
r)

Heating time (min)

450 °C 475 °C

500 °C 525 °C
(d)

0

20

40

60

80

100

120

1 2 3 4 5 10

R
ea

ct
iv

it
y

 r
ed

u
ct

io
n

 (
%

)

Heating timen (min)

450 °C 475 °C
500 °C 525 °C
1:1; 525 °C 1:2; 525 °C
1:4; 525 °C

(e)

0.00E+00

1.00E-03

2.00E-03

3.00E-03

4.00E-03

5.00E-03

6.00E-03

7.00E-03

8.00E-03

9.00E-03

1 2 3 4 5 10

H
2

(m
o
l)

/m
as

s 
o
f 

te
st

ed
 s

am
p
le

 (
g
r)

Heationg time (min)

450 °C 475 °C
500 °C 525 °C
1:1; 525 °C 1:2; 525 °C
1:4; 525 °C

(f)

0

10

20

30

40

50

60

1 2 3 4 5 10

R
ea

ct
iv

it
y

 r
ed

u
ct

io
n
 (

%
)

Heating time (min)

450 °C

475 °C

500 °C

525 °C

(g)

0.00E+00

1.00E-04

2.00E-04

3.00E-04

4.00E-04

5.00E-04

6.00E-04

7.00E-04

1 2 3 4 5 10

H
2

(m
o
l)

/m
as

s 
o
f 

te
st

ed
 s

am
p
le

 (
g
r)

Heating time (min)

450 °C

475 °C

500 °C

525 °C

(h)

0

20

40

60

80

100

120

1 2 3 4 5 10

R
ea

ct
iv

it
y

 r
ed

u
ct

io
n
 (

%
)

Heating time (min)

450 °C
475 °C
500 °C
525 °C
525 °C Mix 1:1
525 °C Mix 1:2

(i)
0.00E+00

1.00E-03

2.00E-03

3.00E-03

4.00E-03

1 2 3 4 5 10

H
2

(m
o
l)

/m
as

s 
o
f 

te
st

ed
 s

am
p
le

 (
g
r)

Heating time (min)

450 °C
475 °C
500 °C
525 °C
525 °C Mix 1:1
525 °C Mix 1:2

(j)



1474	 Journal of Material Cycles and Waste Management (2024) 26:1463–1479

by circular economy strategy can be achieved through eco-
design, reuse, repair, refurbishment, re-manufacturing and 
extended producer responsibility (EPR) schemes [64]. Sev-
eral researchers have studied the aluminothermic reaction in 
Al/ZnO system leading to the formation of in situ Al2O3 at 
relatively lower temperatures [65–69]. According to Elling-
ham diagram for oxides (Gaskell 2008), zinc oxide reacts 
with aluminium as follows [70–72]:

According to Eq. (12), this reaction is exothermic. Whilst 
this reaction is thermodynamically possible at room tem-
perature, the reaction normally occurs at very high tempera-
tures due to kinetics difficulties. A proper combination of 
suitable alloy addition and thermal process can modify the 
reaction of the system. For the S3 with addition of 1:1, 1:2 
and 1:4 (w:w) ZnO alloy powder, at 525 °C, the ignition 
delay times are 75, 70 and 61 s, respectively. The results 
showed that the ignition delay times of the S3 significantly 
decreased with addition of ZnO alloy powder. Maleki et al. 
[73] confirmed that a short-time high-temperature contact 
between aluminium and ZnO leads to the formation of epi-
taxially grown layers of ZnAl2O4 and Al2O3. The XRD pat-
terns of the oxidation products of the mixed S3 with ZnO 
alloy powder (with 1:4 w:w) at 525 °C for 5 min are in good 
agreement with the results of Maleki et al. [73]. Therefore, 
the addition of ZnO alloy powder can decrease the ignition 
delay time and, consequently, improve the efficiency of ther-
mal treatment of the S3. This can be certified by the results 
of reactivity test (Fig. 5), that is, the reaction reactivity of the 
S3 with addition of ZnO alloy powder is remarkably higher 
than that of the S3 without additive.

According to the XRD pattern of the S3, at least nine 
reactions may have taken place between 200 and 1000 °C, 
which justifies the presence of the nine new oxide compounds 
identified in the XRD pattern: CuMn2O4, Sb2O4, ZnAl2O4, 
CuAl2O4, Al2O3, MgCr2O4, ZnAl2O4, ZnO and MoO2. 
Regarding the reaction between solid lubricant like Sb2S3, Cu 
and Zn, the Sb2S3 oxidation takes place in the temperature 
range of 300–430 °C, where Sb2S3 is converted to Sb2O5 and 
Sb2O3 and then to Sb2O4 at 570 °C [74, 75]. The study by 

(14)2Al + 3ZnO → 3Zn + Al
2
O

3

Martinez and Echeberria [76] was confirmed that the reaction 
between the metal powders and the lubricant starts at tem-
peratures between 350 and 400 °C, except for the Cu–Sb2S3 
system, where it starts at a lower temperature (200 °C).

For the S4, observations obtained by ignition test in the 
tube furnace complete and confirm results obtained by TGA 
analysis. Both methods prove that oxide film formation is not 
thermally stabile and if the temperature is below 475 °C, only 
desorption of organic matters and mineral oil occurs. At 450 
°C, the combustion of organic matters proceeds and the pres-
ence of CO2 in off-gas is probable. Although the intermittent 
flame was observed in this temperature, the S4 could not be 
ignited, so its ignition delay times are not presented in Table 2. 
When the S4 is exposed to temperature above 475 °C, the igni-
tion delay times are 54, 43, and 25 s, respectively. As a result 
of ignition, the degradation of organic parts is complete, and 
only the inorganic parts remain, which have been tested for 
their reactivity. The ignition delay time is considerably affected 
by the heating temperature, especially, when it increased from 
500 to 525 °C. The corresponding reactivity values of the com-
bustion products confirmed that for proper decreasing of reac-
tivity, the S4 needs to remain in a furnace for at least 4 min at 
525 °C. The reactivity of the S4 in a highly alkaline solution 
is illustrated in Fig. 5(d). However, reactivity of the S4 with 
deionised water during a month observation was zero.

In the S5, organic compounds were decomposed after 
exposure to higher temperature, without occurring ignition. 
The reactivity test on the remaining mass after exposure to 
high temperature showed that the thermal treatment of the S5 
without additive is not sufficient to reduce the reactivity of this 
sample. Therefore, the S5 was blended with ZnO alloy powder 
with specific proportions of 1:1 and 1:2 (w:w). The ignition 
tests demonstrated that adding ZnO alloy powder improves 
the ignition and decreases the ignition delay time of the S5.

Handling and storage of the samples 
after pre‑treatment

The concept of inherent safety in the process industries 
utilises the properties of a material or process to eliminate 
or reduce their hazard [77]. One of the main principles of 

Table 2   Ignition delay time 
(expressed in seconds) 
corresponding to the tested 
samples at different furnace set 
temperatures

Furnace 
set point 
(°C)

Sample

S1 S2 S3 S4 S5

1:1 (S3: A) 1:2 (S3: A) 1:4 (S3: A) 1:1 (S5: A) 1:2 (S5: A)

450 222 375 – 98 92 85 – – 125 121
475 178137 217 – 90 85 78 54 – 119 114
500 101 – 84 76 74 43 – 107 101
525 132 64 – 75 70 61 25 – 101 96
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the inherent safety is to moderate the hazardous materi-
als in their less severe forms. Amyotte and Eckhoff [28] 
suggested that inertisation of powders or the modification 
of their composition by the admixture of solid inertants, 
reducing dust cloud formation by increasing particle size 
resulting in a decrease in powder reactivity, and preventing 
hybrid mixtures (which involve the mixture of flammable 
dust, gas or solvent) can all be helpful in reactive powders 

modification. According to these suggestions, in this study, a 
thermal oxidation process was carried out on the aluminium 
alloy waste powders to modify the composition, morphol-
ogy and hydrogen gas production capacity of the samples. 
Although all the raw samples react with DO water, any of 
the pre-treated samples did not react with DO water even 
after a month. Nevertheless, consideration must be given 
to hazard prevention and mitigation when transporting, 

Fig. 6   The SEM images of the pre-treated samples in the furnace; a 
the S1 treated at 475 °C for 4 min; b the S2 treated at 475 °C for 4 
min; c the S3 with additive (1:4) treated at 525 °C for 5 min; d the S4 

treated at 525 °C for 5 min; e the S5 with additive (1:2) treated at 525 
°C for 10 min
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storing and landfilling aluminium reactive powders. Great 
care must be taken to prevent the contact of strong acids (e.g. 
HCl, H2SO4, HNO3), oxidising agents (e.g. perchlorates, 
peroxides, permanganates, chlorates, nitrates, chlorine, bro-
mine and fluorine), acid chlorides, strong bases (e.g. NaOH, 
KOH), chlorinated hydrocarbons and alcohols.

For raw aluminium powder wastes, attention to the gen-
eral safety in the working spaces is not enough. It is strongly 
recommended to avoid any condition that will suspend or 
float powder particles in the air, creating a dust cloud. It is 
better if powder is transferred from one container to another 
using a non-sparking, conductive metal scoop with the most 
minimal amount of agitation. Moreover, great care must be 
taken to prevent the contact of water with the non-treated 
samples. Also, as a result of static electricity discharge, an 
electric spark can be generated, causing powder particles 
surrounding the spark to reach temperatures above their 
ignition temperature, causing a fire or explosion. Therefore, 
anything that produces a spark, such as an electric switch, 
a broken light bulb, a commutator on an electric motor, or 
a loose electric power connection (even a metal-to-metal 
impact), can cause an explosion of pre-treated aluminium 
waste powders. An explosion can be caused even by con-
tinuous metal-to-metal rubbing (as in a dry sleeve bearing).

Conclusion

Pre-treatment at low–medium temperatures is widely appli-
cable in the context of clean production and sustainable 
development because of reducing disposal and recycling 
difficulties. Considering the thermal characteristics of alu-
minium waste powders, the pre-treatment of grinding filter 
powder samples was chosen to be carried out under medium-
temperature condition. According to the TGA profiles of the 
samples, the reactive powders were treated at temperatures 
450, 475, 500 and 525 °C, using a tubular furnace. Moreo-
ver, the ignition delay time of each sample was obtained 
by post-processing the sequential images of the sample 
inside the tubular furnace. The results of volume of gas 
released following the reaction between aluminium waste 
and NaOH solution showed that the pre-treatment efficiency 
was strongly dependent on the ignition delay time of the 
sample at each set temperature. The results show that the 
medium-temperature pre-treatment can effectively reduce 
the reactivity of sample when the heating time was higher 
than the ignition delay time of each sample. The promoting 
effects of ZnO alloy powder on the ignition and combustion 
performance of two samples, which could not be ignited 
at tested temperatures and retention times, were studied. It 
showed that ZnO alloy powder can dramatically decrease the 
ignition delay time and initial reaction temperature between 
aluminium and air inside the furnace.
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