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ABSTRACT

Aluminum being stacked between two layers of polyethylene in food bricks, is a source of hydrogen production 
highly demanded as energy in our days. With aqueous solutions of NaOH and KOH at concentrations ranging 
from 1 M to 10M for T=40, 60 and 80°C, we concludethat the activation energy Ea (NaOH)=36416 J.mol-1 is lower 
than that of Ea (KOH) at T=60°C and a concentration of 4 M, the reaction is strongly influenced by temperature 
and concentration. Sodium hydroxide generally promotes more cost-effective reactions. Obtaining an aluminum 
hydroxide accompanied by salt (NaCl or KCl) after acid treatment of the residual alkaline solution was verified by 
SEM and IR, thus preserving the nature.
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INTRODUCTION

In recent years new methods of energy production have been 
explored due to concerns about fuel depletion. Hydrogen gas 
become an important source of energy, its use is an attractive 
approach due to its high calorific value. Despite his advantages, 
the storage and transport of hydrogen requires energy and special 
materials [1] due to its very low boiling point (20K). Also the non-
existence of hydrogen in its free molecular form on earth and the 
dependence of noble catalysts such as Pt, which are expensive and 
rare, for the electrochemical oxidation reaction of hydrogen in 
batteries is a disadvantage. Other methods of obtaining hydrogen 
such as the gasification of coal and biomass [2-5], but gaseous 
products which will mix with hydrogen, such as methane, dioxide 
of carbon and sulfur or nitrogen monoxide compounds. The 
chemical reaction of the Aluminum element with water in the 
presence of a strongly alkaline compound, such as NaOH or KOH 
[6,7] gives rise to hydrogen because this metal has a very thin passive 
layer of Al

2
O

3
 to its surface, which prevents direct attack on the 

water molecule [8,9]. It should be noted that aluminum is a source 
of recyclable energy through daily use materials (can, packaging, 
waste electrical components ...), thus preserving the nature. 

Food bricks are also an important source of energy as they are 
made of three raw materials: cardboard, plastic (polyethylene) and 
aluminum. The objective of this work is to study the production of 
hydrogen by means of the reaction of aluminum stacked between 

the two layers of polyethylene from the food brick, with an alkaline 
solution of NaOH and KOH.

EXPERIMENTAL STUDY

The samples of Rsd (Pet-Al) are obtained by simple pulping with 
distilled water delicately cleaned by hand and then dried, then cut 
into the shape of a square of area S = 1 cm2 and weighed using a 
scale model Kern (0.001g) giving a mass m = 6.5 mg. Six solutions 
of NaOH (Novachim) of concentration1 M, 2 M, 4 M, 6 M, 8 M 
and 10 M are prepared; likewise for 6 solutions of KOH (Panreac) 
and a hydrochloric acid solution 1 M (SIGMA-ALDRICH 37%). 
We have a syringe of 6 mL which is introduced into, the sample of 
Rsd ( Pet-Al ) with a volume V = 2 mL of basic solution, the syringe 
needle was inserted into a silicone stopper to prevent the solution 
from leaking into the water bath model Stuart RE300B (Figure 
1). The volume of hydrogen formed is measured by recording the 
displacement of the piston as a function of time every 5 minutes. 
Three repetitions were carried out for each concentration and 
reagent at 40°C, 60°C and 80°C. To avoid the addition of a 
correction factor (T 

bath-water
 / T 

room temperature
) [10], it was chosen to 

immerse the total volume (6 mL) of the syringe in the water bath. 
The end of the experiment is marked by the total consumption of 
the layer of aluminum stacked between the plastic. The objective 
of this study is to evaluate the hydrogen yield, the behavior of 
the reaction rate under different conditions and to estimate the 
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adequate kinetic parameters. The evaluation of the presence of 
several compounds in the basic solution at the end of the reaction 
was carried out by a scanning electron microscope (SEM) model 
Thermo scientific Q250.

RESULTS AND DISCUSSIONS

Qualitative study in alkaline solution

The reaction that occurs easily gives H
2
( gas ) and aluminum 

tetrahydroxide anion according to the following reaction:

2Al+6H
2
O+2 OH -→2 Al(OH)-

4
+3H

2  (1)[11]

The volume of H
2
 evolution under different conditions is given in 

Figure 2. For a good comparaison the following Table 1 is drawn. 
Indeed, the increase in temperature decreases the reaction time, 
this is true for all the concentrations of the solutions based on 
KOH and NaOH, but the behavior of the 10 M concentration is 
not the same for NaOH as for KOH, at this concentration the time 
of the reaction for 10 M in NaOH is 4 times longer than that of 
10 M in KOH, also we can notice that the curve of evolution of 
the concentration 10 M in NaOH is almost confused with that of 
1 M which presents the 1/10 of its value. This anomaly may be due 
to a blockage in the dynamics of the chemical reaction caused by 
complexations of aluminum for concentration values that exceed 
6 M in NaOH.

To understand well the kinetics of the reaction, we plot the velocity 
as a function of time, this is illustrated in Figure 3; however, the 
maximum speeds of the reactions occur in a time interval between 
0 and 10 minutes, as a result, the reaction is very favorable in the 
direct direction of the reaction (1), except that for t>10 minutes, 
the reaction rate is generally slowed down. 

In Table 2 which follows, the totals of time for the data shown 
in Figure 3 are grouped together depending to the temperatures. 

Figure 1: Experimental mounting.

NaOH KOH

T=40°C

4M6M2M8M10M1Mt (min) 6M10M4M8M2M1Mt (min)

T=60°C

4M6M2M8M10M1Mt (min) 4M6M10M8M2M1Mt (min)

T=80°C

4M6M2M8M1M10Mt (min) 10M4M6M8M2M1Mt (min)

 

Table 1: Time consumed by the chemical reaction at different 
concentrations according to the temperature.

Figure 2: Volume of H
2 

released as function of time and atdifferent 
concentration of NaOH: (a); KOH: (b).

Figure 3: Rate of H
2
released as function of time and at different 

concentrations of NaOH: (a); KOH: (b).
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According to these statistics, it’s clear that the kinetic law is 
verified: the speed increases with the temperature as the total time 
decreases, this is true for KOH and NaOH; but for temperatures 
above 60°C, the reagent NaOH has a shorter duration than that 
of KOH. This indicates that the mechanism of catalysis is slightly 
different for each alkali. This is confirmed by the fact that the 
activation energy at this temperature is higher in the presence of 
KOH, according to Table 3. The speed of the higher reaction in 
the presence of KOH has also been reported by Sloter [12] but 
without any explanation for such behavior. The activation energy 
of the corrosion is related to the exchange current density i

0
: the 

higher the activation energy, the lower the intensity so that the 
corrosion progresses more slowly, and vice versa [13]. It can thus 
be said that i

0
 in the process of corrosion in the presence of KOH 

is lower than that of i
0
 in the presence of NaOH. In this sense, it 

can be considered that the temperature 60°C is the most suitable 
on the one hand for KOH and NaOH, on the other hand and 
more selectively for NaOH which shows that the reaction tends 
to proceed more rapidly. According to Table 2 the temperature 
60°C and the concentration 4 M are the most practical kinetic 
parameters especially with the reagent NaOH.

Quantitative study in alkaline solution

Any gas has particularly simple macroscopic properties in a diluted 
state. This is also true for monoatomic gases such as rare gases 
(He, Ne, Ar, Kr) as for diatomic gases, such as H

2
 gas treated in 

our case. Indeed the application of the model of the perfect gas 
is well allowed considering that the conditions of pressure and 
temperature of the experiment of the Figure 1 give molecules 
with little interaction, the shocks are elastic (supposedly punctual 
particles) and without reactions. The deduction of the value of the 
gas pressure is illustrated in the following Figure 4.

F
tot

 =F + F
atm

so we getF
tot

 = SP - SP
atm 

= S(P-P
atm

)

At the end of the experiment the equilibrium is reached : F
tot

 = S(P-
P

atm
) = 0 so we getP=P

atm

In conclusion, the value of the pressure inside the syringe is equal 
to 1 atm when the reaction is complete (separation of the Pet and Al)

The perfect gas equation connects P, V and T:PV = nRT(2)

With P is the pressure (Pa), V the volume (m3), T temperature 
(K), n is the number of moles of the gas, R is the constant of the 
perfect gases = 8.314 JK-1 = 0.08207 liter atm K-1 moles -1; allows us 
to calculate the number of moles of H

2
 released by the action of the 

reagents KOH and NaOH on the Rsd (Pet-Al) grouped in Table 4.

The intersection of the vertical and the horizontal average of 
the numberof moles of H

2 
recovered make easy to say that the 

concentration 4 M, and the temperature T = 333.15 K (60°c) are 
the most suitable kinetic parameters for NaOH (Haverage = 9.66 10-5 

mole, Vaverage = 8.66 10-5 mole) and for KOH(Haverage = 9.33 10-5 

mole, Vaverage = 8.66 10-5mole) which produce a maximum of gas. It 
can be generalized that, beyond 4M, the yield in mol of hydrogen 
is not very useful if one works at a temperature equal to 333.15 K. 
As for the choice between the two reagents, it seems that NaOH 
is not very favorable compared to KOH except that NaOH is less 
expensive.

Aluminum yield

The generation of hydrogen gas causes the formation of [Al (OH)
4
]- 

(basic pH) in the solution, the mass of the starting aluminum is 
deduced by the experimental difference between m 

Pet-Al
 before 

reactionand m 
Pet

atthe end of the reaction. The equation of the 
reaction (2) allows us to establish a relationship in quantity of matter 
between released H

2
 and dissolved aluminum, the estimation of 

aluminum yield by the action of NaOH and KOH is illustrated 
in Figure 5. It can be said that the amount of aluminum that goes 
into solution is important for KOH and NaOH, except that for a 
10M concentration the yield is not appreciable for NaOH relative 
to KOH.

Activation energy Ea

The Arrhenius law k=A exp (-Ea / RT), where Ea is the activation 
energy of the reaction, A is the pre-exponential factor, R is the 
constant of perfect gases (8.314 j.mol-1k-1) and T the temperature 
in Kelvin; allows us to calculate the activation energy. Plotting 
lnk versus 1/T for KOH and NaOH gives the following Figure 6. 
Adjustments of the regression models (R2) for all concentrations 
were more satisfactory for NaOH (0.9551) than for KOH (0.9425), 
the values of the relative activation energies for the two reagents in 
question are given in Table 3.

The comparison of the activation energies for the two alkalis at 
different concentrations shows a decrease in the values of these 

Total time (min)

NaOH KOH

T = 40°C 1235 835

T = 60°C 455 470

T = 80°C 170 230

Table 2: Totals of the reaction speed times at different concentrations as a 
function of temperature.

Activation energy (J.mol-1)

NaOH action KOH action

1M 56632 55322

2M 50321 50445

4M 36416 52815

6M 44585 24718

8M 53349 47795

10M 62407 43584

Table 3: Activation energy of the reaction.

Figure 4: Diagram of pressing forces.
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energies for concentrations ranging from 1 M to 4 M for NaOH 
and from 1 M to6 M for KOH, this is expected because higher 
concentrations produce faster reaction rates  ; but at higher 
concentrations we observes for both cases an increase in the value 
of the activation energy much clearer for NaOH than for KOH 
which can be explained by a slowing of the speed of the reaction.
In the literature, similar results have been obtained [14], the study 
of high purity aluminum (99.9%) yielded an activation energy 
of approximately 46 - 53 kJ mol-1 with NaOH in a temperature 
range of 293 K to 343 K. The activation energy found depends on 
the thickness of the aluminum layer (it increases with thickness) 
[15], the value of the activation energy at 2 M is equal to 54743 
J.mol-1 for NaOH and 59945 J.mol-1 for a thickness of 0.5 mm. 
From the results obtained in this work and compared to the 
activation energies evaluated in the literature, it is clear that the 
alkaline concentration, the purity, the sample thickness and the 
temperature act as a primordial factor in this type of reaction.

Treatment of the residual basic solution coustic soda

In order to minimize the impact on the environment, also restore 
the aluminum which exists in the form of [Al(OH)

4
]- in the strongly 

basic solution, an acid treatment is used by adding 1 M HCl 
solution (SIGMA-ALDRICH 37%) until a neutral pH solution is 
formed, consisting of two phases, Figure 7 show a white phase and 

a second transparent phase above the first. Indeed, the free OH- 
in the solution ( NaOH reagent initially introduced) are in excess 
compared to the hydroxides forming NaAl(OH)

4
, so free OH- are 

dosed first according to reaction (eq2), which generates downward 
of the solution pH. For pH<11 a white precipitate begins to appear, 
at this moment we are witnessing at the dosage of the OH- linked 
to pass to the form of aluminum hydroxide Al(OH)

3
 according to 

reaction (eq3).

HCl + NaOH  NaCl + H
2
O(eq2)

NaAl(OH)
4
+ HCl  NaCl + H

2
O + Al(OH)

3
(eq3)

The sum of the chemical equations (eq2) and (eq3) give:

NaAl(OH)
4
+2 HCl + NaOH  2( NaCl + H

2
O) + Al(OH)

3
(eq4)

			   Phase 1              Phase 2

                                              

The two phases 1 and 2 are then separated, filtered under vacuum 
and then heated to a temperature above 100°C, after drying, two 
solid products SD2 from phases 1 and SD3 from phases 2 with 
different appearance are obtained.

SEM Analysis of the solids SD2 and SD3: The SEM analysis 
of the solid SD2 in Figure 8, shows a crystalline appearance 
which appears sharper for an enlargement of 50 µm . The SEM 
spectrum is given in Figure 9, the appearance of two intense lines 
characteristic of sodium and chlorine confirms the presence of the 
sodium chloride salt. According to Table 5, chlorine and sodium 
present approximately the same atomic percentage which gives x 
= y = 1 for the crude formula Na

x
Cl

y
, the elements which appear 

such as C and O which may have originated from (EMAA) are 
considered as impurities.

SEM analysis of the solid SD3 (white precipitate) in Figure 10 

Quantity of H2 moles (10-5) (NaOH) Quantity of H2 moles (10-5) (KOH)

T=313,15 K T= 333,15 K T= 353,15 K H
average

T= 313,15 K T= 333,15 K T= 353,15 K H
average

1M 7 7 8 7.33 9 8 8 8.33

2M 7 10 10 9 8 10 8 8.66

4M 10 10 9 9.66 9 10 9 9.33

6M 8 9 9 8.66 10 8 8 8.66

8M 7 8 8 7.66 10 8 8 8.66

10M 7 8 7 7.33 9 8 10 9

V
average 7.66 8.66 8.5 9.16 8.66 8.5

Table 4: Quantity of H
2
generated in moles by the action of the reagents KOH and NaOHon Rsd (Pet-Al).

Figure 5: Action of NaOH: (a); KOH: (b).

Figure 6: Arrhenius curve for NaOH: (a) and KOH: (b)reactionwith Pet-Al.

Figure 7: Residu solution after addition of 1M HCl.
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shows an aspect that reminds us of aluminum hydroxide. The SEM 
spectrum of the solid SD3 in Figure 11 shows two intense lines 
for aluminum and oxygen which proves the formation of a white 
precipitate of aluminum hydroxide. According to Table 6, the 
atomic percentage for a compound of crude formula AlzOt gives 
t / z=3.9  ̴4. 

Infrared analysis of SD2 and SD3: The experiments of rehydration 
of amorphous aluminum oxides carried out by Verdes.G (1987), 
showed that the phase formed in weakly basic medium at 25°C is 
Bayerite, these experiments also show the considerable influence 
of the adsorption phenomena on the solid surface. Boehmite, can 

sometimes precipitate at the same time as bayerite and gibbsite, 
probably in small pores where certain water molecules are strongly 
linked to the surface of the solid [16]. Studies carried out in the 
laboratory have made it possible to demonstrate the absorption 
intensity component located at approximately3460 cm-1 on the 
infrared spectrum in transmission of pellets of gibbsite diluted 
in KBr [17-19]. The infrared spectra of the solid SD2 and SD3 
are respectively presented in Figures 12 & 13, the spectral 
identification is deduced by comparison with the reported data 
[20,21], the results are grouped in Table 7.

The SD2 solid presents a broad band of non-binding OH and OH 
linked to the aluminum hydroxide which is already detected by 
SEM in a trace form, the deformation vibrations which appear 
for the two solids are due to the carbon-oxygen bonds. single and 
double type of EMAA, except that for SD3 solid the band 976 
cm-1 corresponds to the Al-OH signal of gibbsite [22,23]; forSD3 

Figure 8: The SD2 micrograph for an enlargement of 1 mm (A), then 50 
µm (B).

Figure 9: The SD2 SEM spectrum.

Figure 10: The SD3 micrograph for an enlargement of 50 µm.

Figure 11: The SD3 SEM spectrum.

Figure 12: The SD2 IR spectrum.

Element Net Counts Weight % Atom % Formula Compnd %

C 307 4.39 9.75 C 4.39

O 413 3.12 5.21 O 3.12

Na 25153 37.73 43.81 Na 37.73

Cl 31180 54.76 41.23 Cl 54.76

Total 100.00 100.00 100.00

Table 5: The SEM SD2 composition.

Element Net Counts Weight % Atom % Formula Compnd %

C 960 7.93 12.82 C 7.93

O 16543 58.05 55.69 O 58.05

Na 781 1.53 7.92 Na 1.53

Al 20205 31.69 14.27 Al 31.69

Cl 450 0.80 9.30 Cl 0.80

Total 100.00 100.00 100.00

Table 6: The SEM SD3 composition.
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solid it appears in the form of mixtures of Bayerite and Gibbsite in 
proportions not yet identified.

CONCLUSION

From the results presented, it’s possible to conclude that 
aluminum is an interesting alternative for generating high 
purity dihydrogen. The reaction rate is strongly affected by the 
temperature and concentration of the alkali. In addition, high 
yields close to stoichiometric prediction are obtained under certain 
conditions. The rate of aluminum consumption can be controlled 
by connecting such a system to a fuel cell or other device capable 
of burning hydrogen to generate energy. The main objective of this 
study is to show that it is possible to use aluminum stacked between 
two sheets of polyethylene from the food brick, as a renewable 
source of hydrogen. Nevertheless the transport of the hydrogen gas 
and its storage remains an abuse and this is the subject of several 
studies and the cost can be competitive for the stationary supply . 
The recovery of a salt and aluminum hydroxide is a result in favor 
of the environment (no rejection of products).
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