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Recovering of copper with metallic aluminum
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Abstract: The cementation of copper ions from aqueous copper sulfate solutions by using spherical aluminum metal particles was
examined. The effects of the experimental parameters on copper cementation were investigated and evaluated. Reaction rate
increases with increasing copper concentration, reaction temperature, stirring speed and decreasing pH. It was observed that the
reaction follows the first-order kinetics, and progresses according to the diffusion controlling step.
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1 Introduction

With rapid industrial development and greater use
of chemical products, high grade ores have depleted. As
a result, the hydrometallurgical methods have gained a
great importance in recovering metallic values from
industrial wastes and low grade ores [1-2].

Industrial waste solutions obtained after the
chemical and hydrometallurgical processing contain
toxic and/or precious metal ions. These solutions are
frequently discharged directly to the environment. When
the levels of hazardous metal ions in industrial effluents
exceed the permissible levels, it will cause
environmental pollutions, and natural life is negatively
affected. Therefore, from both environmental and
economical perspectives, recovering valuable and/or
toxic metal from waste solutions and purification of
electrolyte solutions are important process [2—6].

Different methods are employed to recover the
metal or remove the undesired impurities from the leach
or industrial waste solutions, such as neutralization with
acid or base solutions, chemical precipitation,
crystallization, solvent extraction, flotation, ion exchange,
adsorption onto different adsorbents, reverse osmosis,
chelating ligands, electrodialysis and electrowinning
[1,3,5-7].

These methods have some drawbacks. For example,
chemical precipitation requires extremely long settling
time; ion exchange and adsorption process are slow and

expensive, and may require frequent regeneration for
adequate performance; reverse osmosis, electrodialysis,
electrowinning and solvent extraction methods are very
expensive, and have high operating costs [3—6].

Cementation is an important chemical process used
in industry to precipitate and recover valuable metals
from leach or waste solutions. Cementation method has
some advantage, such as recovery of metals in essentially
pure metallic form, simple control requirements, low
energy consumption and in general low cost process. The
main disadvantages of the technique are excess
sacrificial metal consumption and redox potential of
sacrificing metal [3, 5, 6].

Cementation  reactions, known as  metal
displacement reactions or contact reduction reactions, are
processes where a metal ion presented in a solution or
melt is reduced to the metallic state with a more active
metal placed in the solution or melt [3, 6, 8—10].

A cementation reaction can be described as

nA“"+mB’— nA"+mB"" (1)

where n, m, A, B, a', and b" represent the stoichiometric
coefficients, the noble and reductant metals, and valences
of the noble and reductant metal, respectively [3, 11].

Copper is one of the most prevalent and valuable
metals used in industry. Copper cementation has been
performed to remove Cu’" ions from electrowinning or
electroplating solutions, or recover copper from leach
solutions [3, 9, 12].

Copper cementation has been studied by various
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researchers. This subject is still widely investigated. Iron,
nickel, zinc, and aluminum have been used as the

reductant metal in copper cementation reactions [2, 4—6,
9,12-19].

2 Experimental

The cementation reactions were conducted in a
temperature controlled and mechanically stirred jacketed
glass reactor of 500 mL in volume. The mechanical
stirrer had a digital controller unit, and its agitator shaft
and blade (45 mm in diameter) were made of Teflon.
Temperature control unit had a constant-temperature-
circulator. The solution pH was adjusted by adding
H,SO,; and NaOH solutions. The cementation solutions
containing Cu®>" ions were prepared by using
CuSO45H,0. Spherical aluminum particles (1.5-2.0 mm
of average diameter) used in the experiments were
prepared by using aluminum foil.

After 300 mL of Cu®" containing solution was put
into the glass reactor and brought to the desired reaction
temperature, 1.5 times of stoichiometrically required
metallic aluminum was added into the reactor, and the
reactor content was stirred at predetermined stirring
speed. The progress of the cementation reaction was
followed by measuring the amounts of unprecipitated
copper ions in the solution. Aliquots of 5 mL solution
were withdrawn at regular intervals during cementation,
and were immediately filtered using filter paper. The
filtered samples were analyzed for copper ion content by
ethylene diamine tetraacetic acid sodium salt (EDTA)
titration using murexide as the indicator [9, 20].

The amounts of recovered or deposited copper were
calculated according to difference between the initial (Cy)
and final (C;) copper concentrations of the solution. The
fraction of cemented copper is x(Cu)=C,/C;.

3 Results and discussion

3.1 Effect of parameters on copper cementation

The effect of initial copper ion concentration on
copper cementation was studied at 0.010, 0.025, 0.050,
0.100 mol/L, respectively. The temperature, stirring
speed, and pH were 343 K, 450 r/min, and 1, respectively.
The results are given in Fig. 1. It is observed that the
precipitation ratio of metallic copper increases as the
concentration of copper ion is increased.

The effect of pH on copper cementation was
investigated at pH value of 1.0, 1.5, 2.0, respectively.
The concentration of solution, stirring speed, and
temperature in these experiments were 0.025 mol/L, 450
r/min, and 343 K, respectively. Figure 2 shows the
results of the effect of pH. It is clear that the maximum
cementation yield is obtained at pH of 1. At higher pH

values, a decrease in the yield is observed.

In order to determine the effect of stirring speed on
cementation reactions, the experiments were carried out
at the concentration of 0.025 mol/L, temperature of 343
K, and pH value of 1. The effect of stirring speed was
tested at 250, 350, 450 and 550 r/min, respectively. The
results are given in Fig. 3. The results indicate that the
cemented fraction of copper increases as the stirring
speed is increased.
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Fig. 1 Effect of initial concentration of copper on copper
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Fig. 2 Effect of pH value on copper cementation
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Fig. 3 Effect of stirring speed on copper cementation
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The effect of temperature was examined at 313, 323,
333, 343, and 353 K, respectively. In these tests, the
other parameters are chosen at the concentration of 0.025
mol/L, stirring speed of 450 r/min, and pH value of 1.
The effect of temperature is given in Fig. 4. It shows that
temperature has a significant effect on the acceleration of
copper cementation.
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Fig. 4 Effect of temperature on copper cementation

3.2 Kinetic analysis

Cementation reactions are  heterogeneous
electrochemical reactions, and require a transfer of
electrons between the dissolving and precipitating metals.
Ions in the solution are reduced to zero valence on a solid
metallic surface. Reaction steps are: diffusion of ions of
the depositing metal to the deposit-solution interface
from the bulk of the solution; conduction of electrons
from the dissolving metal through the deposit;
incorporation of the deposited metal atoms into a crystal
lattice; release of the dissolving metal ions into solutions;
transfer of the dissolving metal ions to the
deposit-solution vicinity through the deposit layer;
diffusion of the dissolving metal ions into the bulk of the
solution [3].

The cementation reaction between copper ions
containing solution and metallic aluminum particles
occurs according to the following reaction:

3Cu*"+ 2A1°—3Cu"+2Ar" )

Due to the difference between the electrode
potentials of the two metals, copper ions are easily
reduced to its metallic state on aluminum metal surface.
The standard reduction potentials of copper and
aluminum are 0.34 and —1.67 V, respectively.

The half-cell reactions are

Cu"+2e < Cu’ (¢°=0.34 V) (3)
Al's AP"+3e (¢°=1.67 V) 4)

A¢’ of the reaction is positive (+2.01 V), and the
standard Gibbs free energy AG’ is to be negative
(AG’=—nFA¢"). Therefore, a spontaneous heterogeneous

reaction takes place through the galvanic cell.

Cementation occurs through a series of shorted
electrochemical cells, in which electrons for reduction of
Cu®" are transferred from the cementation agent through
the growing copper deposit. Aluminum, which supplies
the electrons, is oxidized at anodic sites on their surface
[12].

It is reported that cementation reactions follow the
first-order kinetics [4, 9], and the rate-controlling step is
the diffusion of the depositing metal ions to the reductant
metal surface.

Kinetic analysis was performed according to the
first-order kinetics in the present study. The model for
the first-order reaction is

—In[1-x(Cu)]=kt %)

where x (Cu) is the cemented copper fraction at time ¢; k
and ¢ are the apparent rate constant and time, respectively.
Cementation data obtained from the experiments were
used to perform —In[1-x(Cu)] versus time graphs. The
results obtained from the graphs (apparent rate constant &
and R’ values) are given in Table 1.

Table 1 Rate constants (k) and correlation coefficients (R?)
values

Parameter Parameter Rate Corrélationz
value constant (k) coefficient (R°)
0.010 0.0250 0.995
Concentration/ 0.025 0.038 8 0.994
(mol-L™) 0.050  0.0503 0.995
0.100 0.066 5 0.997
1.0 0.038 8 0.994
pH 1.5 0.0324 0.994
2.0 0.027 0 0.991
250 0.022 4 0.990
Stirring speed/ 350 0.027 8 0.993
(rmin”") 450 0.038 8 0.994
550 0.043 4 0.998
313 0.0118 0.990
323 0.018 5 0.986
Temperature/K 333 0.027 5 0.992
343 0.038 8 0.994
353 0.060 4 0.997

To determine the activation energy of cementation
reaction, using the apparent rate constants obtained from
the plot of —In[l-x(Cu)] versus time for different
temperatures (Table 1), an Arrhenius plot was drawn, and
the activation energy of this process was calculated as
36.8 kJ/mol. This value of the activation energy indicates
that the rate-controlling step of the reaction examined is
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the diffusion. In diffusion-controlled processes, the
activation energy is mostly below 40 kJ/mol. The fact
that the cementation rate is dependent on the stirring
speed supports that the diffusion is the rate-controlling
step.

3.3 Discussion on effects of parameters

One of the most important events in cementation
reactions is whether deposit formed on the reductant
metal surface is coherent. A coherent deposit formed on
metal surface affects the reaction rate and controlling-
step of reaction. The values of the parameters such as the
concentration, temperature, stirring speed and pH affect
the deposit formation and progression of reaction.

The removal of copper from solution involves two
main processes, including adsorption of copper ions on
the metallic aluminum surface and cementation of copper
ions onto the metal. The presence of a passive oxide
layer on aluminum is known, and it inhibits the reaction
rate by creating a resistance to diffusion of copper ions
on the metal surface. This oxide layer can be destroyed
by acidity of medium. In this way, it is ensured a good
contact between copper ions and metal surface, and the
cementation rate enhances. Also, pH value of the process
is an important economical issue for any cementation
plant: corrosion damage of reactors, excess dissolution of
the reducing metal and hydroxide precipitation [10].
When the pH value of solution is above a certain limit,
hydroxides of copper ions and dissolved aluminum ions
can form, and these species may cause a decreasing yield
and grade of the precipitated copper. Strong acidic
solutions prevent precipitation of hydroxides. Because of
above reasons, we have used strong acidic solution in our
work. The following side reaction, which represents the
dissolution of aluminum, occurs in acidic reaction
medium. Therefore, we have used excess aluminum in
the experiments.

2A1°(s)+6H " (aq) < 2AI"(aq)+3Ha(g) (6)

In practice, the amount of aluminum consumed is
always higher than the theoretical amount.

The rate of cementation reactions is proportional to
the ion concentration in solution and the exposed metal
area. The amount of metallic aluminum used in the
experiments has been proportionally increased with
increasing initial copper ion concentration, and it was
observed that the cementation rate increased. When the
amount of metal is increased, the effective surface area
will be higher; and as a result, the amount of cemented
copper will increase. Since the cemented copper
accumulates on the surface of aluminum particles, a
product layer occurs on the metal surface. This metallic
layer depicts a resistance to the diffusion of copper ions
through it. If the metallic layer formed is a coherent

deposit, then the reaction rate can excessively decrease
with increasing deposit mass. If the deposit is a porous
layer, then the copper ions can diffuse towards the
reducing metal surface through the porous deposit layer
when the concentration of ions is high. In this situation,
the thickness of the deposit layer increases, and the
reaction rate can decrease. Since the cementation
reactions are mostly diffusion controlled, the reaction
rate can be accelerated by stirring. If the agitation of the
solution is strong enough, the deposit formed can peel
off from the metal surface. Also, agitation can facilitate
the diffusion of ions through the deposit layer, and thus
the cementation rate increases. It was determined that the
reaction rate did not change at stirring speeds higher than
450 r/min. Examining the temperature effect on the
cementation rate, it was observed that the copper deposit
was not coherent on the reducing metal surface at
temperatures higher than 333 K while was coherent at
lower temperatures.

4 Conclusions

Recovering copper with aluminum particles by
cementation reaction was investigated in this work. The
effects of the parameters on cementation rate were
examined and evaluated. It is determined that the
activation energy is 36.8 kJ/mol, and the reaction rate is
controlled by diffusion.
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