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Abstract

The cementation of copper and cadmium by zinc powder was investigated in order to assess the influence of
different parameters in the process. The results showed that the process follows a first order reaction with two stages in
both systems. In the system Cu/Zn, the second stage is faster than the first while in the system Cd/Zn the second stage
is slower than the first. In the system Cu/Zn, the variation on the surface area of copper cement followed a power law
and a straight line was obtained by plotting —In([Cu?*]/[Cu**] ) against t*?, the activation energy was calculated as 16.3k].
In the system Zn/Cd the surface area available for reaction decreased as a result of the cement agglomeration. On the
experiments carried out with ions Cu?* and Cd?* in solution, purer copper cement was obtained when the experiments
were carried out in the presence of less than stoichiometric amount of zinc powder and longer reaction times.
Keywords: Cementation; Kinetics; Copper and cadmium.

I INTRODUCTION

Cementation is an electrochemical process by
which a metallic ion in solution is reduced on the surface
of a less noble metal, that is to say, a more electronegative
metal is reduced on the surface of a more electropositive
metal. The corresponding electrochemical reaction can be
represented by the following Equation |:

yMX 4+ xN? o xNYF + yMm? (n

Where M** and M° are the ionic and metallic forms of the
more electronegative metal and N"* and N° are the ionic
and metallic forms of the more electropositive metal [ |-7].

Cementation reactions play an important role in the
purification and recovering of metallic ions from industrial
waste stream or process solutions [8,9]. The spontaneity of
these reactions as well as the equilibrium concentrations of
the metallic ions can be estimated by using thermodynamic
data. In the cementation of copper ions by metallic zinc
powder (Equation 2), for example, the resulting potential
differenceis I.1 V.

Zn’ + cu”t & Zn®t + cu’ (2)

Nernst equation can be used to calculate the equilibrium
constant for the reaction (Equation 3), which in this case gives:

nk o 37
K, =exp| Z—AE’ |=1.94x10 3
eq exp(RT J ( )

The result indicates a spontaneous reaction for
which the equilibrium concentration of Zn** will be much
higher than Cu?*, if one considers solid species activities
equal to one and an ideal solution behaviour [1]. Thus, the
thermodynamic results suggest that the final concentration
of copper ions will be very low when metallic zinc is
used to remove those ions from aqueous solutions. This
great efficiency in removing metals from solution through
cementation supports the use of such procedure in the so
called Roasting-Leaching-Electrolysis (RLE) process to produce
zinc. In this process, a liquor originated in the leaching step
must be purified by removal of metals originally present in
the ore and solubilized by the leaching solution.

In the RLE process, the most common foreign
metals present in the leaching liquor are Cd?*, Ni?*, Co?*
and Cu?* [10]. The concentration of these ions is related
to the content of the corresponding metals in the zinc ore
concentrate prior to the roasting step. Since these metals
must be removed from the “pregnant” leaching solution (PLS)
to prevent the zinc cathodes from being contaminated in the
electrolysis step, it is possible to turn the noble-metal-rich
cement into a special by-product in RLE plants [I1-13].
If noble metals in the roasted ore concentrate are present
in suitable levels the implementation of a route to extract
them from the cement may become economically viable.

Given the market value of the various metals
present in the leaching liquor, it would be advantageous
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to selectively remove these metals from solution, so that
the resulting purer cement could be used as raw material
for some other specific product. One such example is the
cementation of copper, from which the cement could be
subsequently leached by treatment with H,SO,, in order
to produce copper sulfate. A possible drawback from this
process, however, would be the contamination of the
cement by cadmium resulting in the contamination of the
copper sulfate as well. Considering that copper sulfate is
usually added to forage as micronutrient, the presence of
cadmium would certainly have undesirable consequences.

Although cadmium is considerably more soluble
than copper, leaching of the contaminated cement may
result in considerable loss of copper without completely
removing cadmium. Moreover, operation costs can soar
by handling the material and the need of several tanks for
the purification steps.

This work presents some exploratory studies aiming at
evaluating the influence of such parameters as temperature,
concentration and stirring speed on the kinetics of copper
cementation in order to establish the best conditions to
obtain copper-rich cements. Thus synthetic solutions have
been used to study the cementation of copper and cadmium
in the presence of zinc powder, and the results of such
studies are described below.

2 MATERIALS AND METHODS
2.1 Cementation Tests

Cementation tests were carried out in a jacked
reactor with a thermostatic bath Nova Etica, mod. 500/3D.
The amount of zinc powder to be added to the reactor
was previously determined by tests using the following
stoichiometric ratios (Zn/Cu and Zn/Cd): 0.5/1.0; 1.0/1.0;
1.25/1.0; 1.5/1.0. Both Cu and Cd were introduced as
sulfates (analytical grade) and the pH of the solutions were
adjusted to 4.0. The concentrations used in this study were
lower than 2.0 g.L! and are typical of brazilian RLE process
plants. In this preliminary study, the influence of the initial
concentration of zinc was not considered and no background
zinc was used in the solutions.

Reactions were carried out at 30, 35, 40, 50 and 60°C
and an Arrhenius plot was used to determine the activation
energy of the process. Different stirring speeds were also
used in order to assess their influence on the cementation
rates of both Cu and Cd. For all reactions 500 mL solutions
of the metals to be cemented were used and 3 mL samples
were taken at pre-established intervals to monitor Cu?* and
Cd?* solution concentrations.

2.2 Chemical Analysis
Cu?* and Cd?** concentrations were determined in

a Varian 720-ES optical emission spectroscopy apparatus
with inductively coupled plasma (ICP-OES).

2.3 BET Analysis

Surface areas of the resulting cements were measured
in 2 Quantachrome mod. Nova-e BET analyzer.

3 RESULTS AND DISCUSSION
3.1 Copper Cementation

Results for the cementation of copper in the presence
of different amounts of zinc powder (Figure |) show that
cementation rate increases and the final content of copper
ions in solution decreases with increasing amount of zinc.
In order to assure an acceptable yield for the process,
all the subsequent experiments were carried out with a
stoichiometric ratio 1.25:1.00, since at this ratio most of
the copper in solution (98.3%) could be extracted.

The effect of stirring speed was evaluated at 35°C
(Figure 2) and it was observed that above 300 rpm it no
longer influences the cementation rate of copper. Therefore
all the subsequent experiments were performed with a
stirring speed of 300 rpm.
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Figure 1. Concentration of copper in solution as a function of time
for different Zn:Cu?* ratios.
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Figure 2. Effect of stirring speed on copper cementation.
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It is generally agreed that the rate controlling step
in the cementation process is the diffusion of copper ions
towards the zinc surface [1,2,4-6,14-20]. Kinetics of the
cementation process is usually expressed by Equation 4,
which describes the variation of the copper concentration
with time.

dC_dm _ DA KCye (4)
dt Vvdt Vs Me v

In this equation C, . is the concentration (mol/L) of
metallic ions in solution at the time t (s), m is the mass of
the metallic species, A is the area (cm?) available for reaction
to occur, § is the thickness of the diffusion layer, D is the
diffusion coefficient (cm?/s), V is the solution volume and
k is the rate constant of cementation or the mass transfer
coefficient, which depends on the fluid flow and temperature
conditions (cm/s). One possible solution for such Equations

5 and 6 is which gives:

Cue __ kA,

In (5)
Crp v
—kAt
CMez‘ = C;lem exXp [T) (6)

Plotting InC_, X time for a given temperature should
give a straight line and the mass transfer coefficient can be
obtained from the slope. Figure 3 shows such plot for an
experiment carried out at 40°C with a stirring rate of 300 rpm.
Similar behavior was observed for the experiments carried
out at 30, 35, 50 and 60°C. From the plots two stages could
be associated with the processes: one initial stage when the
reaction is slow followed by a rapid step. Table | lists the
angular coefficient, the mass-transfer and the correlation
coefficients obtained at each temperature from the plots
for both stages identified in Figure 3.

The surface area of the zinc particles used in this
experiment was found to be 0.072 m?/g and this value was
used to determine the mass transfer coefficient. The results
indicate that, unlike other heterogeneous systems, in
cementation processes products do not prevent the
reaction progress but seem to promote an increase in its
rate instead. This rate increase is assigned to the increase
of the surface area available to the cementation, which in
turn is related to morphological features of the resulting
copper deposit [|,14,16]. Longer reaction times resulted
in larger mass transfer coefficients and the reaction rate
increased with higher temperatures. Based on these results,
experiments were carried out with different initial copper
concentrations in order to investigate its influence in the
kinetic curves (Figure 4).

As the copper concentration increases, the second
stage of the reaction starts earlier. Indeed some authors
claim that for very high concentrations the first stage can
even disappear [19]. At the low concentration of 0.05 g/L
the kinetic curve did not show a second stage either and a

Kinetics of copper and cadmium cementation by zinc powder

possible explanation for this result is that after cementation
of all the copper present in solution, the surface area does
not change considerably. Therefore, in dilute solutions,
the increase in surface area promoted by the cemented
copper is too small compared to the total area available for
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Figure 3. Plot of —log([Cu?*]/[Cu?*] ) versus time for the experiments
carried out at 40°C and 300rpm.

Table |. Kinetic data for both stages of the cementation of copper
carried out at different temperatures

Angular Mass transfer
o, 2
Temp. (*C) R coefficient (cm/s)
30 0.9984 0.0041 2.85 x 103
0.9985 0.0077 5.35 x 103
35 0.9999 0.0037 2.57 x 103
0.9995 0.0089 6.18 x 103
40 0.9984 0.0041 2.85 x 103
0.9991 0.0102 7.08 x 103
50 0.9962 0.0051 3.54 x 103
0.9999 0.0113 7.85 x 103
60 0.9854 0.0070 4.86 x 103
0.9993 0.0129 8.96 x 103
4.0 H = 2g/L
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Figure 4. Plot of —log([Cu?*]/[Cu**]) against time for experiments
carried out with different Cu®* concentrations.
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cementation and, thus, no significant changes in the slopes
are observed as it would for more concentrated solutions.

From the integrated form of Arrhenius equation
(Figure 5) the activation energy for the initial step was found
to be 21.5 kJ/mol and for the second step, 13.8 kjJ/mol. These
values are similar to those reported by other authors [1,17,19]
and support our initial assumption that the controlling step
takes place via transport.

In order to find the function describing the effect of
surface area variation on the cementation kinetics, experiments
were carried out at 30°C with 300 rpm stirring speed and a

1.25:1.00 stoichiometric ratio of Zn:Cu. The reaction was
interrupted at 60, 150, 450 and 600s and the surface area
of the resulting cement was measured each time (Figure 6).
The surface area increased from 0.072 m?%g in the zinc
powder up to 12.2 m?g after 600s, which explains the
change in slope of the kinetic curves.

Assuming the surface area (A) change follows a power
law, based on Figure 6, the data was submitted to a curve
fitting process to give the following equation:

A() =0.072+0.4804¢" (7)
46-
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Figure 5. Arrhenius plot for the copper cementation (k = first stage;
k= second stage).
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Figure 6. Change in surface area of the cement during reaction.

Given that the initial surface area of zinc powder
(0.072 m?¥g) is too small compared to the cement, for longer
intervals, the term related to the initial area in Equation 7 can
be neglected and, therefore, the rate law for the cementing
reaction can be expressed by Equation 8:

dC_dm__DA®) . 04804DI"°Cy @®)
dt  vdt ve o Me Vo
C,, o
In Me* _ Qt3/2 (9)
Correr

According to Equation 9, plotting -In(C/C) against
t32 should give a straight line. Figure 7 shows a series of
such plots obtained for different reaction temperatures.
Values for the constant Q and the corresponding correlation
coefficients (R?) for each line are given in Table 2.

From the Arrhenius plot (Figure 8) the activation
energy was found to be 16.3 k], which corresponds to an
intermediate value when compared to those calculated from
Figure 5, under the assumption of constant area. This value
is also in accordance with a controlling step occurring via
transport.
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Figure 7. Plots of —In([Cu?*]/[Cu?*] ) against t*” for different temperatures.
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Figure 8. Arrhenius plot for the cementation of copper.
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Table 2. Values for the constant Q and the correlation coefficient R?
at different temperatures

30°C 35°C 40°C 50°C 60°C
Q 5975 x 107 6.503 x 107 7677 x 107 8998 X 107 1.064 X 10

R? 0.997 0.999 0.999 0.996 0.991
2.0+ o 2+ 2
= 30°C -In([Ce*Y[Cd*],) = 0.0003t + 0.8067
R?=0.9827
1.6
o124
he]
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Figure 9. The plot of —log([Cd**]/[Cd*"],) versus time for the
experiment carried out at 30°C and 300rpm.
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Figure 10. Cementation of cadmium under different stirring rates.
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Kinetics of copper and cadmium cementation by zinc powder
3.2 Cadmium Cementation

Rate constant values found in literature for the
cementation of cadmium are rather controversial and some
authors claim it decreases with time [7], while others show
that it actually increases [14,21]. The results obtained for
the cementation of cadmium at 30°C and 300 rpm with a
stoichiometric ratio Cd:Zn 1.25:1.00 (Figure 9) conform
with the first case. The same behavior was observed at
35, 40, 50 and 60°C and a rapid initial step followed by a
slower step could be identified in the process. Table 3 lists
the angular coefficient, the mass transfer coefficient and the
correlation coefficient for all temperatures and both steps
shown in Figure 9.

Unlike the cementation of copper, the results show
that the rate constant for the cementation of cadmium
decreases with time. Also the values found for the mass
transfer coefficient were much smaller than those reported
by other authors [7,18,20]. Both the rate constant and the
mass transfer coefficient decreased at higher temperatures.
A reduction in the cementation rate with temperature
would in principle suggest a negative activation energy, but
since this is impossible, it is more likely that some variable
is masking the results. We suspected that the stirring rate
could be having a negative influence because, in the case of
cadmium, the stirring had to be increased to prevent the
cement from agglomerating at the stirring speed of 300 rpm.
Therefore the influence of stirring on the cementation rate
was investigated and the results are shown in Figure 10.

The results show that the kinetics of cadmium
cementation by zinc powder was randomly influenced by
the increasing stirring rate. This behavior can be explained
by noting that the cement Zn/Cd resembles an alloy and
cluster during the experiment. In this work, cluster formation
could not be prevented even when the stirring rate was
increased. While the copper cement is brittle, cadmium
cement is plastic and can be molded as a clay.

Figure Il shows the cadmium cement obtained
with 1100 rpm stirring rate. It can be seen that even at
high stirring rates, the particle size increases during the

Figure 11. (a) Cadmium cement obtained at | |00 rpm stirring rate and (b) zinc powder particles used in the experiment.
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Table 3. Kinetic data from the cementation of cadmium carried out
at different temperatures

Temp.CC) R coctmeient ety
30 0.9765 1.50 x 107 1.04 x 103
0.9827 3.3 x 10* 2.29 x |0
35 0.9310 .14 x 107 7.92 x 10+
0.9733 29 x 104 2.0l x 10
40 0.9083 9.42 x 10+ 6.54 x 10+
0.9197 2.3 x 10 1.60 x 10*
50 0.8968 8.09 x 10+ 5.62 x 10+
0.9480 1.2 x 10 8.33 x 10°
60 0.7989 5.17 x 10+* 3.59 x 10+
0.9149 8.7 x 10° 6.04 x 10°

experiment; this agglomeration decreases the surface area
available to the reaction. Also bigger particles are produced
at higher temperatures, which could explain the decrease
on the reaction rate. Although the experiments have been
carried out at higher stirring rates, agglomeration of the
cement appears to be an intrinsic feature of the Cd-Zn
system and not a consequence of the reaction conditions.
Some experiments are under way to try and characterize
this material.

Some authors [14,20] have reported that the cementation
rate constant increases during the cementation of cadmium
by zinc powder. In these experiments, the reaction was
carried out using a rotating disc electrode, which prevents
cement from agglomeration. With that in mind, we expected
that a plot of In([Cd**]/[Cd**] ) as a function of t¥* would
give a straight line, just like it was found to Cu?*.

Figure 12 shows some plots of In([Cd**]/[Cd**]))
as a function of time for initial cadmium concentrations of
2, | and 0,5 g/L. The results indicate that the reduction of
[Cd**] in solution delays the second stage of the reaction.
In fact, if the concentration of cadmium in solution is
decreasing, cement agglomeration cannot take place, so the
second stage of the reaction does not appear. On the other
hand, at higher [Cd*'], the second stage of the reaction starts
earlier [7], as it was observed with copper. These results
agree with those reported by some authors [18,20] who
showed a linear relation in the plot of In ([Cd**]/[Cd**] ) asa
function of time, when working with cadmium concentrations
lower than 500 ppm.

3.3 Cementation of Copper and Cadmium

After establishing the influence of process variables
in the cadmium and copper cementation, a couple of
experiments were conducted with a synthetic solution
containing ~2g/L of Cd and Cu. The first experiment was
carried out at conditions favoring the copper cementation:
300 rpm, 10min, 60°C and a stoichiometric ratio Zn:Cu of
1.25:1 (Figure 13); the second experiment was carried out at
conditions favoring the cadmium cementation: 800rpm, 45min,
30°C and stoichiometric ratio Zn:Cd of 1.25:1(Figure 14).

25
—=—20g/
——1.0g/L )
204 e 05gL -In([Cd**)/[Cd*"],)=0.002461+0.07032
’ R’= 0.9840
]
1.5 Y

-In([Cd*}[Cd™],)

054 /././'/
OO T T |
0 500 1000 1500

Time (s)

Figure 12. Cementation experiments carried out with different initial
cadmium concentrations.
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Figure 13. Cementation of Cu?* and Cd?* under conditions favoring
the copper cementation.
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Figure 14. Cementation of Cu?* and Cd** in conditions that support
the cadmium cementation.

The results show that under conditions that favor
copper cementation all of the copper was recovered while
in the second case the solution still contained some 4mmol
of copper. Despite the residual copper in this case, the
cement was free of cadmium and its concentration was the
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same both at the beginning and the end of the experiment.
The results also show that longer residence times entail a
purer cement and the cadmium cementation benefits from
the excess of zinc powder. Indeed, when the purpose was
to cement cadmium, the amount of zinc powder was not
enough to cement both metals, therefore, copper ends up
being cemented by the cadmium-containing cement, according
to Equation 10. In order that such reaction can occur, the
amount of zinc powder must be limiting, therefore, after
both Cu and Cd are cemented, the presence of copper in
the solution and cadmium in the cement bring about the
reaction represented by Equation 10 and Cd** ions return
to the solution. When excess zinc powder was used, all of
the copper was cemented and the reaction represented
by Equation 10 did not take place; instead, the excess of
zinc powder cemented the cadmium present in solution.
Also the amount of zinc powder plays an important role
when the purity of the cement is an issue. Copper cement
was contaminated with in all experiments carried out with
excess of zinc powder

cd’ + ot - cd? + ¢’ AGY, =-143k7 (10)

60°C —

4 CONCLUSIONS
A kinetic study of the cementation of copper and

cadmium by zinc powder was conducted. The results
showed that the diffusion of copper and cadmium ions
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