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Abstract

This work is devoted to a kinetic and mass transfer study of simultaneous cementation of nickel and cobalt on zinc powder through stirred tank
reactor. The influence of different parameters (stirring rate, temperature, zinc dust quantity, concentration of zinc and copper) on the process of
cementation of cobalt and nickel in similar conditions to those of industrial zinc sulphate solution was experimentally determined. These parameters
were studied for their effect on the rate of simultaneous cementation represented by the product ka,, of the overall mass transfer coefficient k and
the effective surface area a.. Some of the significant results are the following:

(1) The cementation reaction of nickel was found to proceed with two different rates: an initial fast rate followed by a final slower one. The product
ka, was calculated and the values increased with stirring rate and less affected by temperature. Mechanistic study of the reaction through
activation energy determination (13 kJ mol~!) showed that the cementation of nickel on zinc is a diffusion controlled reaction.

(2) The temporal evolution of the cobalt concentration has revealed that the re-dissolution of cobalt occurred after about 50 min. The reaction of

cobalt was found under chemical control.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

During the electrowinning stage of hydrometallurgical zinc
production, the basic problem related to the quality of the
deposited metal and the energy costs of the process is the delete-
rious effect of small amounts of more noble metals, for example:
Ni, Co, Cu, etc. These metal impurities, which are more pre-
cious than zinc, can influence the purity of the cathode sediment
through co-sedimentation and facilitate the reverse dissolution
of zinc [1] by forming microgalvanic cells Zn—-Ni and Zn—Co
[2-5]. Therefore, adequate purification of the zinc electrolyte
before electrowinning is essential. Cementation is widely used
in zinc hydrometallurgy during the purification of zinc sulphate
solutions. Nickel and cobalt removal by cementation in zinc
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hydrometallurgy is carried out at 60-90 °C in the presence of
copper in solution which improves this process [1,2,5-8] and
references citations contained in reference [8]. The rate of this
process depends on the structure of the metal deposits formed
on the surface of the cementation agent particles [4,9-11]. Few
investigations have appeared on the simultaneous cementation
of nickel and cobalt [1,2] by suspended zinc particles and main
part of these data refers to the temporal evolution of the con-
centration. In this context we have studied the global kinetic of
simultaneous nickel and cobalt cementation and the global mass
transfer in the reactor by developing mass transfer correlations.

2. Experimental

The experimental set-up used in the experiments is shown
in Fig. 1. It consisted of 1dm?> cylindrical glass reactor (1)
lined with a cylindrical stainless steel agitator (2) of 34.5cm
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Nomenclature

a specific geometrical surface area (relate to solu-
tion density) (cm™h)

de specific effective surface area (relate to solution
density) (cm™!)

C cobalt and nickel concentration at time ¢ (mg 1™ )

Co initial concentration of nickel and cobalt (mg1~")

c_lp average zinc particles diameter (cm)

D nickel-ion diffusivity (cm?s~!)

Dr diameter of cylindrical glass reactor

k overall mass transfer coefficient (cms™!)

k overall apparent mass transfer coefficient
(cms™1)

Rey, Reynolds number (o'/ 3213/ 3 1v)

Sh Sherwood number (kd,,/ D)

Sc Schmidt number (v/D)

t time (min)

T temperature (°K)

% volume of solution (cm?)

Greek letters

2 angular velocity of the agitator (rads~!)

o power dissipate (Npd5 27/ V)

v solution cinematic viscosity (cm?s~!)

long and of 0.6 cm diameter with four pales (each pale dimen-
sions were 2 cm x 0.8 cm). The back surface of the agitator and
pales facing the container wall was isolated with epoxy resin.
The impeller was mounted centrally at a distance of Dr/7 from
the vessel bottom, where DR is the diameter of the cylindrical
glass reactor. Also, it was connected to a variable speed motor
shaft (3). The adjusted rotational speed of the stirrer was mea-
sured by an optical tachometer. The cylindrical glass reactor and
its contents were immersed in a rectangular water bath to con-
trol the temperature (4). The cementation process using a zinc
dust particles (5) of 0.7 mm in average diameter was investi-
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Fig. 1. Experimental apparatus used during the cementation process: (1) cylin-
drical glass reactor, (2) agitator, (3) variable speed motor, (4) rectangular water
bath, (5) suspended zinc particles, (6) water level, (7) suspended level, (8) ther-
mostat, (9) stopcock, (10) filter and (11) aliquots of samples.

gated at experimental conditions described previously [8], i.e.,
the industrial solution corresponds to the average content of
the main components within the following limits: Zn 160 g1~!,
Cu200mgl~!, Co 10mgl~' Ni1.5mgl~!, Sb0.5mgl~!, pH
2.5+ 0.5. In the whole series of experiments, we have adjusted
antimony content in the electrolyte to satisfy the condition that
the ratio Qco/Qsp = 1:1 [1]. Some authors put forward the fact
that ratio Co:Sb=1:1 is a necessary permanent factor for satis-
factory results during cementation [1].

At intervals of times, a sample of 2 cm? of the solution was
taken, filtered and the filtrate was analysed for Ni and Co content.
The analysis was performed by means of a computer controlled
an atomic absorption spectrophotometer (Shimadzu AA 6500).
The analyses were conducted with an oxidizing air—acetylene
flame at 232 and 240.7 nm wavelengths for nickel and cobalt,
respectively.

3. Results and discussion
3.1. Kinetics results

Concentration at time 7 (C) and initial concentration (Cp)
were used to characterise the simultaneous nickel and cobalt
cementation kinetics. A typical variation of log (C/Cy) with
time ¢ obtained for different experimental conditions are given
in Fig. 2a and b. In all experiments the temporal evolution of the
nickel concentration (Fig. 2a) exhibit two rate regions after the
transition period that is approximately 5 min: a fast initial period
and a final slower one. This behaviour of different reaction rates
during the cementation process was observed earlier [8,12-16].
In contrast to the present results Lee et al. [12] reported a slow
initial rate followed by a period of enhanced reaction using rotat-
ing zinc disc. They attributed this behaviour to the formation of a
porous layer which increased the roughness of the surface and,
hence, the degree of turbulence leading to an increase in the
mass transfer rate. Dib and Makhloufi [8,14] and Nadkarni and
Wadsworth [13] reported a decrease in the rate of cementation
and attributed this decrease to the formation of a solid layer on
the surface. This last view is probably more pronounced on the
smaller area particles where formation of coherent non-porous
precipitate is likely to occur and consequently reduces the rate
of mass transfer to the surface of the particles as it is found in
this work too.

It is seen that in the course of time (Fig. 2b) the concentra-
tion of cobalt reaches its minimal values after a period of time
of 50-60 min, but after that they begin to increase again. These
results show the reverse dissolution of metallic cobalt cemented.
(This cobalt re-dissolution can occur by hydrogen evolution
(corrosion) following the reaction Co+2H* =Co?* + H, or by
cementation reaction of Ni>* and Cu’* ions onto formed metallic
cobalt deposit by the formation of galvanic coupling by micro-
cells (Ni and Cu more noble than cobalt) following the reactions
Ni?* + Co=Co** +Ni and Cu®* + Co=Co?* + Cu. These phe-
nomena might result in reducing the cementation process of
cobalt [14-17,19].)

Whatever the acting parameter is, the fast initial period of
nickel cementation observed after the transition period shows



A. Dib, L. Makhloufi / Chemical Engineering Journal 123 (2006) 53—-58 55

-
o
o

}*

e T = 60°C
Tk 4 =
Tk B HAD
+ oy . Cppze =1600T
H1a 1
A + * C.2+ = 200mg I
0.10 — x e
o E A * ®
o i . * .
o +
= + + +
0.01 - * *
A E [ ] . ® 3
E A A A a % &
0.00 L I N B
0 20 40 60 80 100 120
(a) t/ min
1.00 —¢
T = 60°C
M =29
C, 2+ =16001"
1 & Coy2r =200mg 1™
5 $
Q
S - §
*
t " ] + *
i I
* * *
0.10 N s B L
0 20 40 60 80 100 120
(b) t/ min

Fig. 2. Typical log (C/Cp) vs. time at different stirring rate: (a) nickel and (b)
cobalt (¢) 101; (4) 142; (K ) 228; (@) 468 and (A) 1048 rad s~ .

that the product of the mass transfer coefficient by the effective
surface area follows Eq. (1).

The analysis of Fig. 2 makes evident that the time for reach-
ing best results of simultaneous cementation of cobalt and nickel
is defined as 50-60 min. Also, it is clear that the most important
and regular period for the cementation of nickel and cobalt corre-
sponds to the one being just after the transition period. Therefore,
the acting parameter on kinetic cementation of cobalt and nickel
and the global mass transfer in the cell were investigated for
these conditions.

For the bath reactor used in the present work, the product
kae, of the overall mass transfer coefficient k and the effective
surface area a. was calculated from the dynamic equation:

z 2.3 1 C )
ae = —— log —
¢ t gCo

A distinction has to be made between the two terms a and a. rep-
resenting specific geometrical surface area and specific effective
surface, respectively [14,17,18]. It is not possible to know the
value of a.. However, this is not a problem for design because,
as shown by Eq. (1), k and ae do not have to be known separately
but only as the product kae.

In the present work, the effect of the processing parameters
was first presented upon the kinetic of the cementation dealing
with the variation of the product kae.

Then the mass transfer in the reactor is analysed by intro-
ducing an apparent mass coefficient transfer k which is defined
by:

P @)
a
The values of ka obtained from the slopes of straight lines in the
log (C/Cy) versus time plots using Eq. (1), are plotted in Fig. 3
versus the stirring rate at different temperatures. The diffusion
controlled nature of the nickel cementation process was con-
firmed by the fact that the product ka. increases systematically
with increasing stirring rate (Fig. 3a). The data fit the equation:

kae = cste 18 3)

It can be observed also (Fig. 3b) that the stirring rate has no
effect on the cobalt cementation rate suggesting that the reaction
is chemically rate limited.

Fig. 4a and b show the variation of Arrhenius law giving the
product ka, for nickel and cobalt as a function of temperature at
different stirring rate. The slopes of these plots yield to an acti-
vation energy of 80 & 3 and 13kJmol~! for cobalt and nickel,
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Fig. 3. Variation of ka, as a function of stirring rate at different temperatures:
(a) nickel and (b) cobalt.
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Fig. 4. Arrhenius plot of the experimental results: (a) nickel and (b) cobalt.

respectively, confirming that the reactions of cobalt and nickel
are indeed under chemical and diffusion control, respectively.

It has been established that the presence of copper in the
solution, which is used as cementation aids, is necessary for
the antimony dissolution and cobalt cementation [19-24]. The
effect of the copper concentration on the kinetic cementation
rate is represented in Fig. 5. It is clear that the adding of copper
activates to a greater extent the cementation of nickel (Fig. 5a)
and to a smaller extent the cementation of cobalt (Fig. 5b). In
the narrow copper concentration range used here, Fig. 5 also
indicates that the cementation rate increased sensibly for the
copper concentration ranged between 100 and 200 mg1~! and
remains nearly unchanged for the concentration going from 200
to 300mg1~.

Fig. 6 shows the relation between product ka. for different
zinc dust quantity. It is observed that the kinetic of simultaneous
cementation rate of nickel and cobalt is independent of zinc dust
quantity, i.e., the specific geometric surface area of the reaction
has no measurable effect on the mass transfer operation. From
the percent recovery (Fig. 7) corresponding to experiment’s time
of 60 min, we can see that when the zinc dust is in quanti-
ties of 10-30 multiple surplus over the stoichiometric necessary
quantity for cementation of copper, cobalt and nickel, then val-
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Fig. 5. Influence of copper content on simultaneous cobalt and nickel cementa-
tion: (a) nickel and (b) cobalt.
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Fig. 6. Influence of zinc dust quantity on simultaneous cementation of cobalt
and nickel: (a) nickel and (b) cobalt.
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Fig. 8. Influence of zinc concentration on simultaneous cementation of cobalt
and nickel: (a) nickel and (b) cobalt.

ues of the percent recovery of cobalt and nickel are achieved
that meet requirements for a solution which is to undergo
electrolysis.

We can conclude from the results obtained in Fig. 8 that
concentration of zinc ions plays an important role for the cemen-
tation of cobalt and negligible one for the cementation of nickel.
This assumes that the zinc sulphate solution influences nega-
tively the cementation of cobalt and it happens most probably
through adsorption of Zn?* ions on the surface of zinc powder
thus making it effectively passive [1,23].

3.2. Mass transfer correlation and comparison

In order to evaluate the hydrodynamic effect over the global
mass transfer in the stirring bath reactor, empirical correlation
was envisaged using the dimensionless groups, Sh, Re and Sc
which are often used to correlate mass transfer data in agi-
tated system. The average diameter of particles was used as
the characteristic length in calculating both Re and SA numbers.
As reported by Specchia et al. [25], there is a general agree-
ment that the dependence of mass transfer coefficient on the
Schmidt number can be described by Sh proportional to Sc%-33
at a solid surface. Accordingly, this dependence is introduced
in the following proposed correlation (4). Fig. 9 shows that,
for the conditions 921 < Sc <1238 and 1<Re; <20, the cal-
culated apparent mass transfer coefficient was plotted as Sh
number against Reynolds. The data can be correlated by the
equation:

Sh = 11.68Re}! 5033 )

with standard deviation of +0.51.

The results obtained in our stirred tank reactor system denote
a highly turbulent flow as explained above regarding exponent
of Reynolds number.

In order to compare our experimental results with those of
literature, it is recommended to correlate them under analo-
gous form ((Sh — 2)/5¢%33 = cste Rezl) that is proposed by the
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Fig. 9. Experimental data-mass transfer correlation.

authors [16,26-31], as a matter of fact, Eq. (4) may be written
by alternate equation as follows:

Sh—2
0 = 1.13Re}-1? (5)
For comparison, Fig. 10 presents different empirical correla-
tions of literature [16,27,28,30,31]. It has been realized that our
proposed correlation is systematically above the cited ones. The
same remarks have been established by Alemany [26]. This dif-
ference appears to be linked to the increase in the surface area
or/and from the presence of turbulence associated with increas-
ing roughness of the deposit in addition to the fact that the true
area of the rough particles (a.) is higher than the geometrical
area used (a) in calculating of the apparent mass transfer coeffi-
cient. The high value of the exponent of Reynolds (1.12) and the
multiplicative coefficient (1.13) seen in Eq. (5) agree with the
existence of turbulent flow near the deposit surface promoted by
the increase of the surface roughness of the deposit [8,14,26].
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Fig. 10. Comparison of our experimental results with those of literature.
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4. Conclusion

The cementation reaction of nickel was found to proceed
with two different rates: an initial fast rate followed by a final
slower one. The product ka. was calculated and the values
increased with stirring rate and less affected by temperature.
Mechanistic study of the reaction through activation energy
determination (13 kJmol~!) showed that the cementation of
nickel on zinc is a diffusion controlled reaction according to
the following equation:

Sh = 11.68Re} ! 5¢%33

where Sh is Sherwood number, Sc, Schmidt number and Re is
Reynolds number.

The cobalt cementation results show the reverse dissolution
of metallic cobalt cemented after 50 min of reaction. The cemen-
tation rate of cobalt was found first order reaction under chemical
control.

The zinc sulphate concentration has no measurable effect on
the kinetic cementation rate of nickel; however, it influences
negatively the cementation of cobalt.

The lowest values of cobalt content have been obtained at a
temperature of 85 °C and it was proved that the cobalt and nickel
precipitation is optimum at copper concentration of 200 mg1~!.
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