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Deep removal of copper from cobalt sulfate electrolyte by ion-exchange
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Abstract: SP-C was applied for the removal of Cu®* from simulated cobalt sulfate electrolyte containing Co*" 50 g/L and Cu**
0.5-2.0 g/L. Experimental conditions included pH of 2—4, temperature of 20—60 °C and contact time of 10-40 min. The
investigation demonstrated that SP-C had recommendable efficiency in adsorbing Cu*" from the electrolyte with 25- to 100-fold of
Co*". The optimal adsorption conditions of SP-C were pH of 4, contact time of 30 min and ambient temperature. The study also
showed that the loaded resin could be effectively eluted with 2.0 mol/L H,SO, solution at a contact time of 40 min; the peak
concentration of Cu®" in the eluate was about 35 g/L. The sorption characteristics of Cu®* by SP-C could be described by Langmuir
isotherm and the pseudo second-order kinetic equation. Infrared spectra showed that nitrogen atoms in the functional group

coordinated with Cu?* to form coordination bands.
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1 Introduction

In cobalt electrorefining, there are many impurities
in cobalt anode, among which copper is a major
component. Cu®" easily deposits on the cathode because
of its higher positive potential than Co®’, which affects
the quality of the cathode cobalt product. Therefore, Cu**
must be removed from cobalt electrolyte.

Nowadays, the most widely used techniques for
removing copper from cobalt electrolyte include sulfide
precipitation[1—3],
exchange [5—6]. Sulfide precipitation has the advantages

solvent extraction[4] and ion
of simple operation and rapid reaction rate. However,
plenty of precipitates are produced, which increases the
difficulty of solid waste disposal. Additionally, the
significant amount of cobalt trapped by the precipitate
often requires extra measure to recover this valuable
metal. Solvent extraction is a relatively established
technology, but emulsification, interfacial flocculation
and the third phase[7—8] often occur, which inevitably
decreases the extraction effect. More important, the
volatile organic phase and wastewater containing organic
compound have a negative impact on the environment.
Compared with the above processes, ion exchange is
more promising. The vantage points associated with
ion-exchange include simple device, easy operation and

high separation efficiency. To boot, the separation
process generates no precipitate or organic pollution. As
an environment-friendly separation method, ion
exchange has received extensive attention in the field of
hydrometallurgy[9—13].

In cobalt electrorefining, sulfate, chloride and
sulfate-chloride mixed systems are most widely used, but
the major available types of ion-exchange resins in
removal of copper from cobalt electrolyte are anion
resins. The mechanism for their adsorption toward
copper is based on the complex anion [CuCly]* formed
in the chloride solution. Therefore, its application is
limited to cobalt chloride system or the mixed system
and it is necessary to find a kind of resin that adopts to
cobalt sulfate system.

In this research, a novel SP-C resin was investigated
for the removal of copper from cobalt sulfate electrolyte.
SP-C is a silica-polyamine composite chelating resin. Its
synthesis involves the coating of polyamine on the silica
gel matrix to form an organic-inorganic composite
polymer, followed by the addition of
aminomethyl pyridine functional group to the polymer
matrix[14—15]. The results proved that this type of resin
had good selectivity for copper and the procedure of its
elution and regeneration is comparatively simple. The

material

efficiency of the adsorption of copper onto SP-C was
investigated by varying contact time, pH, initial
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concentration of copper and temperature. The isothermal
equilibrium and kinetics of copper adsorbed onto SP-C
were also studied.

2 Experimental

2.1 Materials

Cobalt sulfate electrolyte containing copper was
prepared with 50 g/L Co*" and 0.5-2.0 g/L Cu®". This
composition is the simulated electrolyte in cobalt
electrorefining industry[6]. The pH value of the solutions
was adjusted around 2—4.

The SP-C resin was provided by Luoyang Water
Treatment Ltd. Its moisture content is 40%—45% (mass
fraction). The effective particle size of SP-C is from 0.1
to 0.35 mm by particle size analysis. Specific surface
area and mean pore size of SP-C are 50.1 m?/g and 123.5
nm, respectively. The resin was first soaked in de-ionized
water for 24 h followed by being immersed in 1.0 mol/L
H,SO, solution for 2 h, and the above step was repeated
for three times. Finally, the resin particles were rinsed
with de-ionized water until the pH value of the wash
solution reached 3—4 before test. All the other chemicals
employed in this study were of analytical reagent grade
and were used without further purification.

2.2 Methods
2.2.1 Methods of column experiments for adsorption and

elution

The experiments of adsorption and elution were
carried out in a glass column of covered jacket d 20
mmx300 mm. 40 mL of resin particles as treated in
section 2.1 were wet-packed into the glass column. The
adsorption and elution processes were conducted in the
same continuous mode; the feed solution was introduced
into the column through the inlet on the top of the
column at a certain flow rate and the sample effused
from the outlet at the bottom of the column. Samples as
effluent from the column were collected at certain time
intervals and analyzed to determine copper content by
flame atomic absorption spectrophotometer with three
duplicate injections. The loaded resin was eluted using
2.0 mol/L H,SO, solution. Thermostatic circulating
employed to adjust the
experimental temperature; the pH value of the cobalt
sulfate electrolyte was regulated with CoCO; or H,SOy4;
the concentration of copper in initial solution was
adjusted with CuSO, Symbols used in column
experiments were as follow: ¢ is the initial concentration
of copper (mg/L); ¢ is the copper concentration of
effluent (mg/L); V is effluent volume (mL); V is resin
volume (mL); V/V, the volume ratio of effluent to resin; ¢
is contact time (min); ¢ is experimental temperature (°C).
In the adsorption column experiment, the breakthrough

water equipment was

point was set to ¢/cy=0.05 and the saturation point was
set to ¢/c;=0.95.
2.2.2 Isothermal equilibrium experiment

Isothermal equilibrium experiments were performed
by shaking the mixture of resin and 100 mL stock
solution with desired concentration using a temperature-
controlled water-bath shaker (HZS-H). Four batches of
pre-treated wet resins were weighed and put into 250 mL
conical flasks. Each batch included six samples with
quantity of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 g, respectively;
then, each flask was filled with 100 mL of stock solution
with 0.5 g/L copper at pH value of 4. Whereafter, the
batch samples were put into the shaker set at
temperatures of 15, 30, 45 and 60 °C, respectively. The
shaking process at a constant speed of 130 r/min lasted
for 24 h, which was proved to be enough for the
adsorption to reach equilibrium. After equilibration, the
concentration of copper in the liquid phase was measured
also by the flame atomic absorption spectrophotometer
with three duplicate injections.

Finally, the amount of copper exchanged onto the
resin was calculated by the mass balance relation
represented by[16]:

(CO _ce)'V

m(l—x) 0

qe =
where ¢. is the copper amount absorbed onto the resin at
equilibrium (mg/g); ¢y is the initial concentration of
copper (mg/L); c. is the equilibrium concentration of
copper (mg/L); V is the solution volume (L); m is the
quality of resin (g); x is the moisture content of resin (%).
2.2.3 Kinetics experiment

The kinetics experiments were carried outina 1.0 L
three-necked bottle. The 1.0 L stock solution of pH 4 and
containing 0.5 g/L copper was poured into a three-
necked bottle. Subsequently, 5 g of the pre-treated resin
was incorporated into the solution. In order to explore
the reaction rate as a function of temperature, the three-
necked bottle was put into a thermostatic water bath
(temperature deviation 1 °C) to maintain the solution
temperature at 15, 30, 45 and 60 °C, respectively. The
mixtures were agitated at a constant stirring rate of 300
r/min. During the kinetic experiments, solution samples
were taken from the reactor at desired time intervals to
determine the copper concentration. The volume of the
samples sucked out for testing is negligible compared
with the bulky solutions.
2.2.4 Analysis of adsorption mechanism

A Fourier transform IR spectrophotometer (PE-2000)
was employed to identify the changes of functional
groups for the resin before and after metal ions were
adsorbed. The resin samples were dried at 80 °C for 24 h;
subsequently, the samples were powdered with KBr and
pressed to form pellets.
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3 Results and discussion

3.1 Column experiments
3.1.1 Effect of contact time on adsorption

The effect of contact time on copper adsorption onto
SP-C was investigated, and the results are shown in
Fig.1.
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Fig.1 Effect of contact time on adsorption (copper initial
concentration: 1.0 g/L; pH=4; =20 °C)

It could be seen from Fig.1 that the breakthrough
volume of copper increased when the contact time varied
from 10 to 40 min and the V/V, increased from 16 to 21.
Accordingly, the breakthrough exchange capacity was
25.670-33.740 mg/g (dry resin) and the saturated
capacity was 42.063— 43.271 mg/g (dry resin). These
findings indicated that copper was adsorbed more
efficiently with longer contact time. Correspondingly, the
utilization efficiency of resin was greater and the
exchange capacity of resin increased. It was also
observed that when the contact time extended from 30 to
40 min, the value of V7V, did not change remarkably,
almost remained 21 BV. This showed that the adsorption
velocity of resin was rapid and a contact time of 30 min
was enough for adsorption saturation.

3.1.2 Effect of pH on adsorption

The pH value of industrial cobalt electrolyte
solution is usually around 2.5-3.5. Therefore, stock
solutions with pH=2, 3 and 4 were used to investigate the
effect of pH on the adsorption of copper at ambient
temperature. All the copper concentrations were 1.0 g/L.
The results are shown in Fig.2.

Fig.2 revealed that the pH value of the stock
solutions had a significant influence on the adsorption of
copper. With the pH value increasing from 2 up to 4, the
breakthrough volume of copper increased from 16 to 20
BYV; the breakthrough capacity and the saturated capacity
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Fig.2 Effect of pH value on adsorption (copper initial

concentration: 1.0 g/L, 30min, 20 °C)

copper were calculated to be 23.319-32.088 mg/g (dry
resin) and 31.516—43.334 mg/g (dry resin), respectively.
It was obvious that higher pH value was advantageous
for copper adsorption onto resin. Nevertheless, it is very
likely for the copper to form hydroxide precipitate when
the pH value of the stock solution is above 4. So, the
optimal pH value for copper adsorbed onto the resin was
4.
3.1.3 Effect of initial concentration of copper on
adsorption

Stock solutions containing copper of 0.5, 1.0 and
2.0 g/L with pH value of 4 were prepared to investigate
the effect of copper initial concentration on its adsorption
at ambient temperature. The results are shown in Fig.3.
The copper concentration of industrial solution is usually
lower than 1.0 g/L; the reason for adopting copper with a
concentration of 2.0 g/L is to explore the stability of the
resin when the feed copper concentration has a high
fluctuation in practical operation. The contact time was
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Fig.3 Effect of copper initial concentration on adsorption
(pH=4, 30 min, 20 °C)
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30 min for all tests.

It could be seen from Fig.3 that when the copper
initial concentration varied from 0.5 to 2.0 g/L, V/V,
changed from 40 to 10; the breakthrough capacity and
the saturated capacity of copper were calculated to be
31.198-32.088 mg/g (dry resin) and 43.340—44.097
mg/g (dry resin), respectively. There was no evident
change of the copper exchange capacity with the change
of copper initial concentrations in solution. But, higher
copper initial concentration led to faster saturation of
resin and earlier effusion of the copper.

3.1.4 Effect of temperature on adsorption

The temperature of cobalt electrolysis is usually
controlled at 50—65 °C, so the studied temperature on the
adsorption of copper was set at 20—60 °C. The other
operation conditions were kept constant, namely, the
stock solution containing 1.0 g/L copper, pH=4 and
contact time of 30 min. The results are shown in Fig.4.
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Fig.4 Effect of temperature on adsorption (copper initial
concentration: 1.0 g/L, pH=4, 30 min)

Fig.4 showed that when temperature changed from
20 to 60 °C, V/V, changed from 19 to 25; the
breakthrough capacity and the saturated capacity of
copper were calculated to be 32.088—37.298 mg/g (dry
resin) and 43.334-48.799 mg/g, respectively. The
exchange capacity was raised with increasing
temperature, which indicated that higher temperature
benefited the adsorption of copper. However, higher
temperature had no significant influence the adsorption
of copper, so ambient temperature was selected.
3.1.5 Elution of loaded resin

The loaded resin was eluted using 2.0 mol/L H,SO,
solution at a contact time of 40 min. The results are
shown in Fig.5.

It can be seen from Fig.5 that the loaded resin could
be completely eluted using 2.0 mol/L H,SO, solution. A
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Fig.5 Elution curves of loaded resin (eluent: 2.0 mol/L H,SO,,
20 °C, 40 min)

peak concentration of copper in the eluate of 35 g/L was
achieved for the sample collected at V/V, of 1.5. In
contrast, the cobalt concentration was constantly low
(usually <20 mg/L). The highest concentration ratio of
Cu/Co in the eluate at V/V,of 1.5 was 3 806. It could be
concluded that SP-C is an excellent resin to be utilized in
the removal of copper in cobalt sulfate electrolyte.

3.2 Adsorption isothermal equilibrium

Langmuir and Freundlich isotherm equations have
been most widely used for describing the behavior of
metal ions adsorption onto resin. Langmuir and
Freundlich isotherm equations can be expressed as the
following linear forms, respectively[17—18]:

Lo 1 G ©)

qe quL qs

Ing, :llnce +InK; 3)
n

where ¢.is the amount of copper adsorbed onto the resin
at equilibrium (mg/g); c. is the equilibrium concentration
of copper in solution (mg/L); ¢ is the maximum amount
of copper adsorbed on the resin (mg/g); K; is Langmuir
isotherm constant (L/mg); Ky and n are constants
indicative of adsorption capacity and adsorption intensity,
respectively.

The experimental data were fitted into the above
equations to infer the function parameters. The linear
relationship between c./q. and c. at various temperatures
is plotted in Fig.6, while the one between Ing, and Inc, at
various temperatures is given in Fig.7. The correlated
parameters of Langmuir and Freundlich isotherm
equations derived from the slope and intercept of the
linear plots are listed in Table 1.
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Table 1 Correlated parameters of Langmuir and Freundlich isotherm equations
Langmuir Freundlich
Temperature/°C ’ ’
qs Ky R n K R
15 43.860 0.040 4 0.996 4 6.877 6 17.4450 09719
30 46.948 0.0394 0.9950 6.497 7 17.701 0 0.988 4
45 48.077 0.043 3 0.993 7 6.775 1 18.893 0 0.988 7
60 49.261 0.047 4 0.9950 6.738 5 19.462 0 0.994 1
12 3.3 Adsorption Kinetics
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Fig.6 Langmuir isotherms of copper adsorbed onto resin
(copper initial concentration: 0.5 g/L, pH=4, 24 h)
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Fig.7 Freundlich isotherms of copper adsorbed onto resin
(copper initial concentration: 0.5 g/L, pH=4, 24 h)

The above results showed that the experimental data
fitted Langmuir isotherm equation very well. All the
R-square values at different temperatures were greater
than 0.99. The values of g; shown in Table 1 increased
from 43.86 to 49.261 mg/g(dry resin) when the
temperatures went up from 15 to 60 °C. These results
were consistent with those of column experiment. This
increasing trend of ¢y indicated that the adsorption
process endothermic in nature and higher
temperature favored adsorption. The process of
adsorption copper onto SP-C obeyed the Freundlich
isothermal model as well, all R-square values were
greater than 0.97.

was

The kinetics of the process of copper being
adsorbed SP-C  were
pseudo-first-order and pseudo-second-order
expressions, which are generally described by the

onto investigated  using

kinetic

following equations[19—-20], respectively:

In(q, —q,) =Ing .~k (4)
SAN S (5)
9 kyq: de

where ¢.is the amount of copper adsorbed onto the resin
at equilibrium (mg/g); ¢, is the amount of copper
adsorbed on the resin at time ¢ (mg/g); ¢ is adsorption
time (min); k; is the rate constant of pseudo-first-order
model (min"); k, is the rate constant of pseudo-second-
order model (g'mg "‘min").

If the experimental data were visualized by the
pseudo-first-order model, a linear relationship between
In(g.—q,) and ¢ should be given. If the experimental data
fitted with pseudo-second-order model, a linear
relationship between t/q and ¢ is resulted. The
experimental data and the fitted trend lines are displayed
in Figs.8 and 9 for the first and second models,
respectively. The correlated kinetic  parameters
determined from the slope and the intercept of straight
lines are listed in Table 2.

In[(g.—¢,)/(mg-g™")]

L 1 1

100 120

0 20 40 60 80
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Fig.8 Relationship between In(g.—g;) and ¢ (copper initial
concentration: 0.5 g/L, pH=4)
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Table 2 Correlated parameters of pseudo-first-order and pseudo-second-order kinetic equations

Pseudo-first-order

Pseudo-second-order

Temperature/°C
kl qe R2 k2 qe R2

20 0.027 5 31.412 0.970 4 0.001 7 50.000 0.999 4
30 0.0355 31.776 0.963 9 0.002 3 50.505 0.999 7
45 0.0533 31.900 0.968 2 0.003 4 51.020 0.999 9
60 0.081 8 35.030 0.974 1 0.004 1 52.356 0.999 9
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Fig.9 Relationship between initial

concentration: 0.5 g/L, pH=4)

t/lq, and t (copper

As shown above, the pseudo-second-order model
has a higher fitting degree to the experimental data
compared with the pseudo-first-order model. The former
has very high regression correlation coefficients with
R-square values all greater than 0.999 at different
temperatures. The theoretical values of ¢g. calculated
from linear regression equations of the pseudo-
second-order model were around 50 mg/g, which is quite
close to the above column experimental results. In
contrast, the ¢, values derived from pseudo-first-order
were about 31 mg/g, which deviated seriously from the
column experimental findings. These dissimilarities
indicated that the mode of copper in the cobalt sulfate
electrolyte adsorbed onto SP-C approximates more than
the pseudo-second-order kinetic model. It was also
observed that the rate constant increased with increasing
temperature, which implied the acceleration of the
adsorption rate at higher temperature.

3.4 Analysis of adsorption mechanism

Chelating resins are typically characterized by
functional groups containing O, N, S, and P donor atoms
which can coordinate to different metal ions. SP-C is a
silica-polyamine based composite chelating resin with a
function group of aminomethyl pyridine, in which there
are two nitrogen atoms, and they can chelated with
Cu(1II). In order to confirm this, the IR spectra of loaded

-_

2 400 1 400 600
Wave number/cm™!

4000

Fig.10 IR spectra of loaded resin (a) unloaded resin (b)

resin and unloaded resin are compared in Fig.10.

Seen from Fig.10, when the Cu(II) is adsorbed, the
adsorption bands of C=N and N—H at 1 630.25 and
3 42743 cm ' shift to lower frequency and higher
frequency, respectively; especially, the change of C—=N
band is the largest. This result is attributed to formation
coordination bonds between Cu(Il) and nitrogen atoms
of functional groups. Influenced by the coordination, the
absorption bands of C—H and Si—O—Si at 1 440.65
and 1 120.21 cm ' also shift.

Because aminomethyl pyridine is a weak alkali, it
could be protonized in an acidic medium. So, the process
of copper adsorbed onto SP-C can be considered as two
steps which are illustrated below:

The process of resin protonized by H,SOy:

N NH

| I
(CHE)H ((I‘HZ)N
|

Polymer Polymer

(step 1)

The process of resin chelated with Cu(Il):
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I
Polymer Polymer (step 2)

Because the reaction of adsorbed copper can release
protons, the adsorption can be affected by the pH value
of feed solution.

4 Conclusions

1) It was observed that the adsorption speed of SP-C
for copper was fast, and relatively high pH and
temperature are advantageous to the adsorption. The
changes of copper concentration in solution had no
obvious effect on the adsorption capacity. The optimal
operation condition for the removal of copper from
cobalt sulfate electrolyte with SP-C were pH=4, contact
time of 30 min and ambient temperature. The loaded
resin can be eluted efficiently by 2.0 mol/L H,SO, at
contact time of 40 min. The peak concentration of copper
in eluate was about 35 g/L, in which the concentration
ratio of copper to cobalt is as high as 3 806, and a cupric
sulphate enriched solution can be obtained.

2) Isothermal equilibrium studies showed that the
experimental data fitted Langmuir isotherm equation
very well. The R-square values were all greater than 0.99
at different temperatures.

3) The pseudo-first-order and pseudo-second-order
models were used in the study of adsorption kinetics.
The correlated results indicated that the process of
copper being adsorbed onto SP-C in cobalt sulfate
electrolyte fitted the pseudo-second-order equation with
all the R-square values greater than 0.999 at different
temperatures.

4) Infrared spectra show that the nitrogen atoms of
the functional group coordinate with Cu(Il) form the
coordination bands.
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