3R
CSIR

The Innovation Engine of India

Indian Journal of Chemical Technology
Vol. 31, March 2024, pp. 213-221
DOI: 10.56042/ijct.v31i2.4519

Nis

Recovery of lead from copper anode slime and study of kinetics of lead dissolution
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In this study, an effective method of recovering metallic lead from copper anode slime is investigated. A method of
leaching with nitric acid at atmospheric pressure is also proposed, and the effect of various factors on the leaching effect is
studied. The kinetics of leaching is studied, and a model of the leaching process is established. Copper anode slime residues,
rich in valuable metals, provide one of the critical resources for recycling metals in favourable conditions. A green acid
leaching process for lead (Pb) enrichment from copper (Cu) anode slime is developed in this study. Under ideal conditions,
HNO; successfully leached 72% Pb in 2 h. The optimum leaching conditions are the stirring speed of 1000 rpm, the
temperature of 90 °C, the HNOj; concentration of 4 M, and the solution-to-anode slime ratio of 10:1. The kinetics of lead
leaching from anode slime is developed according to the phase composition and shape of the leaching residue and raw
material. The modified grain model is considered for this purpose. MATLAB is used to solve the model in isothermal mode
by using the orthogonal collocation method. The results are good compatibility with experimental data. The activation
energy is calculated using the parameters derived from the modified tablet-grain model based on the test conditions.
Therefore, the lead recovery under the proposed process has a promising potential for treating Cu anode slime.
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Introduction

The need of metals in the industries has led to the
discovery and extraction of these materials. Lead (Pb)
is one of the incredibly useful metals in the industry
as well as one of the main pollutants in the
environment'. It is found in the earth's crust in small
quantities. In the past, it was used for glazing dishes,
pharmaceuticals, and water transport means, which
were later banned due to their poisoning effects.

There are some restrictions and use of Pb streams
in a way to meet the environmental standards for
Pb®* 2. The use of this metal for various applications
includes Pb sheets, cable covers, ammunition,
pesticides, etc. A substantial proportion of the world’s
Pb production is produced from direct processing of
the most commonly found ore lead sulfide (PbS).
However, recovering this valuable metal from copper
anode slime can be also considered an additional
supply source for it*”’. During copper electro refining,
anode slime is accumulated underneath copper
electrolysis cells, which contains some amounts of
copper, lead, silver, and selenium, as well as very less
amount of gold.

The recovery of valuable metals (e.g., silver, gold,
and lead) from anode slime has attracted the

researcher’s attention to put it to practical use®'’. In
order to improve the efficiency of leaching, anode
slime needs to be pretreated with procedures that vary
depending on the composition of the anode slime.
These treatments aim to recover metals from anode
slime by different methods, among which solvent
leaching is the most convenient one. Depending on
the composition of the leaching solution, various
methods, such as ion exchange, electrowinning,
precipitation, and solvent extraction can be utilized to
separate metals from the solution to obtain the desired
product'®'".

Tokkan et al.'">® used triethanolamine (TEA) to
study Pb leaching from anode slime. In their study,
important factors were reaction temperature, TEA
concentration, leaching time, and solid/liquid ratio.
The optimal process condition was 3.5 M TEA, 1/10
solid/liquid ratio, and150 min of leaching time at 313
K. Liu et al." performed pretreatment of copper
anode slime wusing alkaline pressure oxidative
leaching followed by sulfuric acid leaching. The
optimum conditions were a stirring speed of 750 rpm,
an oxygen partial pressure of 0.7 MPa, temperature of
200 °C, leaching time of 3 h, solid-to-liquid ratio of
1:5, and 2.0 mol/L NaOH. The leaching ratio for Pb
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was only 3.0%. The X-ray diffraction (XRD) analysis
showed that the phase of lead sulfate in copper anode
slime was transformed into lead hydroxide.

Li et al."” studied separation of metals from copper
anode slime by alkali-fusion-leaching. The slime was
fused with NaNO; and NaOH, followed by water
leaching. About 76% of Pb was leached under optimal
conditions, while only 3.5% of Sb (antimony) and
1.5% of Cu were dissolved. Cu, Sb, Pb, and Ag in the
residue were present as CuO, NaSb(OH)s, PbO, and
Ag, respectively. NaOH/slime mass ratio of 2,
slime/water mass ratio of 60, NaNOs/slime mass ratio
of 0.33, leaching temperature of 60 °C, fusion
temperature of 600 °C, fusion times of 45 min, and
leaching times of 30 min were the optimum operating
conditions. As the NaOH addition controlled the
OH™concentration of the leaching solution, it could
significantly affect the extraction of Pb. A higher
slime/water ratio increased the concentration of
metals in leach liquor, nonetheless at a lower recovery
of Pb extraction. NaNO; addition caused enrichment
of metals in residue and in solution. Riisen and
Topeu'® looked into how an acidic ionic liquid,
1-ethyl-3-methyl-imidazolium  hydrogen sulfate,
could be used to get gold out of copper anode slime.
Their leaching experiments showed that 89% of gold
can be recovered at the following conditions: 80% IL
concentration, 75 °C, 4 h leaching time, and 1/25 g/mL
solid/liquid ratio, while Pb, Se, Sn, and Te of anode
slime had low dissolution in the ionic liquid. Zarate-
Gutiérrez et al."’, studied Pb leaching from Pb-Ag-Zn
concentrate in citrate solutions by hydrogen peroxide
(H,0,). Complete Pb dissolution was achieved in
90 min, and the initial kinetics became faster as the
concentration of H,O, increased (due to the higher
solution potential). A very small amount of impurities
(Ag, Zn) were dissolved and remained in the residues.
Khaleghi et al.'® studied silver recovery from copper
anode slime. They aimed to synthesize silver
nanoparticles from a secondary source that contains
silver as well as some other metals. They
experimentally determined the optimum condition for
silver leaching from copper anode slime in a nitric
acid solution, followed by the removal of other metals
from the anode slime that may co-precipitate with
silver during the nanoparticle synthesis experiment. In
addition, experimental variables were also studied in
detail to find their effect on the size of silver
nanoparticles. The kinetics study was the main
interest of their study.

Dong et al."” studied lead, selenium, gold, copper,
and silver recovery from copper anode slime by an
economical hydrometallurgical method. In their
method, a lead concentrate with a lead grade of 57.2%
was obtained after removing selenium, copper, gold,
and silver from anode slime. The economic analysis
showed an income of 702217.8 CNY for treating one
ton of anode slime, confirming the good potential of
the proposed method. In another study, Palden et al.*
used ethylenediaminetetraacetic acid (EDTA) for lead
removal from soil owing to its high lead extraction
efficiency and the high thermodynamic stability of the
Pb(I)-EDTA complex. Almost 72-80% lead recovery
was obtained in the first leaching time of 1 h at room
temperature using 0.05 mol/L EDTA after optimizing
the EDTA concentration, liquid-to-solid ratio,
temperature, pH, and leaching time. The main
advantage was the high selectivity towards lead with a
minimum co-dissolution of iron, which reduced
chemical consumption and simplified downstream
processes. 100% leaching of lead could be obtained
via multi-step leaching, where the leaching residues
were contacted by a fresh EDTA solution three
times™’.

Gargul et al.*'studied leaching of Pb flash-smelting
slag with citric acid. The parameters were optimized
so that the Pb content in the post-leaching sediment
was 0.41-0.6% while it was 3% in flash-smelting slag.
The leaching was continued in the second step using
sulfuric acid solutions, and almost 100% lead
recovery was obtained.

Acid leaching of Pb has been considered an
alternative to high-temperature processes because it
offers improved energy consumption and production
costs, increased selectivity, and a lead recovery rate
from slime. In previous research, various solutions
such as citric acid”®, phosphate fertilizers®, calcium
chloride®, and ferric sulfate and sulfuric acid®® were
used for the recovery of lead. This paper involves the
recovery of lead from copper anode slime. The
leaching process was performed with nitric acid at
atmospheric pressure. The effects of the main
parameters were explored, and a kinetic model was
revealed to describe the proposed leaching process.

Experimental Section

The used chemicals were of reagent grade. The
copper anode slimes were prepared at the
Sarcheshmeh copper complex in Iran. The slime was
crushed in a lab-scale mill. Mineralogy, the
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morphology of slime, and element analysis were
conducted by X-ray fluorescence (XRF), XRD, and
scanning electron microscopy (SEM), respectively.
The atomic absorption (AAS), XRF, XRD, and SEM
spectroscopy equipment’s models were Varian
(Australia), ARL 8410, ARL 8410, and Phillips,
respectively.

Experiments were performed at atmospheric
pressure. In each experiment, 30 g of slime was added
to 300 mL of nitric acid solution, which was
rigorously mixed. The solid-to-solution ratio was
1:10. A magnetic stirrer was used to completely
agitate the solution at 1000 rpm on the hotplate. When
the solution temperature reached the desired amount,
30 g of anodic slime was added. A lid was used on the
vessel entrance to prevent the solution from
evaporating too much. The experiments were
conducted at 25, 40, 60, and 90 °C and nitric acid
concentrations of 0.1, 0.5, 1, 2, and 4 M for 2 h.

At different time steps (1, 3, 5, 10, 20, 30, 40, 50,
60, 90, and 120 min), 5 mL of leaching solution was
filtered by filter paper and was sampled from the
solution. Since high concentrations of lead cannot be
measured by AAS, the sample should be diluted in the
range of 1-10 ppm.1 mL of the filtered sample was
taken with a sampler and diluted in a 500 mL
volumetric flask with distilled water. AAS analyzed
the diluted solution to determine the percentage of
lead in the sample. The stirrer speed was adjusted to
1000 rpm to eliminate the mixing effect and ensure
complete mixing in the leaching solution. The brown
NO vapour with a reddish tint was detected over the
nitric acid leaching solution at the start of the process.
Therefore, percentage of lead recovery was calculated
as follow:

% Recovery = (%) x 100 ..(D)

Where, a and b are mass of Pb in the leaching
solution and in initial solid anode slime, respectively.
To calculate the mass of Pb in the leaching solution,
the concentration of the sample taken from the
solution was measured and multiplied by the volume
of the sample. However, the cost of the sample
volume was not taken into account.

Results and Discussion
Analysis of anode slime

The chemical analysis of the sample consisting of
the anode slime using XRF showed that in the anode
slime, there was 5.7 wt% lead (Table 1). Fig. 1 shows
the XRD pattern of the anode slime sample. As shown

in this figure, the main phases of slime are CuoSs,
PbSO,, Cu,sTes, and Fe. It also shows that one of the
main phases of slime is anglesite (PbSO,).
Approximately uniform dispersion of the fine and
large particles can be observed from the SEM image
of anode slime shown in Fig. 2. Some spherical
clusters and a small amount of fine particles are
observed. The quantitative values of the chemical
results of the main components of anode slime are
given in Fig. 3. It shows Pb, Se, Cu, Sb, and Ag are
major components of anode slime.

Determination of the highest lead recovery conditions

The leaching of copper anode slime performed at
atmospheric pressure using nitric acid as it has very
high oxidizing power. Use of nitric acid is preferred
over sulfuric acid as with the latter an insoluble
compound lead sulfate was precipitated out. So, to
dissolve the amount of lead present in the sludge in
the acid i.e., for the leaching operation, temperature
and concentration of the acid have to be increased.
For example, to perform the leaching operation with
sulfuric acid, the temperature should be 90 °C and the
concentration of the acid should be 16 M so that some
lead was dissolved in about 20%, but with nitric acid
at the same temperature and lower concentration of
nitric acid, a very large percentage of lead was

Table 1 — Anode slime chemical composition observed by XRF

Component  Percentage (%) Component Percentage (%)
Se 15.35 Ti 0.059
Ba 30.37 Ag 12.29
Fe 1.04 Sb 3.92
Sr 0.12 Pb 5.30
As 2.07 Sio, 2.98
Mg 0.15 Cu 5.65
Te 0.95 Sr 1.18
S 16.91 Sn 0.35
Sr 1.18 Au 0.019
K 0.11 L.0.1 0.0
PbSO,
Cu,S;
Cu,Te,
Fe
200
CuSe
Pb,0SO;
AusAg;Te;
SiOy
Se
;::, 100 m\f ~ Sn(OH),050,
K oy [LZQ?)A:I(?)\ "‘?":‘SC [’bzl;(f:()\;\g(‘,\“.].;;‘:“'A!"f* ‘ ShaL
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Fig. 1 — XRD pattern of copper anode slime
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Fig. 2 — SEM images (at different magnifications) of copper anode slime
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Fig. 3 — EDS analysis of copper anode slime

dissolved. Experiments were performed under various
conditions (i.e., different solution temperatures,
leaching times, and acid concentrations). Finally,
concentration of lead was measured in the solution.
The temperature and acid concentration domains are
presented in Table 2. At the beginning of the leaching
process, lead concentration gradually increased in the
solution due to lead removal from anode slime. Fig. 4
shows lead recovery at different temperatures and
nitric acid concentrations. The lead recovery
increased by increasing the nitric acid concentration
from 0.1 to 4.0 M, while it hardly increased with the
concentration increasing from 2.0 to 4.0 M. In
general, the rise in the concentration of nitric acid is
what causes the amount of nitric acid per unit volume
to rise. This is because copper reacts with more nitric
acid in the same amount of anode slime. 90 °C
leaching temperature effectively enhanced lead
recovery due to the effective collision of molecules.
Notably, the temperature increase softly results in
lead elimination from the anode slime. Approximately
90% of lead was recovered up to 40 min; after this,
lead recovery remained approximately unchanged
(Fig. 4). Using a nitric acid concentration of 4.0 M at

Table 2 — Domains of nitric acid concentration and the leaching
temperature used in experiments

Parameter Value
Concentration of nitric acid (M) 0.1,05,1,2,4
Temperature of experiments (°C) 25, 40, 60, 90

90 °C led to 71% lead recovery, indicating the best
conditions for lead recovery from anode slime.

Effect of temperature and acid concentration

Fig. 5 shows the variations of lead recovery vs.
nitric acid concentration. Lead is effectively removed
at nitric acid concentrations above 4 M (71%). In the
leaching solution, the lead dissolution was due to the
high ability of nitric acid to oxidize. The nitric acid
reaction in a dilute solution is as follows:

NO3 + 4H* +3e~ - NO + 2H,0; E° = 0.96 ...(3)

During the tests in the nitric acid solution, a
reddish-brown vapour was created, which was NO.
Eq. (4) shows the difference in the reduction
potentials of the two half-cells in a diluted solution

AE = 0.0591/(nlogK) . (4)

where F, n, and K denote the Faraday constant,
electron number, and reaction equilibrium expression,
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Fig. 5 — Plot for the influence of nitric acid concentrations on
lead recovery from copper anode slime at 90°C

respectively. Moreover, the Nernst equation is used
for estimating the half-reaction potential (E) of nitric
acid as follows:

E = E +0.0591/(3log[(H)*(NO3)/(Pyo)]) -..(5)

where, R, (H*)* (NO3), and (Pyo) denote
universal gas constant and concentrations of
(H*)* (NO3), and (Pyo), respectively. According to
Eq. (4), nitric acid at 4 M had higher lead recovery
than lower molarities. This equation predicts an
increase in the reduction potential (increase in
oxidizing ability) as the acidity and molarity of nitric
acid increase. With increasing oxidizing ability, nitric
acid would solubilize more lead. These predictions
have been confirmed experimentally.

Effect of leaching time

There was a significant effect of time on leaching
for lead recovery (Fig. 6). In the starting of the
leaching process, more lead was solubilised in nitric

Time (min)

Fig. 6 — Three-dimensional profiles of lead recovery from copper
anode slime in terms of leaching time and nitric acid
concentrations at temperature 90 °C

acid. After some time i.e., 120 min, lead recovery did
not changed further, showing that this layer was not
dissolved more in nitric acid. Film-forming occurred
because of the slowdown of leaching at the end of the
process. For the surface layer, increasing the thickness
reduced the acid diffusion to the anode slim particles’
surface.

Leaching kinetic

Understanding the mechanism of a leaching system
is the main consideration. There are numerous
applications of systems containing heterogeneous
fluid-solid reactions for hydrometallurgical and
chemical processes. In general, it is possible to
control the reaction rate of liquid-solid systems by
one of the following steps: chemical reaction on the
core surface of unreacted material, diffusion through
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ash, or the fluid film**. The modified particle-pellet
model was used to specify the rate-controlling step
and kinetic parameters®’. The assumption made in this
model is that the solid structure consists of several
smaller particles or grains. The reactant gas penetrates
between the grains and reacts on their surface. The
reaction takes place on the surface of each grain,
according to the supply chain management model. As
a result, a solid product layer is formed around each
grain, creating a penetration resistance for the gas to
penetrate the tablet®®. The particle-pellet model is
modified by considering the effect of the reaction on
its structure. By penetrating the gaseous reactant into
the particle, the reaction takes place on the particle's
surface. Because of the difference between the molar
volumes of the reactive solid and the product solid,
the change occurs in the solid structure®. A schematic
of the modified grain model is shown in Fig. 7.

This reaction model among a fluid and a solid can
be represented as Eq. (6).

A(D) + bB(s) » pP() + gG(s) ...(6)

where, B is a solid reactant and as the reaction
progresses, a layer of solid product forms around the
unreacted core. Due to the stoichiometric coefficient
difference and the difference between the molar
volume of the solid reactant and the layer of solid
product, the particles' radius changes®’.

The following assumptions were
regarding this model:

considered

1. The grain’s shape is spherical and its shape and
size are constant during the reaction.

2. Pseudo-steady state and
approximations are valid.

3. Effective gaseous diffusivity does not change
during the course of the reaction.

4. The solid product around each grain is highly
porous. Thus, the resistance of this product layer
is negligible.

isothermal

—rghs
grain Pellet

Fig. 7 — Schematic of modified grain model

5. Diffusion within the pellet is an equimolar
counter-diffusion.
6. The solid structure is unaffected by the reaction.
7. Porosity and intergrain diffusion vary with the
progress of the reaction.
From the mass balance, the dimensionless equation
of gas penetration into the disk is as follows>:

19 (652 Z_K;) ar*?g? (7

?a_f = 1+6(r*—(r*2/r**))0'§
or* ar*?g?
e 1+6(r*—(r*2 /1)) o’ +(®)

T. . . . N
where, & = 21 dimensionless penetration distance

inside the pellet, 0 =v,kscugMpt/ppry, is

. . . Ca . ) .
dimensionless time, a = C—A is the dimensionless
Ag

concentration of gaseous pellet reactants, r* = s C/Tgo
is the dimensionless radius of the unreacted core in
the particle, r** = s /rgo is the dimensionless particle
radius, 1, is particle radius at time t, r;  is particle
initial radius, and 7, is the unreacted core radius in

the particle. The boundary and initial conditions are as
follows:

0=0r"=1 ...(9)
—q %« _

5_0,65_1 ...(10)

E=1l,a=1 ...(1D)
r** in Egs. (6) and (7) is calculated using Eq. (12).

r =2, + (1= Z,)r*’] ..(12)
where,Z,, equation is calculated by Eq. (13)*".

7z, = —9°8M .(13)

~ bpgMp(1-gg)
where,egand & are product layer porosity and pellet

porosity. As they are time- and place-dependent

parameters, they can follow Eq. (14)°".

1-¢ _ ,.x%3

E =T .. (14)
Porosity can also be related to Z,, using Egs.(12)

and (14) as follow:

& 1-¢ %3

—=1—Q;JK%—1X1—T)]

...(15)
€o

The diffusion coefficient is generally a function of
solid porosity. Assuming that the cavities of the solid
particle are large enough, the Knudson diffusion
coefficient is not limiting, and the effective diffusion

coefficient (D.) is calculated using Eq. (16)*.
D, =<D,

Tt

...(16)
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where, 1, ¢, and D, are modulus of torsion, bed
porosity and molecular diffusion coefficient,
respectively. The solid nature and the porous solid
structure affect these parameters. The function of the
diffusion coefficient with the environment porosity
and the method of changing the torsion coefficient in
heterogeneous environments depends on the changes
in the porous medium during the reaction, such as the
growth and integration of cavities, the destruction or
creation of new cavities or the closure of cavities and
the formation of closed cavities, which in turn
depends on the formed solid structure. These
parameters change as the reaction progresses. By
estimating the initial value of the effective diffusion
coefficient (D,g), it is possible to estimate the
diffusion coefficient at all conversion percentages.
The diffusion coefficient is obtained as follows.

D. = (£)" Duo .(17)

€o

In this equation, o is an experimental coefficient
whose value is one according to the model of the
single cavity model obtained by Ramachandran and
Smith**. According to the model of accidental cavities
obtained by Wakao and Smith®, this value is two.
Considering this value based on the accidental
cavities model, D,is calculated using Eq. (18).

2
D, = (é) Dyo ...(18)
By placing D,in Eq. (14), Pe is calculated as

Deo
Eq. (18).

2

L (2 [1 ()@ - v -r)]| a9

0

The primary slime porosity is one of the essential
and effective parameters in the modified particle-
pellet model. The quantitative and qualitative values
must be specified first for process modelling. The
porosity of anodic slime is very low. The BET test
(Fig. 8) shows that the surface area of anode pores
was 16.664 m?/g. This surface area was very small
compared to the pore surface of the synthesized
porous material. Therefore, the primary slime porosity
amount should be considered low in the modified
particle-pellet model.

Comparison of modified particle-pellet model with proposed
model

A series of algebraic equations were created
after modelling. The orthogonal collocation method
was used as the best method to solve these equations.

The model results were compared with Prasannan’s®®
work for the verifification of the proposed model. A
good agreement was obtained as shown in Fig. 9.

Modelling of experimental results

After ensuring the correctness of the equations, the
experimental results obtained from different
concentrations of nitric acid as well as leaching
temperatures (1 M and 40 °C, 2 M and 60 °C, and
4 M and 90 °C) were compared with the results from
the modified particle-pellet model (Figs. 10 (a-c)). In
each condition, the parameters obtained from the
model are reported in Table 3. As can be seen, the
highest error between the model results and the
laboratory data was observed at a concentration of
1 M and a temperature of 30 °C, but with the increase
in concentration and temperature, this percentage of
error reached less than 1%. It seems that lead cannot
be removed efficiently from slime at 40 °C, and their
reaction with acids at these temperatures is low,
which becomes much more intense at higher
temperatures (60 and 90 °C).

Determination of the reaction rate constant
The activation energy was calculated using Eq.
(20) and laboratory results.

0.12

BET plot
0.1

0 004 008 012 016 0.2 024 028
P/P,
Fig. 8 — BET plot for determination of the solid surface
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1 X
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P el
02} X & ¥
—
0 W=
0 0.2 0.4 0.6 0.8 1 12 14

Dimensionless time

Fig. 9 — Comparison of model results with Prasannan work at
0=2,63,10,z=15,¢ = 05,02 = 0.167
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Fig. 10 — Comparison of the model and laboratory results using
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Table 3 — The parameters obtained from the modified particle-
pellet model

Condition g, o aZ z 1/t Error (%)
1 M and 40°C 0.01 1 1.9 1.093 0.05 16.2
2 M and 60°C 0.01 1.2 0.9 1.0135 0.14 0.47
4 M and 90°C 0.01 1 1 1.0135 0.7 0.76

L Zatlaglla .(20)
T PBTgq

where, 9p.k.Cpg. Mg, and pg are solid reactant
kinematic viscosity, reaction rate constant, molar
concentration of fluid, solid molecular weight and
solid reactant density, respectively. The reaction rate
constant was calculated using Eq. (21).
k= koexp( E) -Ink =lnk0—%

RT

.21

where, E and k, are activation energy and pre-
exponential factors, respectively. The reaction rate
constant depends on %and Cagwhile other parameters
are constant. Activation energy can be obtained by
fitting data based on Eq. (21). Fitting the data in Table
5 based on Eq. (20) is shown in Fig. 11.

Based on the data fitting, Eq. (21) is converted as
follows:

e

In (k)

1

0
0.0003

0.0004
1/RT

Fig. 11 — Data fitting of table 5 based on Eq. (19)

199.78

In(k) = 14.67 — ..(22)

The obtained activation energy value 199.78 kJ mol™
indicates a diffusion-controlled reaction.

Conclusion

This study investigated extracting lead from anode
slime by leaching. The influence of various
parameters, such as temperature, nitric acid

concentration, and leaching time, on lead extraction
from anode slime was studied to determine the
optimal conditions for this process. The achieved
results indicated that the optimum conditions for lead
leaching were a solid/liquid ratio of 1:10 g/mL, a
temperature of 90 °C, and a nitric acid concentration
of 4 M. In optimum conditions, 71% of the lead was
extracted from the copper anode slime. The results
indicated that nitric acid concentration played a
significant role in lead leaching. Moreover, the kinetic
model of lead leaching from anode slime was
developed based on the particle-pellet model. The
model results were entirely verified with the
Parsannan work. The high reaction rate resulted from
the high activation energy of 199.78 kJ mol™.
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