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Abstract
The physico-chemical characterization and dissolution kinetics study of a Nigerian galena ore in nitric acid has been undertaken. The effects of acid concentration, temperature, particle size, stirring speed and solid/liquid ratio on
the leaching of galena were investigated. The X-ray fluorescence data showed
that the galena ore used in the study exists mainly as PbS. Lead (Pb) was detected as the major metal for galena with metals such as Na, Ca, Fe, Zn, Al and
Mg occurring as minor elements. The XRD analysis also confirmed the originality of the galena ore as it revealed that galena exists mainly as lead sulphide
(PbS). The Fourier transform infrared (FTIR) analysis also supported the XRF
and XRD analysis by revealing the presence of sulphur in the ore. The scanning electron micrograph (SEM) analysis revealed a high level of crystallinity
of the ore. Results of the leaching studies showed that galena dissolution in
nitric acid (HNO3) increases with increasing concentration of nitric acid,
temperature and stirring rate, and decreases with increasing particle diameter
and solid/liquid ratio. In 10 M HNO3 at a temperature of 90˚C using 75 µm
particle diameter with solid/liquid ratio of 20 g/L and stirring speed of 540
rpm, about 84.5% of galena was dissolved in 150 minutes. The values of activation energy, order of reaction and Arrhenius constant calculated at the conditions above for galena were 27.01 KJ/mol, 0.93, 26.71 s−1 respectively. The
mechanism of dissolution of galena was established to follow the shrinking
core model for the diffusion controlled mechanism, with surface chemical
reaction as the rate controlling step for the leaching process. Finally, the XRD
analysis of the post-leaching residue revealed the presence of gahnite and anglesite.
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1. Introduction
Galena, also called lead glance, is the natural mineral form of lead (II) sulphide.
It is the most important ore of lead and an important source of silver. It is one of
the most abundant and widely distributed sulphide minerals. It crystallizes in the
cubic crystal system often showing octahedral forms. It is often associated with
the minerals sphalerite, calcite and fluorite [1].
In general, many occurrences of the lead and zinc ores are known in Nigeria,
Such as those of Ameka, Ameri and Enyigba near Abakaliki, at Benue and Zurak
to name only few. It is estimated that there are at least 30 lodes within an aggregate length of about 600 m as detailed [2] [3].
Lead metal has several useful mechanical properties, including high density,
low melting point, ductility, and relative inertness [4]. Lead has been used for
bullets since their invention in the middle ages. It is inexpensive; its low melting
point means small arms ammunition and shot gun pellets can be cast with minimal technical equipment; and it is denser than other common metals, which
allows for better retention of velocity.
Its high density and resistance to corrosion have been exploited in a number
of related applications. It is used as ballast in sailboat kneels [5]. Its weight allows it to counterbalance the heeling effect of wind on the sails; being so dense it
takes up a small volume and minimizes water resistance. It is used in Scuba diving weight belts to counteract the diver’s buoyancy [6]. Because of its corrosion
resistance, lead is used as a protective sheath for underwater cables [7].
In general, the recovery of lead from galena via a hydrometallurgical route has
been studied by several investigators under various chemical conditions. A hydrometallurgical alternative has been sought because of the growing concern
about the adverse environmental impact of high-temperature processing of galena as detailed by Feurstenau et al. [8]. A detailed review of some previous studies on the characterization and dissolution kinetics of galena varieties in acid
and oxidative reagents is presented in the following sections.

1.1. Galena Ore Characterization
Several studies on the characterization of galena ore have been carried out in the
recent past. Some of the reported results on the composition of galena from different parts of the world are summarized in Table 1.
Galena is composed of lead as a dominant metal followed by sulphur, iron and
zinc in that order. The composition of galena varies from one location to another. The different values can be accounted for by the variation in geochemical and
environmental effects. The richest galena was found in Japan as reported by
Awakura et al. [9], Nigeria: Olanipekun [10] and USA: Feurstenau et al. [8];
while the poorest was in Mexico: Makita et al. [11] and China: Wang et al. [12].

1.2. Galena Dissolution Kinetic Studies
Aydogan et al. [13] investigated the kinetics of galena dissolution in nitric acid
DOI: 10.4236/jmmce.2018.63020
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Table 1. Elemental composition (%) of galena mineral from various origin.
Reference

Origin

Abraitts et al. [23]

Major elemental composition (%)
Pb

Zn

Cu

As

Sb

Bi

Si

Al

Ca

Na

Ag

United Kingdom

65.0

4.10

-

-

-

-

-

-

-

-

0.13

Awakura et al. [9]

Japan

84.50

-

13.36

-

-

-

-

-

-

-

-

-

Aydogan et al. [18]

Sivas, Turkey

79.00 1.90

2.97 14.61

-

0.50

-

-

-

-

-

-

-

Cisneros-Gonzalez et al. [24]

Penoles, Mexico

54.75 4.75

5.25 14.80

-

-

-

-

-

-

-

-

-

Feurstenau et al. [8]

Kansas, USA

-

-

-

-

-

-

-

-

-

Harvey and Yen [25]

Gourvenour Canada

75.40 3.90 31.80 8.10

0.5

-

-

-

-

-

-

-

-

Makita et al. [11]

Chihvahua, Mexico

49.76 2.48 14.75 23.53 0.29

3.85

0.51

-

-

-

-

-

-

Olanipekun [10]

Abakaliki, Nigeria

85.20 1.03

0.48 13.90 0.02

-

-

-

0.06

0.04

0.18

0.04

-

Pacholewska [26]

ZHG, Proles Law,
S/Africa

69.30 2.44

6.21

Silva [1]
Wang et al. [12]

85.60

-

Fe

S

7.50 19.60
-

-

13.0

18.4

-

-

-

-

0.05

-

0.77

-

-

Callagham, Australia

60.90 15.20 3.93 19.70

-

-

-

-

-

-

-

-

0.13

China

54.10 1.17 10.29 18.08

-

-

0.05

0.04

-

-

-

-

-

-: Not analyzed.

solutions with hydrogen peroxide. The galena used was obtained from Sivas,
Turkey. 0.5 M HNO3 was used, in the presence of 1 M H2O2. The temperature
range used was 27˚C - 60˚C. The activation energy was calculated to be 42.26
KJ/mol while the reaction order was calculated as 0.92.
Warren et al. [14] investigated the effect of chloride ion on the ferric chloride
leaching of galena concentrate, using galena obtained from Alabama, Tuscaloosa. 0.2 M FeCl3 was used in the presence of 4 M NaCl and 0.1 M HCl. The temperature range used was 27˚C - 57˚C. The activation energy was estimated to be
72.10 KJ/mol while the reaction order was calculated as 0.21.
Baba and Adekola [15] carried out a comparative study of the dissolution kinetics of the galena ore in binary solutions of FeCl3/HCl and H2O2/HCl. The
dissolution kinetics of the galena was found to depend on leachant concentration, reaction temperature, and stirring speed, while it decreases with the increase of solid-to-liquid ratio and particle diameter. The activation energy (Ea) of
26.5 KJ/mol was obtained for galena ore dissolution in 0.3 M FeCl3/8.06 M HCl,
and it suggests the surface diffusion model for the leaching reaction, while the Ea
value of 40.6 KJ/mol was obtained for its dissolution in 8.06 M H2O2/8.06 M
HCl, which suggests the surface chemical reaction model for the leaching reaction. Furthermore, the linear relationship between rate constants and the reciprocal of the particle radius supports the fact that dissolution is controlled by
the surface reaction in the two cases. Finally, the rate of reaction based on the
reaction-controlled process was described by a semi-empirical mathematical
model. The Arrhenius and reaction constants of 11.023 s−1, 1.25 × 104 and 3.65 ×
102, 8.02 × 106 were calculated for the 0.3 M FeCl3/8.06 M HCl and 8.06 M
H2O2/8.06 M HCl binary solutions respectively.
DOI: 10.4236/jmmce.2018.63020
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Liu et al. [16] studied the acidic, non-oxidative dissolution of galena (PbS)
nanocrystals using transmission electron microscopy (TEM) to follow the evolution of the size and shape of the nanocrystals before and after dissolution experiments, X-ray photoelectron spectroscopy (XPS) to follow particle chemistry,
and dissolution rate analysis to compare dissolution rates between nanocrystalline and bulk galena. Dissolution characteristics were also studied as a function
of nanocrystals access to bulk versus confined solution due to the degree of
proximity of next-nearest grains. Detailed XPS analysis showed the nanocrystals
to be free of unwanted contamination, surface complexes, and oxidative artifacts, except for small amounts of lead-containing oxidation species in both preand post-dissolution samples which have been observed in fresh, natural bulk
galena.
According to Gerson and O’Dea [17], surface species found on galena during
oxidation and dissolution has been studied using many techniques. It has been
assumed that complexation takes place at the surface of hydrous galena sulphides. The adsorption of H+ ions onto a surface of the S atom in the aqueous
phase is found to be favourable, whereas the adsorption unto the surface of Pb
atom is not favourable as suggested by Aydogan et al. [18]. In view of the above
reasons, the dissolution rates are often analyzed with the shrinking core models
which state that the leaching process is controlled by:
1) the diffusion of the reactant through the solution boundary layer or
through a solid product layer; or
2) by the rate of chemical reaction; or
3) by mixed controlled process, which are chemical and diffusion controlled
reactions as reported by Baba [19], Levenspiel [20] and Merwe [21].
Therefore, understanding the mechanism of a leaching system is an important
aspect of this work, while a knowledge of the kinetics of the rate controlling
process and solid reaction products are crucial for a complete understanding of
the system as evidenced by Aydogan et al. [18].
The non-oxidative leaching of the base metal sulphide ore including galena in
acidic solution, releasing hydrogen sulphide has been studied in various laboratories and tested in pilot plants as demonstrated by Awakura et al. [9].
Generally, there are insufficient kinetic studies to explain the complete mechanism of the dissolution of galena in nitric acid solution in the literature. Most
of the available dissolution studies did not address some basic important kinetic
parameters such as reaction order, activation energy, Arrhenius factors and correlation constant. This often makes the proposition of the dissolution mechanism difficult. Results of selected kinetic studies on galena dissolution extracted
from literature are summarized in Table 4.
It is evident from Table 4 that most of the kinetics parameters necessary for
the prediction of the actual dissolution mechanism (activation energy, reaction
order, residual product, etc.) were lacking and thus making the mechanism
proposition to be ambiguously difficult. Consequently, the scope of this investiDOI: 10.4236/jmmce.2018.63020
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gation is to address these problems. Due to the increased demand for lead in
Nigeria and other developing countries of the world, there is the need to develop
simple and practicable routes for the recovery of this valuable metal from Nigerian galena ore which is among the richest in the world [22].

2. Materials and Methods
The galena ore used for this study was collected from Abakaliki, Enyigba mining
site in Ebonyi State of Nigeria. The galena ore was finely pulverized and sieved
into five fractions: 75, 106, 212, 300, and 425 µm. All experiments were performed with 75 µm fraction except otherwise stated. Solutions of HNO3 were
prepared from analytical grade reagents with deionized water.

2.1. Characterization of the Ore
2.1.1. Spectrophotometric Analysis
The X-ray fluorometer (XRF), X-supreme 600 oxford instruments was used for
the elemental analysis of the ore. The mineralogical analysis of the ore was done
using ARL X’TRA X-ray Diffractometer, Thermoscientific with the serial number 197492086 and Empyrean by PanAnalytical model with CuKα (1.54 Å) radiation generated and 40 mA and 45 kV. This unit comprises of a single compact
cabinet. The cabinet houses a high speed, high precision Goniometer; high efficiency generator (X-ray) and an automatic sample loading facility.
The petrographic slides of galena ore were prepared using Epoxy and Lakeside
70 media according to the method of Hutchison [27].
2.1.2. FTIR and SEM Analysis
FTIR analysis was carried out using Buck Scientific M530 Infrared Spectrophotometer. SEM analysis was carried out using Q250 by FEI model from the Netherlands.

2.2. Leaching Procedure
Leaching experiments were performed in a 500 ml glass reactor fitted with a
condenser to prevent losses through evaporation. The two major variables (heat
and stirring rate) necessary for accelerating the rate of chemical reaction was
provided by the aid of a magnetically-stirred hot plate (Model 78HW-1). For
every leaching experiment, the solution mixture was freshly prepared by dissolving 20 g/L of the ore sample in the acid solution at 90˚C. The concentration
which gave the maximum dissolution was subsequently used to study other
leaching parameters including temperature and particle size. At the end of each
reaction time, the undissolved materials in the suspension was allowed to settle
and separated by filtration. The resulting solutions were diluted and analyzed for
lead using atomic absorption spectrophotometer (AAS).
The mole fraction of lead passing into the solution from galena was calculated by the formula given in Equation (1), where x designates quantity dissolution.
DOI: 10.4236/jmmce.2018.63020
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x=

Amount of Pb passing into the solution
Amount of Pb in original sample

(1)

The activation energy, Ea , and rate constants were evaluated from the Arrhenius plots. The post-leached residues after dissolution in the optimum conditions were subjected to XRD and SEM examination.

3. Results and Discussion
3.1. Results of Characterization Studies
3.1.1. Elemental Composition by XRF
The results of the elemental composition of galena by X-ray fluorescence technique showed that the galena mineral exist mainly as PbS with metals such as
Na, Mg, Al, Ca, Fe and Zn occurring as minor elements, and K, Cr, and Sr as
traces. The elemental analysis gave Pb (60.01%), S (14.66%), Fe (4.32%), Na
(3.78%), Si (7.69%), Mg (1.21%), Al (1.94%), P (1.37%), Cl (1.19%), K (0.09%),
Ca (1.99%), Cr (0.01%), Mn (0.49%), Zn (1.22%), and Sr (0.04%).
3.1.2. Phase Studies by XRD
The analysis of galena by X-ray diffraction gives a better description in terms of
the mineral phases present in the ore. Table 2 present the results of the X-ray
diffractogram of the ore and shows that the ore exist mainly as lead sulphide
(PbS).
The galena ore gave three major peaks at 2.96, 3.42, and 2.09 Å, respectively as
shown in Figure 1. All these supported the results of the elemental analysis by
XRF.
3.1.3. FTIR Analysis of Galena
The FTIR spectra of galena ore is shown in Figure 2. The spectrum of the ore
exhibit absorption bands at 3821 cm−1, 3652 cm−1, 3353 cm−1, 2958 cm−1, and
2564 cm−1. These are attributed to O-H stretching. The band at 1410 cm−1 is attributed to O-H bending. The bands at 3519 cm−1, 3353 cm−1 and 2564 cm−1 are
attributed to N-H stretching. The band at 2564 cm−1 which is attributed to S-H
Table 2. The X-ray diffraction data of the galena ore showing the angle 2θ and d-values of
the compounds identified, with their relative intensity (%).
2θ

d-Value (Å)

Compound

Intensity (%)

JCPDS file No.

26.03

3.42

Galena (PbS)

93.99

01-078-1056

30.15

2.96

Galena (PbS)

100.00

01-078-1056

43.16

2.09

Galena (PbS)

65.77

01-078-1056

51.10

1.79

Galena (PbS)

38.14

01-078-1056

53.55

1.71

Galena (PbS)

20.72

01 -078-1056

62.68

1.48

Galena (PbS)

8.71

01-078-1056

69.06

1.36

Galena (PbS)

12.91

01-078-1056

JCPDS File No.: Joint Committee on Power Diffraction Standards File Number.
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Figure 1. X-ray diffraction pattern of galena ore.

Figure 2. FTIR spectrum of galena ore.
DOI: 10.4236/jmmce.2018.63020
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stretching confirms the presence of sulphur in the ore. The band at 1634 cm−1 is
attributed to Si-O and Al-O stretching while the band at 1634 cm−1 is also attributed to Al-O-H stretching.
The FTIR result is in agreement with XRF and XRD results which confirmed
the presence of the minerals detected.
3.1.4. SEM Analysis of Galena
The scanning electron micrograph (SEM) of galena ore was obtained with magnifications of 240×, 520×, 1000×, and 1500× respectively as shown in Figure 3.

(a)

(b)

(c)

(d)

Figure 3. SEM images of galena ore showing magnifications of 240× (a), 520× (b), 1000× (c), and 1500× (d) respectively.
DOI: 10.4236/jmmce.2018.63020
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The average cell diameter of the ore ranges from 8 to 62 µm while the average
cell density ranges from 0.0042 to 1.13 cells/mm. The results indicate that the ore
particles are very cohesive, forming an aggregate mass that appeared to have
been formed by several flaky particles stacked together in form of agglomerates
[28]. The particles have irregular shapes with rough edges, and are highly crystalline due to the high level of purity of the ore.

3.2. Leaching Studies
3.2.1. Effect of HNO3 Concentration on Galena Dissolution
The results of the effect of HNO3 concentration on galena dissolution are illustrated in Figure 4. The result shows that the fraction of galena dissolved increases with increasing acid concentration. The yield of lead obtained with 12 M
HNO3 is slightly lower than that obtained with 10 M HNO3, and this could be
attributed to a change in the rate determining step due to the significant quantity
of elemental sulphur produced [14].
In all cases, unreacted acid remained in the leach solution and the free acid
increased with increasing initial acid concentration, since the use of more concentrated acid did not increase the dissolution of galena or decrease the leaching
time for maximum dissolution. Therefore, 10 M HNO3 was used for further investigation.
3.2.2. Effect of Stirring Rate on Galena Dissolution
The results on the effect of stirring rate on galena dissolution in 10 M HNO3
over the range of 90 - 720 rpm at 363 K are presented in Figure 5.
Figure 5 shows that the amount of galena dissolved is dependent on the stirring speed over the range 90 - 540 rpm. Above 540 rpm, the stirring speed no

Figure 4. Effect of HNO3 concentration on galena dissolution at various leaching time.
Experimental conditions: particle size = 75 µm; solid/liquid ratio = 20 g/L; temperature =
333 K; stirring speed = 450 rpm.
DOI: 10.4236/jmmce.2018.63020
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longer has any observable effect on the solid dissolution. Hence dissolution
reached a steady rate at 540 rpm, and a stirring speed of 540 rpm was retained for
further experiments. Increase in stirring speed causes a decrease in the thickness of
the film layer, therefore, causing an increase in the dissolution rate [29].
3.2.3. Effect of Temperature on Galena Dissolution
The effect of temperature on galena dissolution has been investigated over the
temperature range 303 - 363 K in 10 M HNO3 solution at a stirring rate of 540
rpm using 75 µm particle diameter and solid/liquid ratio of 20 g/L. These results
are presented in Figure 6.

Figure 5. Effect of stirring rate on galena dissolution at various leaching time. Experimental conditions: particle size = 75 µm; solid/liquid ratio = 20 g/L; temperature = 363 K;
HNO3 concentration = 10 M.

Figure 6. Fraction of galena dissolved vs. leaching time at different temperatures. Experimental conditions: particle size = 75 µm; solid/liquid ratio = 20 g/L; stirring rate = 540
rpm; HNO3 concentration = 10 M.
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As seen in Figure 6, galena dissolution increases with increasing temperature.
This is as a result of high kinetic energy available for the reacting molecules [29].
For instance, at 363 K, the amount of galena dissolved within 150 min was 85.2%.
3.2.4. Effect of Particle Diameter on Galena Dissolution
The influence of particle diameter on galena dissolution in HNO3 was investigated for five different sized fractions. The results are summarized in Figure 7.
The results from Figure 7 showed that the smaller the galena particle size, the
higher was the fraction of galena dissolved. This is attributed to larger specific
surface area provided by the smaller particles for contact with the acid molecules
[29]. This observation was also supported by Aydogan et al. [13] and Dutrizac
and MacDonald [30].
3.2.5. Effect of Solid/Liquid Ratio on Galena Dissolution
The results on the effect of solid/liquid ratio on galena dissolution in 10 M HNO3
were investigated in the range 0.02 to 0.045 g/ml at a temperature of 363 K.
Figure 8 shows the effect of solid/liquid ratio on galena dissolution in 10 M
HNO3. Decreasing the solid/liquid ratio is accompanied with increase in the
equilibrium percentage of the ore dissolved. For instance, by varying the solid/liquid ratio from 0.045 to 0.02 g/ml, the percentage of galena dissolved increased from 47% to 84% at 363 K. This could be attributed to the decrease in
the fluid reactant per unit weight of the solid [29]. Accordingly, an optimum
solid/liquid ratio of 0.02 g/ml has been retained for subsequent studies.

3.3. Discussions
3.3.1. Dissolution Kinetic Models
For this study, three shrinking core models were tested for better understanding

Figure 7. Effect of particle diameter on galena dissolution. Experimental conditions:
HNO3 concentration = 10 M; solid/liquid ratio = 20 g/L; stirring rate = 540 rpm; temperature = 363 K.
DOI: 10.4236/jmmce.2018.63020
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Figure 8. Effect of solid/liquid ratio on galena dissolution. Experimental conditions:
HNO3 concentration = 10 M; particle size = 75 µm; stirring rate = 540 rpm; temperature
= 363 K.

of the dissolution of galena in HNO3 media. The kinetic models as previously
utilized by some authors such as Aydogan et al. [13] [18], Baba and Adekola
[31], Habashi [32], Khalique et al. [33], Leao [34] and Merwe [21] include:

1 − (1 − X )

13

bk C
= s A t = k2 t
ρ s ro

1 + 2 (1 − X ) − 3 (1 − X )

23

6bDe C A
=
t = k3 t
ρ s ro2

13
13
23
1 − (1 − X ) + ( y 6 ) (1 − X ) + 1 − 2 (1 − X )  =
kt

 4

(2)
(3)
(4)

where X is the fraction of galena dissolved at time t, b the stoichiometric coefficient of the reagent in the leaching reaction, k s the kinetic constant, C A the
concentration of nitric acid (HNO3), ρ s the density of the solid, ro the initial
radius of the solid, and k2 the rate constant from Equation (2). D is the effective diffusion coefficient, k3 and k4 are the rate constants for Equations ((3) and

(4)) respectively, y is taken to be 1 for heterogeneous systems.
Equation (2) is applicable to a chemical reaction controlled process at the interface; Equation (3) is a diffusion-controlled process through the product layer
and Equation (4) is a mixed controlled process (a combination of surface reaction and diffusion). Of all the three models tested, all the studied data were
found only to fit the relation in Equation (3) with a perfect correlation of about
0.99. The analysis of the plots of other kinetic curves, however, gave lower correlation coefficients. Hence, the linearization of Figures 4-8 was made. To this

end, the relation: 1 + 2 (1 − X ) − 3 (1 − X ) =
k1t , gave an average correlation
coefficient of 0.994 and this is shown in Figure 9.
23

From Figure 9, the experimental rate constant k1, was calculated from the
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slope of the straight line at various HNO3 concentrations and the plots of Ink1
versus In[HNO3] are shown in Figure 10.
From Figure 10, the slope of the resulting plot gave 0.93. This shows that the
order of reaction with respect to H+ ion concentration is 0.93 with correlation
coefficient of 0.990.
Similarly, the apparent rate constant k5 was calculated from the slope of the
straight line at various stirring rates (w) as shown in Figure 11 and the plots of
Ink5 versus Inw are shown in Figure 12.
Furthermore, the data in Figure 6 at different temperatures were linearized by
Equation (3). This is shown in Figure 13. The data in Figure 7 and Figure 8
were also linearized by means of Equation (3) as shown in Figure 15 and Figure
16 respectively.

Figure 9. Plot of 1 + 2 (1 − X ) − 3 (1 − X )

23

=
kt vs. leaching time at various HNO3 con-

centrations for data presented in Figure 4.

Figure 10. Plot of Ink1 vs. In[HNO3], for determining order of acid concentration.
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Figure 11. Plot of 1 + 2 (1 − X ) − 3 (1 − X )

23

=
kt vs. leaching time at various stirring

rates for data presented in Figure 5.

Figure 12. Plot of Ink5 vs. Inw, for determining order of stirring rate.

From Figure 13, the apparent rate constants, k3 and other tested constants, k2
and k4 were calculated from the slopes of the straight lines. The values of these
rate constants with their equivalent correlation coefficients are summarized in
Table 3.
By using the rate constants derived from the slopes in Figure 13, the Arrhenius diagram in Figure 14 was plotted from which the activation energy of 27.01
KJ/mol was calculated, which supports the proposed diffusion controlled mechanism. The Arrhenius constant for the process was estimated to be 26.71 s−1
with a correlation coefficient of 0.985. In some instances and as reported by Olanipekun [35], the rate controlling mechanism of the heterogeneous dissolution
DOI: 10.4236/jmmce.2018.63020
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Figure 13. Plot of 1 + 2 (1 − X ) − 3 (1 − X )

23

=
kt vs. leaching time at various tempera-

tures for data presented in Figure 6.
Table 3. The values of rate constants k2, k3 and k4 with their correlation coefficients for
galena dissolution at different temperatures by 10 M HNO3.
Temperature
(˚C)

Correlation coefficient, R2

Apparent rate constants (10−3 min−1)

k2

k3

k4

k2

k3

k4

30

1.40

0.58

2.02

0.809

0.997

0.789

40

1.66

0.79

2.39

0.798

0.997

0.773

60

2.58

1.79

3.63

0.799

0.994

0.765

80

3.39

2.83

4.65

0.864

0.996

0.824

90

3.63

3.18

4.96

0.848

0.995

0.801

Figure 14. Arrhenius plot of reaction rate against reciprocal of temperature.
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Figure 15. Plot of 1 + 2 (1 − X ) − 3 (1 − X )

23

=
kt vs. leaching time at various particle

diameters for data presented in Figure 7.

Figure 16. Plot of 1 + 2 (1 − X ) − 3 (1 − X )

23

=
kt vs. leaching time at various solid/liquid

ratios for data presented in Figure 8.

process could either be predicted from plots of the kinetic equations or from the
activation energy.
In general and as demonstrated by Aydogan et al. [18], it has been accepted
that a diffusion-controlled process is characterized by a slight dependence on
temperature, while the chemically controlled process is strongly dependent on
temperature. The reason being that diffusion coefficient, D, is linearly dependent
on temperature formulated as: k = Ae − Ea

RT

, where A is the Arrhenius con-

stant, Ea is the activation energy, R is the Boltzmann constant and T is the absolute temperature. The activation energy calculated for this study appears to
be the lowest compared to other reported works as summarized in Table 4.
The galena ore obtained from Abakaliki can therefore be said to be kinetically
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Table 4. Some reported activation energies for galena leaching by different leaching systems.
Origin of galena

Leachant

Ea (KJ/mol)

References

Sivas, Turkey

0.5 M HNO3/1 M H2O2

42.26

Aydogan et al. [13]

Sivas, Turkey

3 M CH3COOH/0.5 M H2O2

65.60

Aydogan et al. [18]

Bor, Yugoslavia

2 M H2O2/2 M H2SO4

60.00

Antonijevic et al. [36]

Abakaliki, Nigeria

8.06 M H2O2/8.06 M HCl

40.55

Baba and Adekola [31]

Abakaliki, Nigeria

10 M HNO3

27.01

This work

more favorable to leaching by HNO3 compared to other galena types.
According to Olanipekun [35], the rate controlling mechanism of heterogeneous dissolution process is often predicted from the plots of the kinetic equations, rather than the activation energy. Therefore, in order to determine the rate
determining step for the present study, the kinetic curves in Figure 7 were also
linearized by means of Equation (3). The values of the rate constants, k4, were
plotted against the reciprocal of the particle radii (1/ro), yielding a linear relationship with a correlation coefficient of 0.995 (Figure 19). It is worthy of note
that the plot of the rate constants as a function of the square of particle radii
(1/ro)2 did not give a linear relationship. This indicates that the surface chemical
reaction was the rate controlling step during the dissolution. Hence, the diffusion of the H+ ion was at higher rate because of the high transport number in
aqueous solution [22].
3.3.2. Dissolution Model
From the effects of the solid/liquid ratio (Figure 17) and particle diameters
(Figure 18) on galena dissolution in 10 M HNO3 solution, the apparent rate
constants, k6 and k7 were evaluated, respectively.
The solid/liquid ratio and initial particle size (dp) were found to be inversely
proportional to 1.99 power (S/L)−1.99 and 0.94 power ( d p−0.94 ), respectively.
Hence, the proposed model equation for galena dissolution by 10 M HNO3 solution at 90˚C is consistent with the following relation:

1 + 2 (1 − X ) − 3 (1 − X )

23

0.93
= koCHNO
(d p )
3

−0.94

 S
ρ 
 L

−1.99

( w)

0.79

e(

−27012 RT )

t

where ρ is the ore density (Baba and Adekola, 2011). ko is a reaction constant,
which can be determined from the fraction of galena ore dissolved, X at a given
time, t. The parameter, X is determined experimentally. For instance, at 90˚C,
the value of X = 0.845 (84.5% dissolution); ko is calculated to be 3.54 × 108. The
value of ko, however, is found to vary depending on the leaching systems/conditions [13] [37].

3.4. Characterization of the Residual Product
3.4.1. SEM Analysis of Galena Leached with 10 M HNO3
The scanning electron micrograph (SEM) of galena leached with 10 M HNO3
DOI: 10.4236/jmmce.2018.63020

287

J. Minerals and Materials Characterization and Engineering

I. A. Nnanwube, O. D. Onukwuli

Figure 17. Plot of Ink6 vs. In(S/L), for determining order of solid/liquid ratio.

Figure 18. Plot of Ink7 vs. Indp, for determining order of initial particle diameter.

Figure 19. Dependence of rate constant, k4, on 1/ro.
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was obtained with magnifications of 150×, 500× and 1000× respectively as
shown in Figure 20. The average cell diameter ranges from 26 µm to 104 µm
while the average cell density ranges from 0.0938 cell/mm to 0.156 cell/mm. The
results above indicate an increase in the diameter of the particles and a corresponding decrease in density as the particle volume automatically increases and
therefore decreases the specific gravity [28]. The micrographs of the leaching residues show a progressive increase in the roughness of the solid and also an increase in the amount of elemental sulphur covering the particle surfaces [38].
The particles have irregular shapes and may be poorly crystalline due to acid attack.
3.4.2. XRD Analysis of Galena Leached with 10 M HNO3
The analysis of galena leached with 10 M HNO3 at 90˚C by X-ray diffraction
gives a description of the mineral phases present in the residue. Table 5 present
the results of the X-ray diffractogram of the residue with important compounds
identified. The result showed two major and one minor peaks at 4.51, 2.26, and
1.51 Å, respectively. The XRD data revealed the presence of gahnite and anglesite as shown in Figure 21. The XRD result agrees with the SEM result of the residue. In summary, the overall dissolution reaction of galena in HNO3 solution
can be described by the following stoichiometry:

PbS( s ) + 2H (+aq ) 
( galena )

Pb(2aq+ ) + H 2S( g )

( ≅85% released into solution )

4. Conclusions
Based on the results of the characterization and leaching investigations undertaken in this study, the following conclusions can be drawn:

(a)

(b)

(c)

Figure 20. SEM image of galena leached with 10 M HNO3 with magnifications of 150× (a), 500× (b) and 1000× (c) respectively.
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Table 5. The X-ray diffraction data of the galena ore leached with 10 M HNO3 showing
the angle 2θ and d-values of the compounds identified, with their relative intensity (%).
2θ

d-Value (Å)

Compound

Intensity (%)

JCPDS file No.

19.67

4.51

Gahnite (Zn8Al16O32)

100.00

96-900-7041

26.81

3.33

Anglesite (Pb4S4O16)

15.06

96-900-4485

27.79

3.21

Anglesite (Pb4S4O16)

22.81

96-900-4485

29.79

3.00

Anglesite (Pb4S4O16)

18.20

96-900-4485

38.04

2.37

Gahnite (Zn8Al16O32)

24.14

96-900-7041

39.80

2.26

Gahnite (Zn8Al16O32)

61.88

96-900-7041

43.85

2.06

Anglesite (Pb4S4O16)

22.95

96-900-4485

57.49

1.60

Gahnite (Zn8Al16O32)

11.79

96-900-7041

61.34

1.51

Gahnite (Zn8Al16O32)

26.13

96-900-7041

Figure 21. X-ray diffraction pattern of the post-leached residue of galena after leaching for 150 minutes at 90˚C with 10 M HNO3.

1) The X-ray fluorescence data showed that the galena ores used in the study
exist mainly as PbS. Lead (Pb) was detected as the major metal for galena with
metals such as Na, Ca, Fe, Zn, Al and Mg occurring as minor elements. The
XRD analysis also confirmed the originality of the galena ore as it revealed that
galena exists mainly as lead sulphide (PbS). The Fourier transform infrared
(FTIR) analysis also supported the XRF and XRD analysis by revealing the presence of sulphur. The scanning electron micrograph (SEM) analysis revealed a
high level of crystallinity of the ore.
2) The leaching investigation clearly showed that galena dissolution in nitric
acid (HNO3) increases with increasing concentration of nitric acid, temperature
and stirring rate, and decreases with increasing particle diameter and solid/liquid ratio. In 10 M HNO3 at a temperature of 90˚C using 75 µm particle
diameter with solid/liquid ratio of 20 g/L and stirring speed of 540 rpm, about
84.5% of galena was dissolved in 150 minutes. The values of activation energy,
DOI: 10.4236/jmmce.2018.63020

290

J. Minerals and Materials Characterization and Engineering

I. A. Nnanwube, O. D. Onukwuli

order of reaction and Arrhenius constant calculated at the conditions above for
galena were 27.01 KJ/mol, 0.93, 26.71 s−1.
3) The results of the dissolution studies indicated that the data fitted the
shrinking core model for the diffusion controlled mechanism, with surface
chemical reaction as the rate controlling step. This is consistent with the following relation:
−1.99

1 + 2 (1 − X ) − 3 (1 − X ) = k0 C
( d p )  ρ SL  ( w)0.79 e( −27012 RT )t ; where k0
is the reaction constant, which can be determined experimentally.
4) The post-leaching residue was found to be constituted of gahnite and anglesite.
23

0.93
HNO3

−0.94
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