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Abstract Physico-chemical conditions for the optimal separation of Pb(II) and Zn(II) from a

galena ore leachate using a combination of tributylphosphate (TBP) and bis(2,4,4-trimethylpen-

tyl)phosphinic acid (Cyanex�272) have been investigated. The results of fundamental studies using

synthetic solution of Pb(II) showed that the extraction efficiency increased with increasing pH,

extractant concentration and temperature. An extraction yield of 92.1 ± 0.2% for Pb(II) at pH

5.0 by 1 mol/L TBP in 100% MIBK and 94.6 ± 0.2% for Zn(II) at pH 3.0 by 0.032 mol/L Cya-

nex�272 in kerosene was obtained from an initial galena leach liquor containing 1705.1 mg/L

Pb, 98.7 mg/L Zn and 130.2 mg/L total iron as major constituents at 25 ± 2 �C at a stirring time

of 30 and 25 min, respectively. Iron was also effectively removed by precipitation using 1 mol/L

ammoniacal solution at pH 3.5. The stoichiometry of the lead-extractable species was found to

be HPbCl3ÆTBP. Values of 52.7 ± 0.01 kJ mol�1, �5.05 kJ mol�1, 159.6 ± 0.01 J K�1 mol�1 and

0.127 ± 0.003 M�2 were calculated for the apparent standard molar enthalpy (DH�), Gibb’s free

energy (DG�), molar entropy (DS�) and extraction constant, respectively. About 94.5 ± 0.2% Pb(II)

and 94.6 ± 0.2% Zn(II) were stripped from the TBP and Cyanex�272, respectively using 0.1 mol/L

HCl solution. Finally, a compact extraction scheme has been provided.
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1. Introduction

The galena ore (PbS) is the most important sulfide mineral and
is generally treated pyrometallurgically. However, lead smelt-

ing faces difficulties with respect to environmental regulations.
Therefore, the hydrometallurgical recovery of lead from galena
may be a promising process with environmentally inert ele-

mental sulfur being formed instead of sulfur dioxide
(Baba and Adekola, 2011; Adebayo et al., 2003). As a result
of drastic decrease in high grade ore reserves globally and be-
cause of high metal demand, hydrometallurgical route has
ing Saud University.
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been an alternative to pyrometallurgical processes for sulfidic
ores and concentrates, particularly for small scale production
and for low grade ores (Sarangi et al., 2007; Kesari et al.,

2009; Rotuska and Chmielewski, 2008).
The intrinsic nature of chloride leach liquors resulting from

the hydrometallurgical treatments of sulfide ores is rather com-

plex; these solutions usually contain relatively high concentra-
tions of basic metals, as well as small contents of other rare
metals or frequently precious metals (Dutrizac et al., 1993).

Therefore, for the separation and/or purification of these valu-
able elements, the application of solvent extraction procedures
has been extensively considered (Quinn et al., 2013; Paiva and
Abrantes, 2001; Cote and Jakubiak, 1996; Rydberg et al.,

1992).
Consequently, solvent extraction is one of the efficient

hydrometallurgical techniques used for purification, separation

or concentration of metals from aqueous media. It has found
extensive application in mineral processing (Facon et al.,
2007). Hence, hydrometallurgical solvent extraction processes

have become major purification operations in practice with
special emphasis on Pb(II) and Zn(II) separation from their
coexisting species such as Co(II), Ni(II) and Cu(II). Presence

of impurities such as Cd, Ni, Fe and Co in dissolved low grade
sulfide ores and the need for concentrated zinc production, for
example, made solvent extraction a very attractive pretreat-
ment sequence for electrowinning process (Tsakiridis et al.,

2010; Sayar et al., 2007; Yadav and Khopkar, 1971). The pro-
cess train consists of three sections: leaching, leachate purifica-
tion and electrowinning. The leachate purification train

includes precipitation and cementation in which effective met-
als are removed from ore and made suitable for electrowin-
ning. The purification of the leachate is a basic requirement

for good quality of final product and current efficiency in elec-
trowinning (Casaroli et al., 2005).

In general, several studies have been carried out on Zn(II)

by solvent extraction (Baba and Adekola, 2011; Hosseini
et al., 2011; Fu et al., 2010; Baba et al., 2009; Facon et al.,
2007; Sayar et al., 2007; Ali et al., 2006; Alguacil and Martinez,
2001); while there are limited data on the Pb(II) by solvent

extraction (Shilimkar and Anuse, 2002; Mewoyo et al., 1996;
Holdich and Lawson, 1985; Zaborska and Leszko, 1980; Ya-
dav and Khopkar, 1971). Recently, the use of Cyanex�272

in the metal ion separation has been reported (Banda et al.,
2012; Wang et al., 2012; Yu et al., 2012). In all of these, the
efforts of investigators were geared toward the establishment

of the extraction conditions in terms of the metal extractability
in aqueous and organic phases at different pH and solvent con-
centrations, while other workers focused on the development
of separation route, stripping as well as determining the num-

ber of stages for a quantitative extraction via McCabe–Thiele
diagrams.

There is practically no reported work on the hydrometallur-

gical recovery of Pb(II) and Zn(II) from the galena ore of
Nigerian origin. In recent years, the recovery of these metals
from aqueous chloride solutions has attracted much attention.

This is due to the high efficiency of the chloride leaching pro-
cess which is now recognized as a logical choice for treating
complex sulfide ore concentrates (Cote and Jakubiak, 1996).

Hence, the present study was focused on Pb(II) extraction
and separation from other impurities such as zinc, iron, silver,
etc. from a Nigerian galena ore leach liquor and the develop-
ment of a simple route for the hydrometallurgical recovery
of these metals. This is the first in-depth study on the hydro-
metallurgical recovery of Pb(II) and Zn(II) from a Nigerian
galena ore by tributylphosphate and bis(2,4,4-trimethylpen-

tyl)phosphinic acid. The ease and high rate of separation,
regeneration, complexation and stability are proven reasons
for selecting the Cyanex�272 extractant in this study. Experi-

mental data on the characterization and dissolution kinetics of
this ore had earlier been discussed (Baba and Adekola, 2012).
2. Materials and methods

2.1. Reagents

For this study, three phosphorus based extractants were em-
ployed. These are:

(i) Tributylphosphate TBP (Merck, purity 99%)
(ii) Triphenylphosphite, TPP (BDH Chemicals, Poole Eng-

land, purity 97%); and

(iii) Bis(2,4,4-trimethylpentyl)phosphoric acid: Cyanex�272,
(Cytec Industries, Rungis Cedex, France, purity 85–
90%.

Distilled kerosene and methyl isobutyl ketone (MIBK) were
used as organic diluents throughout this work. In the absence

of TBP, the metal ion extraction such as lead by MIBK in
aqueous chloride media is not quantitative (Yadav and Khop-
kar, 1971), but its high aqueous solubility, solvency character-

istics with high solvation for complexation are reasons for
choosing MIBK as diluent (Wasewar and Pangarkar, 2006).
Zinc Chloride, lead nitrate, and hydrochloric acid were ob-
tained from BDH reagent grades and were used for preparing

the aqueous solutions.
2.2. Extraction procedures

The experimental procedure adopted comprised of a preli-
minary study aimed at establishing optimal conditions for
the extraction of Pb(II) and Zn(II) from synthetic lead and

zinc solutions by TBP and Cyanex�272, respectively and
with subsequent applications to the recovery of Pb(II) and
Zn(II) from the galena leachate (Baba and Adekola, 2011;
Baba, 2008).

2.2.1. Fundamental studies on Zn(II) and Pb(II) synthetic salts

The aqueous solutions of Zn(II) and Pb(II) with metal concen-

tration of 1 g/L were prepared using ZnCl2 and Pb(NO3)2,
respectively by the addition of predetermined amount of con-
centrated HCl solution into doubly distilled water. The
extractants for the Zn(II) and Pb(II) extraction were dissolved

in distilled kerosene and 100% methyl-isobutylketone, respec-
tively to the required concentration.

Equal volumes of aqueous and organic phases were shaken

at room temperature (25 ± 2 �C) using a Gallemkamp Orbital
Shaker, AMPS, for 45 min which was sufficient to reach equi-
librium. After the phases had been allowed to separate, Zn(II)

and Pb(II) were completely stripped from the organic phase by
0.1 mol/L HCl solution. The concentrations of these metal
ions in the raffinates and the stripping aqueous phases were

spectrophotometrically measured (Gomez et al., 1992; Yadav



Table 1 Preliminary results of the extraction yield of some

extracting agents contacted with equimolar mixtures of 100 mg/

L Pb(II) and Zn(II) in 0.1 mol/L HCl for 1 h at pH 2.5.

Extractant concentration % Extracted into organic phase

Pb(II) Zn(II)

0.5 mol/L Cyanex�272 in kerosene 10.2 82.4

0.5 mol/L TBP in 100% MIBK 89.4 5.04

0.5 mol/L TPP in kerosene 47.9 33.5

Figure 1 Effect of TBP concentration on Pb(II) extraction.
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and Khopkar, 1971) using an AQUAMATE ThermoElectron
Corporation UV–visible spectrophotometer together with an

EPSON LQ 2070 recorder or by an ALPHA-4 Atomic
Absorption Spectrophotometer. The kmax for Zn(II) and Pb(II)
analysis were 491.0 nm and 254.5 nm, respectively.

The concentration of the metal ion in the organic phase was
calculated from the difference between its concentration in the
aqueous phase before and after extraction. Concentration of

iron content in the mixture was also determined spectrophoto-
metrically at kmax 396.0 nm using o-phenanthroline (Malati,
1999). The influence of initial metal concentration, pH and
extractant concentration on the rate of Zn(II) and Pb(II) was

investigated. The percent of metal extraction (% E) and the
distribution ratio, D were calculated as the ratio of Zn(II) or
Pb(II) in the organic to the aqueous phase according to the fol-

lowing relations:

%E ¼
½M�org
½M�aq:init

ð1Þ

D ¼
½M�org
½M�aq:

ð2Þ

where [M]aq.,init. represents the initial concentration of metal
ion in the aqueous phase; [M]aq. and [M]org. are the total con-

centrations of metal ion in the aqueous and organic phases
after equilibrium, respectively (Ali et al., 2006). The optimal
conditions hereby established were used for subsequent inves-

tigations on the aqueous liquor of the galena ore.

2.2.2. Systematic study of the extraction of Pb(II) and Zn(II)
from aqueous liquor of galena ore

The composition of the galena leach liquor used for this study
at pH 1.0 was Pb: 1705.1 mg/L, Zn: 98.7 mg/L and Fe:
130.2 mg/L. Other metal ions such as Al, Cu, Sn, Mn whose

concentrations were <5 mg/L were detected in traces and they
were firstly separated by cementation. Total iron in the mix-
ture was then removed by precipitation via pH adjustment of
the mixture to 3.5 with 1 mol/L ammoniacal solution or HCl

37% solution prior to the extraction of zinc and lead (Baba
and Adekola, 2011). Lead, which constituted by far the major
metal in the leachate, was extracted by 1 mol/L TBP in 100%

MIBK at pH 5.0. Pb was later stripped from the extractant
with 0.1 mol/L HCl to obtain pure Pb(II) solution. Finally,
the separated aqueous phase from the former was re-adjusted

to a pH 3.0 in order to favor Zn(II) extraction at the expense of
lead. The resulting solution at pH 3.0 was contacted with
0.032 mol/L Cyanex�272 in kerosene for 25 min. After equil-

ibration and phase separation, the organic phase containing
Zn(II) was stripped with 0.1 M HCl to obtain a pure Zn(II)
solution (Baba et al., 2009).
3. Results and discussion

3.1. Fundamental studies with synthetic Zn(II) and Pb(II) salts

3.1.1. Synthetic Zn(II) salt

Recently, our findings on the extraction of Zn(II) from aque-
ous chloride sphalerite leach liquor by Cyanex�272 in kero-
sene showed that the stoichiometry of the metal species with

extractant was 1:1 by ratio. The extraction equilibrium has
been evaluated and consistent with the following relation:

Zn2þ
ðaqÞ þH2A2ðorgÞ ! ZnA2ðorgÞ þ 2HþðaqÞ; and ð3Þ

Kex ¼
D½Hþ�2

½H2A2�org
ð4Þ

where H2A2 is Cyanex�272 extractant in its monomeric form,

D and Kex represents the distribution ratio and distribution
constants, respectively (Baba et al., 2004). In view of these,
the results of the fundamental study with respect to the extrac-

tion of Pb(II) by TBP is discussed here-under.

3.1.2. Synthetic Pb(II) salt

3.1.2.1. Selectivity of the extraction of Pb(II). The result of the
preliminary studies in search of selective extractant for Pb(II)
is summarized in Table 1.

From Table 1, it is clear that TBP is the best extracting
agent for Pb(II) at the expense of Zn(II). Therefore, TBP
was chosen for further investigations in this work. Hence,

the performance of the extracting agents follows the order:
TBP > TPP > Cyanex�272.

3.1.2.2. Effect of TBP concentration on Pb(II) extraction. The

effect of concentration of TBP in 100% MIBK on the extrac-
tion of Pb(II) was studied using aqueous leach liquor contain-
ing 100 mg/L Pb(II) in 0.1 mol/L HCl with TBP concentration

ranging between 0.1 mol/L and 3.0 mol/L at 1:1 aque-
ous:organic ratio during extraction time of 30 min (Yadav
and Khopkar, 1971). The percentage of Pb(II) extracted in-

creased rapidly from 46.5% to 87.5 ± 0.1% with increasing
TBP concentration as shown in Fig. 1. In the absence of
TBP, however, about 20% Pb(II) was extracted by MIBK.

This means that extraction can only be possible as a result of
solvation of Pb2+ ions by MIBK (Keshav et al., 2009; Kumar



Figure 2 logD vs. log [TBP].

Figure 3 (b) Pourbiaux distribution diagram of Pb in chloride

solution.
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et al., 2008; Pinajian, 1966). Hence, TBP has provided a kind
of enhancement from 20% to �90% by 1 mol/L TBP.

From Fig. 1, it is evident that above 1 mol/L TBP, there
was no further increase in the Pb(II) extraction, but a slight
drop to a constant value. Hence, 1 mol/L TBP in 100% MIBK
was adjudged to be the optimum concentration for the Pb(II)

extraction and this was subsequently kept for further use.
The composition of the extractable species was analyzed by

plotting logD vs., log [TBP] at a fixed pH of 1 (Fig. 2).

The slope from Fig. 2 gave 0.73 � 1, suggesting that the
association of one mole of extractant with extraction of a mole
of metal ion. Therefore, the most probable composition of the

extractable species may be PbCl2ÆTBP. It is worthy to note that
further work is in progress on the composition of the extrac-
tion species. Hence, this contrasted with an extractable species:

PbCl2Æ2TBP, containing 2 mol TBP per lead proposed by Ya-
dav and Khopkar (1971) on the liquid–liquid extraction of
Pb(II) in 1 mol/L HCl with tributylphosphate. These authors
obtained a slope of 1.73 at a fixed acidity of 1 mol/L HCl.

The difference could be attributed to the higher concentration
used by these authors, which was 10-fold higher.

3.1.2.3. Effect of pH on Pb(II) extraction by TBP. The pH of
the aqueous solution containing 100 mg/L Pb(II) in 0.1 mol/L
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Figure 3 (a) Effect of pH on Pb(II) extraction by TBP.
HCl was varied from pH 1.0–6.0 over extraction time of

30 min at an ambient temperature of 25 ± 2 �C. The result is
shown in Fig. 3a.

From Fig. 3a, the extraction of Pb(II) increased progres-

sively with increasing pH from 1.0 to 5.0, after which there
was a slight decline in the percent of Pb(II) extracted. This
could be attributed to the formation of higher lead hydroxide
complexes and thus could apparently explain the loss in Pb(II)

extraction at higher pHs. Hence, at pH < 5, the PbCl2 will be
ionized to give free Pb2+ (free cation). At pH > 5, however,
part of the Pb2+ ionic species may be converted for example,

to hydroxide of the form: Pb(OH+) and thus may not really
making lead to be free radical (Pourbiax, 1996) (Fig. 3b).

Therefore, pH 5.0 was noted as the optimum pH for the

Pb(II) extraction where about 95.7 ± 0.2% extraction yield
was attained. This result showed that there is a gradual release
of H+ ion with increase in the amount of Pb(II) extracted.

The plot of logD vs. log [H+] as shown in Fig. 4 was linear
with the slope 1.43 � 1, indicating the exchange of a mole of
H+ ion per extraction of a mole of metal ion in the organic
phase.

El-Dessouky et al. (2008) and Bartkowska et al. (2002) re-
ported that the majority of divalent metal ions including lead
species found in 2–5 mol/L chloride solution is PbCl4

2� to-

gether with decreasing mole fraction of PbCl3
�, Pb2+, PbCl+

and PbCl2. For example, the existence of a small fraction of
PbCl3

� in the medium at low metal concentration as reported

by Bartkowska et al. (2002) may probably explain the limited
extraction of Pb(II) by TBP in the investigated system, where
about 57.2 ± 0.2% was obtained (Fig. 3).

Therefore, the extraction of Pb(II) by 1 mol/L TBP in

100% MIBK at 25 ± 2 �C can be represented by:



Figure 4 logD vs. log [H+] for Pb(II) extraction by TBP. Figure 6 McCabe–Thiele diagram for the extraction of Pb(II)

solution by 1 mol/L TBP in 100% MIBK at aqueous: organic

ratio of 1:1.

Figure 7 Relationship between distribution ratio, D and tem-

perature, T.
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Hþ þ pbCl�3 þ TBP¢HpbCl3 � TBP ð5Þ

Kex ¼
D

½Hþ�½TBP�
ð6Þ

where bar (––) indicates organic species and Kex is the extrac-
tion constant. Different values of the extraction constant were

evaluated at different TBP and [H+] ion concentrations and
the average value of Kex was 0.127 ± 0.003 mol�2.

3.1.2.4. Study on the successive extraction of Pb(II) by TBP. A
study on the successive extraction of lead(II) by 1 mol/L TBP
in 100% MIBK has been examined to establish the extraction

efficiency in the extraction yield. The results obtained are sum-
marized in Fig. 5.

From Fig. 5 and at n P 4, the extraction becomes practi-
cally constant as about 96.7 ± 0.2% of Pb(II) would be quan-

titatively extracted into the organic phase by 1 mol/L TBP in
MIBK at pH 5.0. Likewise, the number of the theoretical
stages for this process was calculated by the McCabe–Thiele

diagram (Sarangi et al., 2007; Ali et al., 2002), and this is
shown in Fig. 6.

From Fig. 6, it is seen that six extraction stages should be

sufficient for the lead(II) extraction at the optimal conditions
stated.

3.1.2.5. Influence of temperature on Pb(II) extraction by TBP.
The influence of temperature on the Pb(II) extraction by TBP
was investigated at different temperatures from 27 to 50 �C at
fixed aqueous and extractant concentrations. The distribution
Figure 5 Percent of Pb(II) extracted into organic phase as a f
ratio, D of the Pb(II) extraction by TBP were calculated and
the plot of logD vs. 1/T is shown in Fig. 7, giving a slope of
�2752.5.

The enthalpy change of the reaction, DH has been deter-
mined using the equation 6:

D log D

Dð1=TÞ ¼
�DH
2:303R

ð7Þ

and DH for the process was calculated to be
DH = 52.7 ± 0.01 kJ mol�1. This indicates that the extraction
unction of multiple extraction, n, by TBP in 100% MIBK.
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is endothermic. Therefore, DG and DS of the system at 27 �C
were calculated and are as follows:

DG ¼ �RTlnK ¼ �5:05� 0:01 kJ mol�1 ð8Þ

and

DS ¼ DH=T� DG=T ¼ 159:6� 0:01J K�1 mol�1 > 0 ð9Þ

From these results and following the proposal of Jia et al.
(2002), the signs of DH and DS indicate that the extraction
of Pb(II) by 1 mol/L TBP in 100% MIBK is enthalpy driven.
However, the negative value of DG affirmed that the extraction

of Pb(II) by TBP in 100% MIBK is thermodynamically favor-
able. Therefore, the results obtained for the optimal Zn(II) and
Pb(II) extraction from their respective metallic salts were sub-

sequently applied in the systematic study of Zn(II) and Pb(II)
extraction from galena ore.
3.2. Pb(II) and Zn(II) extraction from aqueous liquor of galena
ore

3.2.1. Iron precipitation from galena leachate

As the starting galena leach liquor contained mainly iron, lead
and zinc, the leachate (from Section 2.2.2) with initial pH 1.0
was adjusted to a pH 3.5 by 1 mol/L ammoniacal solution to

selectively precipitate total iron without affecting Pb(II) and
Zn(II) in the leachate (ALBION PROCESS, 2010; Rotuska
and Chmielewski, 2008; Loan et al., 2006; Jones and Moore,

2001). At this pH, the total iron precipitation, the total iron re-
Table 2 Total iron precipitation by 1 mol/L ammoniacal solution f

Pb(II)(aq) Zn(II)(aq)

Conc. before total

iron(aq) removal

(mg/L)

Conc. after total

iron(aq) removal

(mg/L)

Conc. before to

iron(aq) remova

(mg/L)

1705.1 1674.3 98.7

Other metal ions in solution including Al, Ca, Cu, Sn and Mn have b

Experimental conditions: pH= 3.5, Temperature = 25 ± 2 �C, Contact

Table 3 Pb(II) extraction by 1 mol/L TBP in 100% MIBK after to

[Pb(II)]initial = 1674.3 mg/L

Concentration of

Pb(II) left unextracted

in aqueous phase (mg/

L)

Concentration of

Pb(II) extracted into

organic phase (mg/

L)

Percent

of Pb(II

extracte

132.9 1541.4

7.4

Table 4 Stripping of Pb(II) from TBP organic phase by 0.1

Concentration of Pb(II) in

organic phase before stripping

(mg/L)

Co

aq

(m

1541.4 14

Analysis of other metal ions in solution including Al, Ca, Cu, Sn
moval from the leach liquor was maximum (Baba, 2008).
Therefore, the result obtained after total iron precipitation at
pH 3.5 is summarized in Table 2.

The result from Table 2 showed that about 96 ± 0.2% of
the total iron has been precipitated and was then removed
from the leachate by filtration. This result indicated more

accuracy as compared to the proposed Albion process,
which affirmed that iron levels in the solution following
iron removal are typically maintained in the range 8–

10 mg/L (Baba and Adekola, 2011; Rotuska and Chmielew-
ski, 2008).

3.2.2. Pb(II) extraction from galena leachate by 1 mol/L TBP

in MIBK

The resulting solution from Section 3.2.1 after iron removal
containing Pb(II) and Zn(II) was extracted by 1 mol/L TBP

in MIBK at pH 5 within 30 min contact time. The result of
the extraction process is summarized in Table 3.

The results from Table 3 showed that at pH 5.0, about
92 ± 0.2% Pb(II) was extracted into the organic phase by

1 mol/L TBP in 100% MIBK.

3.2.3. Stripping of Pb(II) from the TBP-extract by 0.1 mol/L

HCl

The result of total lead stripping from the TBP loaded organic
phase by 0.1 mol/L HCl is presented in Table 4.

The result from Table 4 showed that about 94.5 ± 0.2% of

Pb(II) has been recovered.
rom galena leachate containing Pb(II), Zn(II) and Fe(II).

Total iron(aq)

tal

l

Conc. after total

iron(aq) removal

(mg/L)

Conc. before total

iron(aq) removal

(mg/L)

Conc. after total

iron(aq) removal

(mg/L)

92.6 130.2 5.2

een cemented and their final concentrations were less than 2 mg/L.

time = 30 min by open aeration.

tal iron removal.

[Zn(II)]initial = 92.6 mg/L

)

d

Concentration of

Zn(II) left unextracted

in aqueous phase (mg/

L)

Concentration of

Zn(II) extracted into

organic phase (mg/

L)

Percent

of Zn(II)

extracted

92.1 ± 0.2 85.7 6.9

mol/L HCl solution.

ncentration of Pb(II) in

ueous phase after stripping

g/L)

Percent of Pb(II)

stripped from the

organic phase

56.2 94.5 ± 0.2

with values <2 mg/L; and total Fe <1 mg/L.



Table 5 Zn(II) extraction by Cyanex�272.

Zn(II) concentration left

unextracted in aqueous

phase (mg/L)

Zn(II) concentration extracted

into organic phase (mg/L)

Percent Zn(II)

extracted

pH before

extraction

pH after

extraction

4.7 81.0 94.6 ± 0.2 3.0 2.2

[Zn(II)]initial before extraction = 85.7 mg/L.

Table 6 Stripping of Zn(II) from Cyanex�272 organic phase by 0.1 mol/L HCl solution.

Concentration of Zn(II) in

organic phase before stripping

(mg/L)

Concentration of Zn(II) in

aqueous phase after stripping

(mg/L)

Percent of Zn(II)

stripped from the

organic phase

81.1 78.2 96.6 ± 0.2

Analysis of other metal ions in solution including Al, Ca, Cu, Sn and Mn with values < 2 mg/L; and total iron < 1 mg/L.

Figure 8 Hydrometallurgical scheme for Pb(II) and Zn(II) recovery from galena ore in hydrochloric acid medium.
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3.2.4. Zn(II) extraction from galena leachate by Cyanex�272

The resulting aqueous solution following the Pb(II) extraction
by 1 mol/L TBP in 100%MIBK at pH 5.0 was re-adjusted to a
pH 3.0 in order to extract Zn(II) at the expense of Pb(II). The

solution at pH 3.0 was contacted with 0.032 mol/L Cya-
nex�272 in kerosene for 25 min. The result of the extraction
is summarized in Table 5. (The initial [Zn(II)] before extraction

being 85.7 mg/L).
3.2.5. Stripping of Zn(II) from Cyanex�272-extract by
0.1 mol/L HCl

The result obtained from the stripping of Zn(II) from Cya-
nex�272 organic phase by 0.1 mol/L HCl is summarized in

Table 6.
From Table 6, the result of the stripping investigation by

0.1 mol/L HCl showed that about 97 ± 0.2% of Zn(II) was

stripped from 81.1 mg/L Zn(II) loaded organic phase by
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0.032 mol/L Cyanex�272. The use of hydrochloric acid for
the recovery of zinc is usually preferred due to the ease of
electrowinning (Ali et al., 2006). Finally, the solutions ob-

tained after the removal of total Fe and Pb in Sections
3.2.3 and 3.2.5 were re-analyzed by an ALPHA-4 Atomic
Absorption Spectrophotometer (AAS) and these results are

apparently the same as reported by the UV–visible
spectrophotometer.
4. Discussion

4.1. Hydrometallurgical scheme for Pb(II) and Zn(II)
extraction from galena leachate

On the basis of the experimental results discussed so far, a

hydrometallurgical scheme summarizing details of all analyti-
cal procedures required for the recovery of Pb(II) and Zn(II)
from a Nigerian galena ore is shown in Fig. 8.

5. Conclusions

The results of fundamental studies on the solvent extraction of
Pb(II) from chloride solution by TBP in 100% MIBK showed

that the extraction of metal ions increased with increasing pH,
extractant concentration and temperature. The probable com-
position of the extractable species may be HPbCl3.TBP with a

mole of H+ ion participating in the extracted metal complex.
Values of 52.7 ± 0.01 kJ mol�1, �5.05 ± 0.01 kJ mol�1,
159.6 ± 0.01 JK�1 mol�1 and 0.127 ± 0.003 mol�2 were cal-

culated as the apparent standard molar enthalpy (DH�), Gibb’s
free energy (DG�), molar entropy (DS�) and extraction con-
stant for the process, respectively. These values showed that

the Pb(II) extraction by TBP is entropy driven and thus ther-
modynamically favorable.

Furthermore, the separation of Zn(II), total iron and other
metals constituting impurities to Pb(II) was carried out from

an initial galena leach liquor containing 1705.1 mg/L Pb,
98.7 mg/L Zn and 130.3 mg/L total Fe in 8.06 mol/L HCl solu-
tion by a combination of precipitation, cementation and sol-

vent extraction techniques.
Total iron was initially precipitated from the leachate by

1 mol/L ammoniacal solution at pH 3.5 and this process re-

corded 96 ± 0.2% efficiency. The stripping of about
94.5 ± 0.2% Pb(II) by 0.1 mol/L HCl was achieved from the
Pb-TBP complex. In addition, separation of Zn(II) from gale-
na leachate was done by 0.032 mol/L Cyanex�272 at pH 3.0

where extraction of about 94.6 ± 0.2% was attained and
94.6 ± 0.2% of Zn(II) was stripped from Zn–Cyanex organic
phase by 0.1 mol/L HCl. Finally, a simple hydrometallurgical

scheme summarizing all analytical procedures employed in the
separation process has been proposed for the Nigerian Galena
mineral.
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