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The leaching behavior of lead and silver from lead sulfate residues in NaCl-
CaCl2-NaClO3 media was studied systematically. The results indicate that Cl�

concentration, NaClO3 concentration, leaching time and temperature had
significant effects on lead and silver leaching, whilst agitation speed and the
liquid–solid ratio had a secondary effect on silver leaching but little effect on
lead leaching. The Ca2+ concentration had an important effect on SO2�

4 re-
moval but little effect on lead and silver leaching. The optimum parameters for
lead and silver leaching were: initial Cl� concentration: 207.5 g/L; NaClO3

concentration: 12 g/L; Ca2+ concentration: 1.3 times of stoichiometric quantity;
temperature: 90 ± 2 �C; time: 1 h; liquid–solid ratio: 8:1–10:1; and agitation
speed: 450 rpm. The lead and silver leaching were> 98% and 95%, respec-
tively. The removal ratio of SO2�

4 was> 98%. The leaching kinetics of lead
follow the shrinking core model of mixed control, and the apparent activation
energy was 13.4 kJ/mol.

INTRODUCTION

Large amounts of lead sulfate hazardous resi-
dues (LSHR) are produced in zinc hydrometallur-
gical processes. They have a high value in
comprehensive recovery and utilization due to
the contained lead, silver, copper, zinc, cadmium
and other valuable metals. Unfortunately, the
residues are usually stockpiled until the recovery
of valuable metals from the residues becomes
economic. This not only wastes resources but also
causes environmental pollution due to the pres-
ence of toxic substances such as lead, cadmium
and other elements in the residues. With the
decrease of mineral resources and the increasingly
strict control of environmental protection, the
residues are becoming more and more important
as a secondary source of metals and as a target for
remediation. Recently, some techniques have been
studied to treat the residues. The main techniques
are to form agglomerates, which are fed into blast
furnaces, or to dry and then feed them into

intensive smelting furnaces such as Top-blown
Submerged Lancing Technology,1 the Oxygen Bot-
tom-blowing Process2 and Kivcet.3 There are some
disadvantages to these pyrometallurgical pro-
cesses, such as emissions of lead and SO2 off-gas,
which are quite difficult to control, high energy
consumption, and complex furnace design. There-
fore, some hydrometallurgical processes have been
studied to treat the residues.

Lead sulfate can be leached in sodium carbonate,
ammonium carbonate or sodium hydroxide solu-
tions to transform it into lead carbonate or lead
hydroxide, including complex compounds, such as
Pb3(CO3)2(OH)2, NaPb2(CO3)2(OH) and Pb4(SO4)(-
CO3)2(OH)2.4–9 The formation of these compounds
increases the reagent consumption and makes the
subsequent processing for lead/silver extraction and
the use of the final products more challenging. The
products are not suitable for pyrometallurgical
extraction of lead, while the high cost of sodium
carbonate or sodium hydroxide makes the processes
unattractive.
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Ammonia-ammonium-sulfate or ammonium-ac-
etate leaching has also been studied for lead recov-
ery from lead-bearing residues. This process leaves
most of the silver in the resultant residues. It has a
high reagent cost and further processing is required
for silver extraction from the leach residues. Hence,
the processes are not attractive.

Sodium chloride can be used as a lixiviant for lead
sulfate and silver sulfate. Reactions (1) and (2)
depict the reactions between chloride ions and lead
sulfate/silver sulfate:

PbSO4 þ 2Cl� ¼ PbCl2 þ SO2�
4 ð1Þ

Ag2SO4 þ 4Cl� ¼ 2AgCl�2 þ SO2�
4 ð2Þ

In the presence of high chloride concentrations,

PbCl2 subsequently converts to PbCl�3 and PbCl2�
4

with high solubility as shown in the following
reactions (3) and (4):

PbCl2 þ Cl� ¼ PbCl�3 ð3Þ

PbCl�3 þ Cl� ¼ PbCl2�
4 ð4Þ

Similarly, AgCl�2 , AgCl2�
3 and AgCl3�4 can be

formed as reaction (5) in the brine leaching
processes:

Agþ þ nCl� ¼ AgCl�ðn�1Þ
n ð5Þ

Some researchers10–16 have applied sulfuric acid
leaching to transfer zinc into solution and make
lead-enriched residues. Further leaching with brine
(using NaCl) dissolved the lead and silver. The
recoveries of lead and silver were> 80% and 60–
80%, respectively. These studies indicate that the
recovery of silver was not high and the negative
effect of sulfate ion on the subsequent processes for
the extraction of lead and silver was not considered.
Sinadinović et al.17 investigated the kinetics of lead
leaching from lead sulfate in calcium chloride and
magnesium chloride solutions. Lead leaching was a
diffusion and chemically controlled reaction while
the sulfate ion could be precipitated as an insoluble
calcium sulfate from the leachate in reaction (6):

SO2�
4 þ Ca2þ ¼ CaSO4 ð6Þ

Apart from the above, a biological conversion of
anglesite into galena was developed by Schröder-
Wolthoorn et al.18 The formation of PbS was con-
firmed by the increased Pb:O ratio in the sludge
(1:0.1) relative to the Pb:O ratio in the PbSO4-
containing residue (1:3.3).

In the present work, the leaching behavior of lead
and silver from LSHR in NaCl-CaCl2-NaClO3 media
has been studied. The literature on this process was
inadequate. The process is based on the formation of
complex chlorides of lead and silver and insoluble
calcium sulfate. It not only improves lead and silver
recovery but also avoids the negative effect of the

sulfate ions. It has important practical and scientific
significance in saving resources and protecting the
ecological environment. A lead hydrometallurgical
plant in Yunnan Province, China, is now applying
this process. In the present paper, optimization of
seven key parameters, namely Cl� concentration,
NaClO3 concentration, Ca2+ concentration, leaching
time, temperature, agitation speed and liquid-to-
solid ratio were selected to verify the process
performance. Furthermore, the leaching kinetics of
lead at different temperatures was analyzed.

MATERIALS AND METHODS

The LSHR used in this study were from a zinc
hydrometallurgical plant in Yunnan, China. The
residues were washed with 0.5–1 g/L sulfuric acid
solution and then with water, then dried, ground,
and used for all the experiments. The samples were
screened using Tyler Sieves and a mechanical
vibrator. About 90% of the materials were between
58 lm and 75 lm. This fraction was used in all the
experimental work. The XRD pattern and SEM/
EDS tests for LSHR were analyzed by a Rigaku D/
MAX-rA diffractometer (CuKa radiation; 50 kV,
40 mA) and a Nova NanoSEM 450 with Oxford-
Max50 EDS. The results are shown in supplemen-
tary Figs. S1 and S2, respectively. Supplementary
Fig. S1 shows that the main lead phase was PbSO4.
Supplementary Fig. S2(a) shows that the color of
most of the particles with rough surfaces was white
and off-white. Combining supplementary Fig. S1,
supplementary Fig. S2(b), (c) and (d), shows that the
phase composition of most of the particles was
PbSO4. Supplementary Table SI shows the elemen-
tal assay fractions of spots a, b and c in Fig. S2(a).
The chemical composition was determined by
atomic absorption spectroscopy (AAS) and the titri-
metric method given in supplementary Table SII.
The contents of lead and silver were 18.02% and
0.0524%, respectively. Calcium chloride, sodium
chloride and sodium chlorate were of analytical
grade and supplied by Tianjin Chemical Reagent.

The leaching experiments were conducted in a 2-L
beaker. Heating was provided by an electric mantle
and the temperature of the slurry was adjusted by a
temperature controller within ± 2 �C. The slurry
was agitated by a two-blade impeller driven by a
variable speed motor. Typically, a known amount of
lixiviant solution was first heated to the desired
temperature. Then 100 g (dry) LSHR was slowly fed
into the solution with agitation. The reaction time
was recorded with time zero corresponding to the
moment when the entire lead sulfate residue had
been added. After completion of leaching, the slurry
was immediately vacuum-filtered. The filter cake
was washed with hot deionized water to remove
soluble salts. The filtrate was collected and the
volume was recorded. The leach residues were dried
in an air oven at 110 �C for 24 h. A sub-sample of

Leaching Behavior of Lead and Silver from Lead Sulfate Hazardous Residues in NaCl-CaCl2-
NaClO3 Media

2389



leach residues was taken to analyze for Pb, Ag and
S. The leaching efficiencies (a) of lead and silver
were calculated by Eq. 1:

a ¼ m0w0;i �mtwt;i

m0w0;i
� 100 ð1Þ

where mo and mt are the weights of raw materials
and of leach residues in g, respectively, w0,i and wt,i

are the lead or silver weight fraction in the raw
materials and the leach residues in wt.%, respec-
tively, and i is lead or silver.

In the kinetic experiments, the procedure was
partly different from the previous leaching experi-
mental procedure. The main differences are as
follows: 5 g LSHR were mixed with 1 L brine
solution for observing the kinetic experimental
rules of a high liquid to solid ratio. In the experi-
ments, about 20 mL of leachate were sampled each
time, and their volumes recorded before analysis for
lead. The influence of the sampling was taken into
account when the mass balance results were calcu-
lated. The leaching rate of lead was calculated by
Eq. 2:

a ¼
V �

Pi�1
i¼1 Vi

� �
Ci þ

Pi�1
i¼1 ViCi

m0w0;Pb
� 100 ð2Þ

where V is the initial volume of solution in L, Vi is
the sample volume in L, Ci is the Pb concentration
in g/L when sampled, and i is the number of the
sample.

RESULTS AND DISCUSSION

Leaching of Lead and Silver

Effect of Cl�, NaClO3 Concentration

A mixture of sodium chloride and calcium chloride
was tried as a lixiviant for lead and silver. The lead
and silver were dissolved by chloride to form
complexes. The effect of the total Cl� concentration
over the range 116.6–262.1 g/L on the leaching of
lead and silver were studied in the following
conditions: initial Ca2+ concentration 15 g/L; tem-
perature 90 ± 2 �C; time 1 h; liquid-to-solid ratio
10:1; and agitation speed 450 rpm. The results in
Fig. 1 show that the leaching efficiency of lead
increased sharply from 70.4% to 95.4% with an
increase of total Cl� concentration from 116.6 g/L to
146.9 g/L. This increased efficiency is mainly attrib-
uted to the increase of chloride ions in the solution.
The leaching rate of lead was more than 95% when
the total Cl� concentration was above 146.9 g/L,
and it increased up to 98% when the total Cl�

concentration was 207.5 g/L. The slight decrease at
the higher concentration may be due to the forma-
tion of sodium jarosite, which may have covered the
leach residues surface and hindered the reactions
between the lixiviant and the solid particles.19

Therefore, the optimum total Cl� concentration

appeared to be around 207.5 g/L for the leaching
of lead. On the other hand, the leaching efficiency of
silver was only about 80%. This may be because
some of silver in the LSHR was in a reduced form,
such as elemental silver or silver sulfide. For
leaching of elemental silver and silver sulfide in
chloride media, an oxidant is required. Reactions (7)
and (8) depict the main reactions between silver,
silver sulfide and sodium chlorate. Thus, the effect
of NaClO3 concentration on the leaching of lead and
silver was investigated using the total Cl� concen-
tration of 207.5 g/L, keeping all other parameters
constant (Fig. 2).

6Ag þ ClO�
3 þ 6Hþ þ 11Cl� ¼ 6AgCl�2 þ 3H2O ð7Þ

3Ag2S þ 4ClO�
3 þ 8Cl� ¼ 6AgCl�2 þ 3SO2�

4 ð8Þ

As shown in Fig. 2, the leaching rate of silver
increased from 81.5% to 95.8% as the NaClO3

concentration increased from 1 g/L to 12 g/L while

Fig. 1. Effect of total Cl� concentration on lead and silver extraction.

Fig. 2. Effect of NaClO3 concentration on lead and silver extraction.
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the leaching rate of lead was about 98%. A further
increase in NaClO3 concentration up to 15 g/L had
no significant effect on the leaching of lead and
silver. Hence, all further experiments were per-
formed by using the total Cl� concentration of
207.5 g/L and the NaClO3 concentration of 12 g/L.

Effect of Ca2+ Concentration

The presence of sulfate ion adversely affects the
subsequent extraction of lead and silver from the
leachate. In order to avoid the negative effect of the
sulfate ions, CaCl2 was selected as a constituent of
the lixiviant. It not only provides Cl� for the
complexing of lead and silver but also provides
Ca2+ for the generation of gypsum, as in reaction 6.

Figure 3 shows the effect of Ca2+ concentration on
lead and silver leaching and the removal ratio (D) of

SO2�
4 from the leachate under the optimum condi-

tions as before: a temperature of 90 ± 2 �C, time
1 h, liquid-to-solid ratio 10:1, and agitation speed
450 rpm. D was calculated by Eq. 3:

D ¼ mtwt;s

m0ws
� 100 ð3Þ

where ws and wt,s are the total S content in the raw
materials and the leach residues in wt.%,
respectively.

Figure 3 shows that the Ca2+ concentration had
no significant effect on the lead and silver leaching.
However, D increased sharply from 75.2% to 92.5%
as the Ca2+ concentration increased from 5 g/L to
10 g/L. Then, the growth of D was slowed and

reached more than 98% when the Ca2+ concentra-
tion was above 30 g/L. Thus, it appears that the

majority of the SO2�
4 can be removed from the

leachate and transferred into the leach residue
when 1.3 times of the stoichiometric quantity of
calcium was fed into the lixiviant. Supplementary
Fig. S3 and Fig. 4 show the XRD and SEM/EDS of
the leach residues, respectively. The main phase of
lead sulfate in the raw materials disappeared and
new phases of gypsum were generated. Supplemen-
tary Table SIII shows the element fractions of spots
a, b and c in Fig. 4(a).

Effect of Leaching Time

The effect of leaching time from 0.5 to 3 h on the
lead and silver leaching was studied at the optimum
conditions determined previously: a temperature of
90 ± 2 �C, liquid-to-solid ratio 10:1, and agitation
speed 450 rpm. The results shown in Fig. 5 prove
that a retention time of 1 h was sufficient for the
lead and silver leaching. A shorter retention time
caused a significantly lower extraction efficiency.
Therefore, a retention time of 1 h was used in
further experiments.

Effect of Leaching Temperature

The leaching of metals is often positively affected
by the temperature. One reason is because the
activation energy of most chemical reactions
decreases with an increase of the reaction temper-
ature, so that the effective collision frequency of the
reactant molecules increases with a decrease of

Fig. 3. Effect of Ca2+ concentration on lead and silver extraction and removal ratio of SO2�
4 .
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activation energy. Another reason is because the
diffusion coefficient increases with an increase of
the reaction temperature.

Figure 6 shows the effect of leaching temperature
from 45 �C to 90 �C on lead and silver leaching
under the optimum conditions as before and a
liquid-to-solid ratio 10:1, and agitation speed

450 rpm. This indicates that the leaching rate of
lead and silver increased from 87.6% to 97.7% and
from 78.5% to 91.3% when the temperature
increased from 45 �C to 75 �C respectively. While
the leaching rate of silver increased up to 95.8%
with a further increase in temperature to 90 �C, this
increase in temperature had no significant effect on

Fig. 4. (a) SEM of the leach residues, (b) EDS of spot a, (c) EDS of spot b, (d) EDS of spot c.

Fig. 5. Effect of leaching time on lead and silver extraction.
Fig. 6. Effect of leaching temperature on lead and silver extraction.
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the lead leaching. Considering both the effect on
lead and silver leaching, we chose a temperature of
90 �C for all further experiments.

Effect of Agitation Speed

Agitation plays an important role in leaching
processes. It can improve the diffusion of reactant
molecules which is a key step of the liquid–solid
reaction. The results of agitation, as shown in
Fig. 7, under the optimum conditions as before
and a liquid-to-solid ratio 10:1, indicate that the
effect of agitation speed on silver leaching was more
than that of lead leaching. Leaching rate of silver
increased from 90.1% to 95.8% as the agitation
speed increased from 250 rpm to 450 rpm. A further
increase in agitation speed up to 550 rpm had no
significant effect on silver leaching while some
slurry was splashed out of the beaker. Agitation
speeds between 250 rpm and 550 rpm had no effect
on the leaching rate of lead which remained at
about 98%. So an agitation speed of 450 rpm was
chosen.

Effect of Liquid-to-Solid Ratio

Generally, the liquid-to-solid ratio has an effect
on the viscosity of the pulp and the consumption of
leaching reagent, so that it affects the extraction
efficiency and subsequent treatment. Considering
the saturation solubility of lead and silver in the
chloride media, the experimental conditions were
designed at 6:1, 8:1, 10:1 and 12:1, keeping all the
other parameters constant at their optimum value
(supplementary Fig. S4). It appears that the leach-
ing rate of lead is barely influenced, whilst the
leaching rate of silver increased slowly with an
increase in the liquid-to-solid ratio. Considering the
negative effect of a large quantity of leachate in
further processing, a liquid–solid ratio ranging from
8:1 to 10:1 was considered reasonable and was
adopted in subsequent experiments.

Leaching Kinetics of Lead

The experimental kinetic data were analyzed on
the basis of the shrinking core model.20 The inte-
grated rate equation for lead dissolution is
expressed in Eq. 4 assuming no precipitate layer
covers to the unreacted core. Equation 5 shows the
integrated rate equation considering insoluble prod-
ucts (CaSO4 or sodium jarosite) hinders diffusion as
the reaction proceeds:

1 � ð1 � aÞ1=3 ¼ kt ð4Þ

1 � 2

3
a� ð1 � aÞ2=3 ¼ kt ð5Þ

where a is the leaching rate in %, k is the apparent
rate constant,and t is time in min.

Therefore, there is a linear relationship between

1 � ð1 � aÞ1=3, 1 � 2
3 a� ð1 � aÞ2=3 and t. Also, from k

at various temperatures, the apparent activation
energy can be obtained from the Arrhenius Eq. 6:

k ¼ A exp � E

RT

� �

ð6Þ

Figure 8(a) shows the relationship between tem-
perature and time on the leaching rate of lead,
keeping all other optimum parameters constant. In
order to clarify the quantitative relationship
between k and temperature, the data were analyzed
in terms of Eqs. 4 and 5 as plotted in Fig. 8(b) and
(c), respectively. The linear regression equations

between 1 � ð1 � aÞ1=3, 1 � 2
3 a� ð1 � aÞ2=3 and t for

different temperatures are listed in supplementary
Table SIV. They indicate that a better linear

relationship is obtained between 1 � ð1 � aÞ1=3 and

t (r2 > 0.97) than between 1 � 2
3 a� ð1 � aÞ2=3 and t

(r2 > 0.86). The relationship between lnk and 1/T is
given in Fig. 8(d) which shows a straight line from
which the apparent activation energy can be
derived as Ea = 13.4 kJ/mol according to Eq. 6. A
kinetic equation for the effect of leaching tempera-
ture on lead leaching can be derived:

ln k ¼ 0:17 � 1:61 � 103 1

T
; r2 ¼ 0:9873 ð7Þ

It was established that the leaching kinetics of
lead from LSHR in NaCl-CaCl2-NaClO3 media fol-
lows the shrinking core model of mixed control
relatively well. It seems that the fit is significantly
better at the lower temperatures.

CONCLUSION

Leaching of lead and silver from lead sulfate
hazardous residues in NaCl-CaCl2-NaClO3 media
provided a high leaching rate of lead and silver, a
short flow sheet, ecological friendliness and low
energy consumption. The experimental results show

Fig. 7. Effect of agitation speed on lead and silver extraction.
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that Cl� concentration, NaClO3 concentration,
leaching time and temperature had significant
effects on the leaching of lead and silver, whilst
the agitation speed and liquid–solid ratio had
secondary effects on the leaching of silver but had
little effect on the leaching of lead. Ca2+ concentra-
tion had a minor impact on the leaching of lead and
silver but an important effect on the removal of

SO2�
4 from the leachate.

Optimum process operating parameters were
established as follows: initial Cl� concentration:
207.5 g/L; NaClO3 concentration: 12 g/L; Ca2+ con-
centration: 1.3 times of stoichiometric quantity of
calcium; temperature: 90 ± 2 �C; time: 1 h; liquid-
to-solid ratio: 8:1–10:1 and agitation speed:
450 rpm. Under these experimental conditions, the
leaching rates of lead and silver were more than
98% and 95%, respectively, and the removal ratio of

SO2�
4 from the leachate was more than 98%.

It was established that the leaching kinetics of
lead from LSHR in NaCl-CaCl2-NaClO3 media
follows the shrinking core model of mixed control
and the apparent activation energy was determined
as 13.4 kJ/mol.

Leaching of lead and silver from lead sulfate
hazardous residues in NaCl-CaCl2-NaClO3 media is
feasible. A hydrometallurgical lead plant with an
annual output of 30,000 tonnes lead has been found.
In the future, extraction of lead from the leachate
needs further study to improve the process.
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ELECTRONIC SUPPLEMENTARY
MATERIAL

The online version of this article (https://doi.org/
10.1007/s11837-019-03472-1) contains supplemen-
tary material, which is available to authorized
users.
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9. M. Şahin and M. Erdem, Hydrometallurgy 153, 170 (2015).

10. R. Raghavan, P.K. Mohanan, and S.C. Patnaik, Hydromet-
allurgy 48, 225 (1998).

11. R. Raghavan, P.K. Mohanan, and S.R. Swarnkar, Hy-
drometallurgy 58, 103 (2000).

12. M.X. Liao and T.L. Deng, Mine. Eng. 17, 17 (2004).
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