P L 4

|
e

ELSEVIER

Science
Press

Available online at www.sciencedirect.com

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 28(2018) 23602367

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

A clean process of lead recovery from
spent lead paste based on hydrothermal reduction

Wei-feng LIU'?, Xun-bo DENG', Du-chao ZHANG', Tian-zu YANG', Lin CHEN'

1. School of Metallurgy and Environment, Central South University, Changsha 410083, China;
2. Henan Yuguang Gold and Lead Group Co., Ltd., Jiyuan 459000, China

Received 2 August 2017; accepted 18 April 2018

Abstract: An innovative process was proposed for recovering lead from spent lead paste, and it produced less pollution and used less
energy than the traditional process. First, lead dioxide in lead paste was reduced by glucose under hydrothermal conditions. The
effects of the reaction time, glucose excess coefficient, temperature and pH on the hydrothermal reduction were systematically
investigated. Under the optimized reduction conditions (i.e., temperature of 175 °C, time of 120 min, glucose excess coefficient of
3.0 and pH of 5.5), 99.9% reduction ratio of lead dioxide is achieved, and only the PbO-PbSO,4and PbSO, phases are observed in the
reducing residue. Subsequently, the reducing residue is desulfurized in a NaOH solution, and approximately 99.40% of the sulfur is
removed. The main lead phase in the desulfurization residue is 3PbO-H,0.
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1 Introduction

Lead is a non-ferrous metal with special physical
and chemical properties, which is widely used to prepare
alloys. Lead acid batteries represent the most important
application of lead, accounting for more than 80% of the
total lead consumption in the world [1]. Lead acid
batteries are inexpensive, and their technology is mature
with a good safety performance. They are widely used
in many fields, such as automobiles, electric vehicles,
and energy storage [2—6]. Lead acid batteries occupy
more than 70% of the global secondary battery market
share [7]. Correspondingly, spent lead acid batteries
dominate the raw materials of the secondary lead,
accounting for over 85% of the wastes [8]. Thus, spent
lead acid batteries can be viewed as the most important
renewable lead resources.

If being treated inappropriately, spent lead acid
batteries can cause serious environmental pollution
because they contain large amounts of hazardous
substances, such as lead and sulfuric acid [9]. Spent lead
acid batteries are usually dismantled and then recovered.

There are four main components of the dismantled
products: polymeric containers, lead alloy grids, paste
and waste acid. Among these, spent lead paste is the
most difficult component to treat [10—12]. The lead paste
consists of lead sulfate, lead dioxide, lead oxide and a
small amount of metallic lead [13]. Usually, lead is
recovered from the lead paste using pyrometallurgical or
hydrometallurgical processes.

During the pyrometallurgical process, lead paste is
usually individually melted or mixed with lead
concentrate in a reverberatory furnace, blast furnace, or
oxygen bottom blowing furnace to produce crude lead
and then electrolyzed to produce cathode lead [14].
Pyrometallurgical processes are quick and allow for a
large throughput. However, they consume a substantial
amount of energy and emit harmful sulfur oxides and
lead-contained particulates, which constrain their
applications.

A large amount of research has been conducted to
seek a hydrometallurgical approach to recover lead from
lead paste. Conventional hydrometallurgy processes
mainly comprise three steps: (1) desulfurizing lead
sulfate and reducing PbO, to Pb*"; (2) dissolving the
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transformation slag in leaching solutions, such as HBF,
and H,SiF¢; (3) producing metallic lead by electro-
winning [15—17]. Although this solves the problems
associated with emissions of SO, and lead particulates, it
still has the shortcomings of a long flowsheet and high
energy consumption. Another hydrometallurgy process
for treating lead paste without electrowinning uses citrate
acid and sodium citrate to generate a lead citrate
precursor; then, lead is recovered after calcining the
lead citrate precursor [18,19]. However, its high reagent
costs and slow reaction rate limit its widespread
application.

The key points are to efficiently achieve
eco-friendly removal of sulfate and reduction of lead
dioxide in lead paste. There are many studies on the
reduction of lead dioxide in waste lead paste; the
commonly used reagents contain H,O,(aq), FeSO, and
Na,S,03. These industrial chemicals are usually unstable
and require specific reduction conditions, providing a
low reduction efficiency. However, glucose is a naturally
occurring green reducing agent that is inexpensive and
shows stable chemical properties.

Hydrothermal methods refer to chemical reactions
that use water as the solvent in a sealed pressure vessel
under high-temperature and high-pressure conditions.
These methods have been widely applied in the fields of
metallurgy and advanced materials preparation, e.g., the
reduction of nickel oxide to prepare high-purity
nickel powder under hydrothermal conditions [20].
Additionally, ferric hydroxide has been reduced to ferric
oxide under hydrothermal conditions using glucose,
starch and urea as the reducing agents [21,22].

Based on the aforementioned analysis, we propose a
new process for recovering lead form lead paste. First,
lead dioxide in the lead paste was reduced to lead oxide
using glucose under hydrothermal conditions; then,
sodium hydroxide was used to desulfurize the reducing
residue and convert all lead phases to lead oxide. The
effects of reaction time, glucose excess coefficient, pH
and temperature on the glucose hydrothermal reduction
were studied in detail.

2 Experimental

2.1 Experimental materials

Spent lead paste was provided by Henan Yuguang
Gold and Lead Co., Ltd. (China). Before the
hydrothermal reduction process, the lead paste was
washed with distilled water to remove any remaining
sulfuric acid. The simples were then dried, ground and
sieved until their particle sizes were below 74 um. The
chemical composition and X-ray diffraction (XRD)
pattern of the fine lead paste are given in Table 1 and
Fig. 1, respectively. The lead paste mainly contains

elemental lead and sulfur, and the major lead phases in
the lead paste are PbSO,4, PbO, and PbO.

Table 1 Chemical composition of fine lead paste (mass
fraction, %)

PbSOs  PbO, PbO Pb S Total lead
57.82 29.73 9.88 1.31 6.05 75.75

° o o—PbSO,
v vV — Pb02
+—PbO

o
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Fig. 1 XRD pattern of fine lead paste

A scanning electron microscopy—energy dispersive
X-ray spectroscopy (SEM—EDS) image of the lead paste
is shown in Fig. 2. Various particle sizes are present in
the lead paste, and the main elements are lead and sulfur;
however, different areas show different lead and sulfur
contents.

2.2 Experimental fundamentals

During the hydrothermal reduction process, the lead
dioxide and glucose are defined as the oxidant and
reductant, respectively. During the desulfurization
process, the lead sulfate is transformed to lead oxide in a
sodium hydroxide solution [23]. The main chemical
reactions can be expressed as follows:

CsH 06 H,0(aq)+12PbOsy(s)—
12PbO(s)+6CO,(g)+7H,O(1) (1)
PbSO.(s)+2NaOH(aq)—PbO(s)+Na,SO4(aq)+H,0(1) (2)

2.3 Experimental procedure

The hydrothermal reduction was carried out in a
250 mL stainless steel autoclave. First, a quantitative
glucose solution and lead paste were added to the
autoclave at a certain molar ratio of C4H;,04 H,O to
PbO,. Next, the stirrer and heater were turned on. After
the reaction, the stirrer and heater were turned off, and
the autoclave was cooled naturallyy. When the
temperature decreased below 60 °C, the slurry was
removed from the autoclave, and it was filtered using a
vacuum pump. Finally, the filter cake was dried at 80 °C,
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Fig. 2 SEM micrograph of lead paste sample (a) with EDS analysis of selected areas (b—d)

and the content of lead dioxide was analyzed by
chemical phase analysis. The reduction ratio of lead
dioxide was calculated using

M, xw,

R=1 (3)

M xw,
where M, and M,, are the masses of the reducing residue
and lead paste, respectively, and w, and w,, are the
contents of lead dioxide in the reducing residue and lead
paste, respectively.

2.4 Analysis and characterization

The contents of the lead phases in the lead paste and
reducing residue were determined by chemical titration.
The sulfur content in the lead paste and desulfurization
residue were quantitatively determined using a high-
frequency infrared carbon & sulfur analyzer (CS844,
LECO Corporation). The phases of the solid sample were
identified by XRD using a Rigaku TTRAX-3 instrument
(40 kV, 30 mA, 10 (°)/min). The microstructures were
characterized using a JEOL JSM—-6360LV scanning
electron microscope equipped with an EDS system
(EDX-GENESIS 60 S, EDAX, USA) for microanalysis
at an accelerating voltage between 0.5 and 30 kV.

3 Results and discussion
3.1 Choice of reducing agent

The reduction ratios of lead dioxide in lead paste
using various reductants are given in Table 2. All the

experiments were performed under optimal conditions
according to a previous study [24], except using glucose
as the reducing agent.

Table 2 Reduction effect of various reducing agents

Reducing agent  Excess coefficient ~ Reduction ratio/%
H,0, 6.4 45.24
Na,S,04 9.6 78.95
Na,S0; 6.4 62.07
FeSO, 12 96.48
H,C,0, 4 97.12
CsH1,06-H,0 97.76

The reduction ratio of lead dioxide is lower when
H,0,, Na,S,0; or Na,SOs; is used as the reducing agent
(Table 2). Moreover, the instability of H,O, and Na,S,0;
increases the of the reagent. A
disproportionation reaction can occur in the Na,SO;
solution to generate sulfion [24], which could react with
PbSO, to form PbS, abating lead recovery and increasing
consumption of the reagent. Lead dioxide is thoroughly
reduced using FeSO, as the reductant; however, the
reduction reaction only occurs in a sulfuric acid system,
producing lead sulfate, which must be desulfurized in the
following process. Both oxalic acid and glucose are
highly-efficient and green reductants that do not produce
pollution, but glucose is a more cost-effective reductant.
Therefore, it is necessary to study the reduction process

consumption
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of lead dioxide by glucose in detail.

3.2 Effect of time

The effect of time on the reduction ratio of lead
dioxide was studied from 15 to 180 min under the
following initial conditions: 20 g lead paste, temperature
of 150 °C, glucose excess coefficient of 3.0, pH of 5.5,
liquid-to-solid ratio (L/S) of 10/1, and stirring rate of
600 r/min. The results are shown in Fig. 3.

100

98+

96 1

94

Reduction ratio/%

92+

90

0 30 60 90 120 150 180
Time/min

Fig. 3 Effect of time on reduction ratio of PbO,

Figure 3 shows that the reduction ratio of lead
dioxide is affected by the reaction time. When the
reaction time is 15 min, the reduction ratio reaches
92.93%, indicating that the reaction rate is very fast. As
the reaction time increases from 15 to 120 min, the
reduction ratio of lead dioxide increases from 92.93% to
99.03%. With longer reaction time, the change in the
reduction ratio of lead dioxide is negligible.

The XRD pattern of the reducing residue at various
reaction time is shown in Fig. 4. The peak of PbO,
disappears at different reaction time, which is consistent
with the results in Fig. 3. New peaks of PbO-PbSO,
appear for the residue, indicating that PbO obtained from
the reduction of PbO, further reacts with PbSQO, in the
lead paste. The reaction can be described as follows:

PbO(s)+PbSO4(s)—PbO-PbSO4(s) @)

The characteristic peaks of susannite (2PbCOj;-
PbSO,4-Pb(OH),) are observed in the XRD patterns at
different time, and their intensities gradually decrease.
The reason might be that the decomposition product
(CO,) of glucose dissolves in water to form CO§_, and
then reacts with PbO and PbSOy in the system to form
susannite. However, with increasing the reaction time,
susannite decomposes again. The formation of
2PbCO;-PbSO,4-Pb(OH), can be expressed according to
Eq. (5). Therefore, to improve the efficiency and avoid
the production of the intermediate product, a reaction
time of 120 min was used.

3PbO(s)+PbSO.4(s)+2CO5(g)+H,0()—

2PbCO;-PbSO,-Pb(OH)s(s) (5)
< — PbO-PbSO,
. o—PbSO,
© v +—2PbCO;-PbSO,+Pb(OH),
v v ovwo N oo %wvo %V YV vvy
@ _
© . N
® )
(a) * X
10 20 30 40 50 60 70 80
200(°)

Fig. 4 Effect of time on XRD pattern of reducing residue:
(a) 15 min; (b) 30 min; (c) 60 min; (d) 120 min; (¢) 180 min

3.3 Effect of excess coefficient of glucose

The excess coefficient of glucose was calculated
according to Eq. (1). Experiments were performed to test
the effect of the amount of glucose on the reduction ratio
of lead dioxide under the following conditions: 20 g lead
paste, temperature of 150 °C, pH of 5.5, initial L/S of
10/1, stirring rate of 600 r/min, and reaction time of
120 min. The results are shown in Fig. 5.
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Fig. 5 Effect of excess coefficient of glucose on reduction ratio
of PbO,

When the excess coefficient of glucose increases
from 1.0 to 1.5, the reduction ratio of lead dioxide
rapidly increases from 75.56% to 97.55% (Fig. 5).
However, the reduction ratio remains nearly constant
when the excess coefficient of glucose is above 1.5.

Figure 6 displays the effect of different excess
coefficients of glucose on the XRD pattern of the
reducing residue. The peaks of PbO, and 2PbCOj;-
PbSO,4-Pb(OH), are visible in the XRD pattern of the
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reducing residue when the glucose excess coefficient is
1.0, which indicates that a low amount of glucose
reduces the reduction ratio and produces intermediate
products. By improving the excess coefficient of glucose,
the PbO, peak quickly disappears and the peak intensity
of  2PbCO;-PbSO, Pb(OH), gradually  weakens.
Therefore, an excess coefficient of glucose of 3.0 is
appropriate to improve the reduction ratio and reduce the
generation of intermediate products.

v—PbO-PbSO, v —PbO,

o—PbSO, _ +— 2PbCO;-PbSO,-Pb(OH),
o 00 &

€ ) Bl oselie vooo o o

@

()

(b) "

@ i h AR TR S

10 20 30 40 50 60 70 80
20/(°)
Fig. 6 Effect of excess coefficient of glucose on XRD pattern
of reducing residue: (a) 1; (b) 1.5; (¢) 2; (d) 3; (e) 5

3.4 Effect of pH

Experiments were performed to test the effect of
different pH values on the reduction ratio of lead dioxide
under the following conditions: 20 g lead paste,
temperature of 150 °C, glucose excess coefficient of 3.0,
initial L/S of 10/1, stirring rate of 600 r/min, and reaction
time of 120 min. The pH was adjusted to acidic or
alkaline by adding sulfuric acid or ammonia. The results
are shown in Fig. 7.

100

99 r

98T

97 r

96

Reduction ratio/%

95+

94
pH
Fig. 7 Effect of pH on reduction ratio of PbO,

The reduction ratio of lead dioxide is above 95% at
different pH values, indicating that the reduction effect
of glucose is less affected by the reaction system (Fig. 7).

The reduction ratio increases slowly from 97.20% to
98.86% with the increase in pH from 3.0 to 9.0.
However, the reduction ratio decreases as the pH value
continues to increase.

The effect of pH on the XRD pattern of the reducing
residue is shown in Fig. 8. No PbO, peaks are visible in
the reducing residue at different pH values. This is
consistent with the reduction ratio shown in Fig. 7,
indicating that the reduction process is completed. The
peak intensity of 2PbCO;-PbSO4 Pb(OH), decreases
gradually with increasing pH; at a pH of 10, the peak
completely disappears. This illustrates that properly
increasing the pH value can promote decomposition of
2PbCO;3-PbSO4 - Pb(OH),. Considering the reduction
ratio and reagent consumption, an initial pH of 5.5 is
chosen.

v — PbO-PbSO,
. . o—PbSO,
w ¥ K0l e Wy Dv ¥ a4

@ « — 2PbCO;-PbSO,-Pb(OH),

A D
©
(b) o
(a) ) N

1020 30 40 50 60 70 80
200°)

Fig. 8 Effect of pH on XRD pattern of reducing residue: (a) 3;
(b) 5.5;(c) 9; (d) 10; (e) 11

3.5 Effect of temperature

Experiments were performed to investigate the
effect of a temperature change on the reduction
efficiency under the following conditions: initial L/S of
10/1, 20 g lead paste, glucose excess coefficient of 3.0,
initial pH of 5.5, stirring rate of 600 r/min, and reaction
time of 120 min. The results are displayed in Fig. 9.

The reduction ratio of lead dioxide increases sharply
from 65.77% to 97.44% when the temperature increases
from 100 to 125 °C (Fig. 9). When the temperature is
175 °C, the reduction ratio reaches 99.9%. The results
indicate that higher temperatures improve the reduction
ratio.

The effects of temperature on the XRD pattern of
the reduction residue are shown in Fig. 10. Peaks of
PbO, are present at 100 °C, which further indicates that
the reduction of PbO, is not complete at the lower
temperature (Fig. 10). When the temperature increases
from 100 to 150 °C, the peak of 2PbCO;-PbSOy
Pb(OH), is present. When the temperature continuously
increases to 175 °C, the peak of 2PbCO;-PbSOy
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Pb(OH), completely disappears, indicating that the
higher temperature increases the reduction ratio and
eliminates the intermediate product. Therefore, 175 °C is
chosen as the optimal temperature.
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Fig. 9 Effect of temperature on reduction ratio of PbO,
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Fig. 10 Effect of temperature on XRD pattern of
reducing residue: (a) 100 °C; (b) 125 °C; (c) 150 °C; (d) 175 °C;
(e) 200 °C

3.6 Optimal reduction conditions

Based on the above single-factor experiments, the
following optimal conditions are identified: glucose
excess coefficient of 3.0, initial pH of 5.5, stirring rate of
600 r/min, initial L/S of 10/1, temperature of 175 °C and
reaction time of 120 min. Under these conditions, the
reduction ratio of lead dioxide reaches 99.9%. The main
chemical composition of the reducing residue is given in
Table 3.

Table 3 shows that the contents of total lead and
sulfur do not substantially change, and lead dioxide is no

Table 3 Chemical composition of reducing residue (mass
fraction, %)

PbSO, PbO Pb S
59.13 38.39 1.22 6.25

Total lead
77.26

longer present in the reducing residue. The content of
lead oxide substantially increases, indicating a thorough
reducing process. The XRD pattern of the reducing
residue (Fig. 10(d)) demonstrates that the main phase
compositions are PbO-PbSO, and PbSO4. The SEM-—
EDS analyses of the reducing residue are shown in
Fig. 11. The image shows that the morphology of the
reduction residue significantly changes with respect to
that of the lead paste.

b  Pb

Element w/% x/%

O 1.54 12.69
S 7.18 59.41
Pb 91.28 57.90

1 2 3 4 5 6 7 8 9 10
Energy/keV

Fig. 11 SEM micrograph of reducing residue sample (a) with
EDS analysis (b)

3.7 Desulfurization process

The reducing residue under optimal conditions and
spent lead paste were desulfurized by reacting each with
sodium hydroxide under the same conditions: 10 g
reducing residue or lead paste, temperature of 50 °C,
molar ratio of NaOH to PbSO, of 2.4:1, liquid-to-solid
ratio of 5:1, stirring speed of 400 r/min, and reaction
time of 1 h. The results of the
experiments are given in Table 4.

Table 4 shows that the desulfurization ratios for lead
paste and the reduced residue are 97.48% and 99.40%,
respectively. The difference occurs because a tiny
fraction of lead sulfate is encapsulated by lead dioxide in
the lead paste and cannot participate in the
desulfurization process. However, the adverse effect can
be eliminated when the reduced residue is adopted. The
recovery efficiencies of lead during the desulfurization
process from lead paste and the reduced residue are

desulfurization
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97.90% and 97.54%, respectively. The decrease is caused
by the dissolution of lead oxide in sodium hydroxide:

PbO(s)+NaOH(aq)—NaHPbO,(aq) (6)

Table 4 Results of desulfurizing process for lead paste and
reduced residue

Lead Reduced

Parameter .
paste  residue

Mass of residue/g 8.47 8.35
Lead content in residue (mass fraction)/% 87.56  90.25

Sulphur content in residue

(mass fraction)/% 0.18 0.045

Lead content in filtrate/(g-L™") 2.51 2.93
Desulfurization ratio/% 97.48 99.40
Lead recovery efficiency/% 97.90  97.54

The phases and morphology of the desulfurized
paste from the reducing residue were determined by
XRD and SEM-EDS analyses, respectively. As shown in
Fig. 12, 3PbO-H,O0 is the only phase in the desulfurized
paste. The chemical analysis provides a lead content of
90.25%, which is consistent with the theoretical lead
content of 3PbO-H,0 (90.39%). Figure 13 shows that the
morphology of the desulfurized paste is more regular
than that of the reducing residue, but there are still many
agglomerated crystals. The EDS pattern shows that the
desulfurized residue does not contain sulfur, which is
consistent with the chemical analysis.

y—3PbO-H,0

10 20 30 40 50 60 70 80
Fig. 12 XRD pattern of desulfurized paste
4 Conclusions

1) To achieve the complete removal of sulfate and
the reduction of lead dioxide in lead paste, lead dioxide
should be first reduced by glucose under hydrothermal
conditions. Then, the reduced lead paste could be
desulfurized using sodium hydroxide.

Element w/% x/%

O 0.88 10.30
Pb 99.12 89.70

1 2 3 4 5 6 7 8 9 10
Energy/keV

Fig. 13 SEM micrograph of desulfurized paste (a) with EDS

analysis (b)

2) The following optimal reduction conditions are
determined: glucose excess coefficient of 3.0, initial pH
of 5.5, temperature of 175 °C, and reaction time of 120
min. Under these conditions, the reduction ratio of lead
dioxide reaches 99.9%, and the main phases in the
reducing residue are PbSO, and PbSO,-PbO.

3) Under optimal conditions, the reducing residue
and spent lead paste are each desulfurized by reacting
with sodium hydroxide. The desulfurization ratios are
99.40% and 97.48%, respectively, indicating that
complete reduction of lead dioxide in spent lead paste is
beneficial to the subsequent desulfurization.
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