
Vol.:(0123456789)

SN Applied Sciences (2021) 3:419 | https://doi.org/10.1007/s42452-021-04429-3

Research Article

Lead extraction as metallic phase from waste lead oxide‑containing 
glass by redox reaction in hydrothermal treatment

Masanori Suzuki1  · Yuma Ukisu1 · Norihiro Murayama2

Received: 9 December 2020 / Accepted: 24 February 2021 / Published online: 4 March 2021 
© The Author(s) 2021  OPEN

Abstract
A new low-energy and eco-friendly method for extracting lead from waste PbO-containing funnel glass is required. 
Conventional methods use either energy intensive smelting reduction at temperatures higher than 1273 K or involve 
phase separation of the glass, requiring an acid treatment to extract elemental Pb partitioned in one of the decomposed 
phases as  Pb2+ ion. In this study, the mechanism of a unique phenomenon is investigated, involving spontaneous precipi-
tation of metallic lead when PbO-containing glass is subjected to a hydrothermal water environment in a stainless-steel 
container. The roles of the hydrothermal environment and container materials on the metallic lead precipitation were 
investigated. The synthesized PbO-containing glass was placed in a container made of stainless steel or pure iron and set 
in a sealed autoclave with water, which was held at 613 K to provide the hydrothermal conditions. As a result, metallic 
lead droplets precipitated either on the surface of the glass or the container, whereas an iron oxide  (Fe3O4) phase was 
detected on the surface of the container. Conversely, no metallic lead was observed when the glass and stainless-steel 
container were heated in dry air. The above results indicate that a hydrothermal environment is necessary for metallic 
lead precipitation because subcritical water or steam leaches  Pb2+ from the glass. In addition, a redox reaction was sug-
gested between the  Pb2+ ions transported to the surface of the container and metallic iron in the container to explain 
metallic lead droplets precipitation.
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1 Introduction

Waste industrial glass, such as funnel glass from cathode-
ray-tubes (CRT) display devices, can contain up to 25 
mass% lead oxide (PbO) to provide shielding from X-rays 
[1, 2]. Since CRT display manufacturing finished in 2015, a 
large amount of waste funnel glass has been discharged 
around the world. There is a need to extract and recycle 
the lead from waste funnel glass to recover both the metal 
and the glass components.

In Japan, several methods have been proposed to 
extract lead from waste funnel glass [3, 4]. One is to treat 

the glass in a smelting furnace to reduce the lead oxide to 
the metallic phase in a molten state with carbon monox-
ide gas. However, this process consumes a lot of energy 
because the reduction is normally conducted at tempera-
tures higher than 1273 K, even if a flux, such as sodium 
carbonate, is added to decrease the melt viscosity [5]. 
Another is to use phase separation phenomenon of boro-
silicate glass, whereby  B2O3 is mixed with the waste glass 
in its molten state and phase separation occurs on anneal-
ing at 973 K to decompose the single glass phase into 
 SiO2-rich and  B2O3-rich glass phases [6–8]. The elemental 
Pb or other heavy metal elements selectively partition in 
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the  B2O3-rich glass phase. Finally, the phase-separated 
glass is washed by an acid solution to remove these ele-
ments from the  B2O3-rich glass phase. The disadvantages 
of the above method are that it requires several steps to 
extract the lead, and an waste acid treatment is required. 
Therefore, a simpler and eco-friendly approach to extract-
ing lead from waste funnel glass with a low energy con-
sumption is required.

It has been reported that the phase separation of boro-
silicate glass is promoted under hydrothermal conditions 
with the use of saturated steam at 723  K [9], where a 
porous silica glass matrix is obtained as a result of phase 
decomposition into  SiO2-rich and  B2O3-rich glass phases 
with spontaneous removal of the latter soluble phase by 
water under the supercritical conditions. Because highly-
pressurized water has a much higher ion product value 
(KW =  [H+]⋅[OH−]) than  10−14 (mol/kg)2 than that of normal 
water, it can promote hydration of the vitreous structure in 
silicate glass to decrease the glass transition temperature 
[10] and leach out some oxide components [11]. By using 
the above features of highly-pressurized water, one of the 
authors have fabricated porous glass and ceramics from 
waste silicate slag and borosilicate glass [12]. Therefore, 
lead extraction from PbO-containing borosilicate glass 
may be also possible by a single hydrothermal treatment. 
In this process, the glass is phase-separated under high-
pressure water or steam conditions, the elemental Pb pref-
erentially partition into the  B2O3-rich decomposed glass 
phase as  Pb2+ ion, and are then spontaneously leached 
out by the high-pressure water.

However, our preliminary experiment on the hydrother-
mal treatment of PbO-containing borosilicate glass, made 
from waste funnel glass and a  B2O3 additive, revealed that 
many micrometer-sized metallic lead particles deposited on 
the surfaces of the residual porous silica structure. The above 
hydrothermal treatment was performed under subcritical 
steam, where a piece of the synthesized PbO-containing 
borosilicate glass and a container made of stainless-steel 
mesh were placed apart from the water in a Hastelloy seal-
ing autoclave and heated at 613 K to produce a highly-
pressurized steam atmosphere. Results of X-ray diffraction, 
cross-sectional microstructure observations, and energy-
dispersive X-ray (EDX) spectrometry of the residual silica 
glass after the hydrothermal treatment are shown in Fig. 1. 
Sharp diffraction peaks indicate the deposition of a metal-
lic lead phase dispersed over the cross-section of porous 
silica matrix. This is a notable result because the elemental 
Pb initially existing as a lead oxide in the borosilicate glass 
was directly extracted as a reduced metallic lead phase by 
a single hydrothermal treatment of the glass. This approach 
may represent a simple, and eco-friendly method for extract-
ing lead as a metal species from waste funnel glass with low 
energy consumption. However, the mechanism of reduction 

and precipitation of metallic lead during the hydrothermal 
treatment of the PbO-containing borosilicate glass is not 
clear and requires further study.

Precipitation of reduced metal particles under a hydro-
thermal treatment has been previously reported in several 
papers: in one case, Adschiri et al. proposed a method to 
synthesize nanometer-sized metal particles by reduction 
of metallic acetate hydrate with hydrogen gas gener-
ated from formic acid under supercritical water condi-
tions [13–15]. In another case, Jin et al. reported metallic 
copper deposition on a ceramic material when a metal-
lic copper plate and ceramic material were subjected to 
a hydrothermal treatment under subcritical steam and a 
mixed nitrogen–oxygen gas atmosphere [16]. They pro-
posed a mechanism for the metallic copper deposition, 
involving a reaction of the metallic copper plate with oxy-
gen gas to form copper oxide  (Cu2O) which reacts with 
subcritical steam, therefore elemental Cu to be dissolved 
in the subcritical steam as  Cu+ ion. Finally, the  Cu+ was 
partially reduced to metallic copper, which deposited on 
the ceramic material. However, the phenomenon occur-
ring in our preliminary experiments cannot be explained 
by the above previously-proposed mechanisms because 
neither formic acid nor hydrogen gas were present as a 
reductant in this case.

Here, the mechanism by which lead metal precipitates 
from PbO-containing borosilicate glass during hydrother-
mal treatments is examined under subcritical water and 
steam conditions. The subcritical water or steam envi-
ronment likely leaches  Pb2+ from the glass and a redox 
reaction occurs between  Pb2+ ion in subcritical water and 
metallic species in the container to precipitate reduced 
lead metal particles. Hence, the effects of subcritical water 
or steam on the reduced lead metal precipitation are first 
investigated by comparing the resulting materials after a 
heat-treatment under dried air and hydrothermal treat-
ments under subcritical steam and water. The effects of 
the reductant materials on metallic lead precipitation were 
also examined through the use of stainless steel, pure iron, 
and pure copper as container materials. In addition, lead 
extraction as metallic lead from the waste funnel glass by 
the hydrothermal treatment was attempted. On the basis 
of these experimental results and thermodynamic analysis 
of the subcritical water environment, a possible mecha-
nism is proposed for metallic lead precipitation from waste 
funnel glass under the hydrothermal treatment.

2  Materials and methods

Two kinds of glass samples were treated in this study. Glass 
A, is a typical waste funnel glass, provided by Panasonic Eco 
Technology Center Co. Ltd., Hyogo, Japan. The average of 
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the analyzed chemical composition of glass A is summarized 
in Table 1. Glass B was synthesized as follows: first, glass A 
and 30 mass% of  B2O3 (high-grade purity, provided by Kanto 
Chemical Co. Inc., Tokyo, Japan) were mixed in a powder 
state and the mixture was placed in a platinum-made cru-
cible. The mixture in the crucible was completely melted at 
1473 K for 1 h, and then held at 1673 K for 1 h to homogenize 
the melt. Finally, the melt was poured on a thick Cu plate and 
quenched to a glassy state.

To perform the hydrothermal treatment, several pieces 
of the crushed glass sample (approximately 0.3 g in total), a 
container, and purified water were placed in a sealed auto-
clave made of Hastelloy-C alloy. A schematic diagram of 
the experimental setup for hydrothermal treatment, under 
either subcritical steam or water conditions, is illustrated in 
Fig. 2. The details of each treatment condition (dry, subcriti-
cal steam, and subcritical water) are summarized in Table 2. 

The heating temperature and holding time were set as 613 K 
and 48 h respectively. Because this target temperature is 
close to critical point of  H2O, subcritical steam or water can 
be produced. Under the dry heating condition, only the 
glass sample and container were sealed in the autoclave in 
a dry air atmosphere. For the subcritical steam conditions, 
the glass sample and the container were separated from 
the water by an Inconel-alloy rod, so that they were sur-
rounded by  H2O vapor generated under the hydrothermal 
treatment. The following Wagner empirical Eq. (1) was used 
to estimate the saturated vapor pressure of  H2O [17], where 
P [kPa] is the saturated vapor pressure of  H2O as a function 
of temperature, T  [K] is temperature, and TC = 647.3 [K] and 
PC = 22,120 [kPa] are the temperature and pressure at critical 
point, respectively:

Fig. 1  Preliminary results of hydrothermal treatment of PbO-containing borosilicate glass: a X-ray diffraction pattern, b cross-sectional 
micrograph, and c EDX mapping of Pb

Table 1  Average chemical 
composition of waste funnel 
glass A (unit in mass%)

PbO BaO SrO K2O Na2O Al2O3 SiO2

23.2 0.8 0.8 8.5 6.7 0.7 59.3
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According to the Eq. (1), the saturated vapor pressure 
of  H2O at 613 K is 14590 kPa. By applying the gas state 
equation and taking account of the inner volume of the 
autoclave (11  cm3), the minimum water content to achieve 
coexistence of vapor and liquid was estimated to be 
0.567 g. Under the subcritical water conditions, the glass 
sample and its container were both completely immersed 
in water. Consequently, the water content was determined 
for the subcritical steam and water condition, as listed in 
Table 2.

A stainless-steel wire net (60 mesh, 0.1 mm wire diam-
eter), iron sheet (0.1 mm thick) and copper sheet (0.1 mm 
thick), which were provided by Nilaco Corp., Tokyo, Japan, 
for use as materials for the container, which had a size of 
6 mm (width) × 7 mm (depth) × 4 mm (height) to hold 
several pieces of the crushed glass sample.

(1)

ln
P

PC

=
A� + B�1.5 + C�3 + D�6

1 − �

, � = 1 −
T

TC

,

A = −7.76451, B = 1.45838,C = −2.7758,D = −1.23303;

After the hydrothermal or dry heat treatment, the 
resulting glass sample and its container were analyzed 
as follows: first, X-ray diffraction (XRD) analysis was per-
formed on a Rigaku SmartLab SE (Rigaku Corp., Tokyo, 
Japan) with CuK � radiation, to detect the reduced lead 
metal and any other crystalline precipitates. Second, the 
surface microstructures were observed by a JEOL JSM-
5600 scanning electron microscope (JEOL Ltd., Tokyo, 
Japan) operating at an accelerating voltage of 15 kV and 
the elemental distribution in the observed area was exam-
ined by an energy dispersive X-ray spectroscopy (EDX). 
Third, the average Pb content of the resulting glass sam-
ple was analyzed by a Rigaku Supermini 200 wavelength 
dispersive fluorescent X-ray (XRF) spectrometer (Rigaku 
Corp., Tokyo, Japan). Those samples without metallic lead 
precipitates were mixed with  Li2B4O7 in the molten state 
to produce glass beads for the above XRF analysis. In addi-
tion, the contents of elemental Pb and Fe dissolved in the 
condensed water of the autoclave were analyzed by induc-
tively coupled plasma (ICP) spectroscopy analysis.

3  Results

3.1  Effect of subcritical water environment 
on reduced lead metal precipitation

In this section, the synthesized PbO-containing borosili-
cate glass B and the stainless-steel mesh container were 
subjected to either a heat treatment under dried air, or 
the hydrothermal treatments under subcritical steam and 
water, at 613 K, as listed in Table 2. In addition, the hydro-
thermal treatment at 523 K under subcritical water was 

Fig. 2  Schematic diagram of experimental apparatus and setup for hydrothermal treatment

Table 2  Conditions of heating and hydrothermal treatments used 
in this study

* S Subcritical

Condition Temperature /K Holding time /hour Water 
content /
gram

Dry 613 48 0
S. Steam* 2.0
S. Water* 7.0
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also performed to investigate the effect of holding tem-
perature on the metallic lead precipitation. Because ion 
product value (KW) shows maximum at 523 K under satu-
rated vapor pressure of  H2O, the reaction between  H2O 
and lead oxide in the glass to extract lead as  Pb2+ ion into 
the subcritical water was expected to be most accelerated.

Figure 3 shows the typical appearances of the glass 
samples after each treatment. Following dry heating 
(Fig. 3a), the resulting glass maintained its original trans-
parent green appearance and no obvious changes were 
observed. However, for samples subjected to the hydro-
thermal treatment under subcritical steam (Fig. 3b), the 
resulting glass pieces became fragile, and expanded from 
their initial size. Additionally, the color of the glass changed 
to white or partially black. The glass pieces treated under 
subcritical water (Fig. 3c] had an even blacker appearance 
than those treated under subcritical steam. The fragility 
and the expansion of the glass samples is attributed to 
phase separation phenomena and subsequent formation 
of a porous structure under the hydrothermal treatment 
as reported by Sigoli et al. [9].

The XRD patterns of each treated glass sample are 
shown in Fig. 4. The heat-treated sample under dried air 
and the hydrothermally treated sample under subcritical 
steam maintained their glassy state, whereas the hydro-
thermally treated sample under subcritical water featured 
metallic lead precipitation. Although metallic lead was 
not detected in the sample hydrothermally treated under 
subcritical steam, the metallic lead precipitates might be 
locally dispersed in the microstructure.

Figures 5 and 6 show surface micrographs of the sam-
ples treated under subcritical steam and water, and the 
results of the EDX plane and point analyses of the corre-
sponding observed areas. For the sample hydrothermally 
treated under subcritical steam (Fig. 5), a porous structure 
with pores several micrometers in diameter was observed 
and a small deposit was detected. The EDX point analysis 
indicated that the deposit had a high Pb content, which is 

attributed to metallic lead. For the sample hydrothermally 
treated under subcritical water (Fig. 6), similar deposits of 
reduced lead metal were observed in the porous silica 
microstructure.

In contrast, the result of hydrothermal treatment 
at 523 K under subcritical water did not show metallic 
lead precipitation, as presented below. The glass sample 
changed its appearance to opaque-colored, indicating the 
crystallization of the glass (Fig. 7a). The XRD pattern of the 
glass sample is shown in Fig. 7b, where crystalline phases 

Fig. 3  Appearances of glass pieces after heating at 613 K for 48 h in a stainless-steel container: a dry air, b subcritical steam, and c subcritical 
water

Fig. 4  X-ray diffraction patterns of glass sample B after heated at 
613 K for 48 h in a stainless-steel container: (a) dry air, (b) subcritical 
steam, and (c) subcritical water
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Fig. 5  a Surface micrograph, b EDX mapping of elemental Pb, and c analyzed composition of marked point in (a) of glass B, after subcritical 
steam hydrothermal treatment in a stainless-steel container at 613 K

Fig. 6  a Surface micrograph, b EDX mapping of elemental Pb, and c analyzed composition of point marked in (a) of glass B, after subcritical 
water hydrothermal treatment in a stainless-steel container at 613 K
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of  SiO2 (quartz) and  KAlSi3O8 were detected but metallic 
lead was not found. Any metallic lead deposits were not 
found in the observed area of surface microstructure of 
the glass after the hydrothermal treatment at 523 K.

Thus, in the present experimental conditions, metallic 
lead precipitates were observed only when the glass was 
hydrothermally treated at 613 K under subcritical steam 
or water.

The results of ICP chemical analysis showed a certain 
Pb content in the condensed water after the hydrothermal 
treatment (Table 3). Hence, elemental Pb dissolved in the 
condensed water, owing to leaching from the glass sample 
during the hydrothermal treatment. Furthermore, the con-
densed water used in the subcritical water condition had a 
higher Pb content than that used for the subcritical steam 
at 613 K. However, the Pb content in the condensed water 
after the hydrothermal treatment at 523 K was obviously 
lower than that after the hydrothermal treatment at 613 K. 
This indicates that the leaching of  Pb2+ ion out of the glass 
to the subcritical water was promoted at 613 K rather than 
523 K, which may result in the possibility of metallic lead 
precipitation.

In contrast, elemental Fe was not detected in the con-
densed water after hydrothermal treatments.

3.2  Effect of container material on lead metal 
precipitation under hydrothermal treatment

The hydrothermal treatments of the PbO-containing boro-
silicate glass B were conducted at 613 K under either sub-
critical steam or water conditions and with several kinds 
of container materials.

The results for the iron container subjected to the 
subcritical steam hydrothermal treatment, including the 
appearances of the glass sample and container and the 
XRD patterns of these samples are shown in Fig. 8. The 
glass sample became fragile and black in appearance 
after the hydrothermal treatment. The iron container lost 
its original metallic luster and changed to black. The XRD 
pattern of the resulting glass sample clearly showed metal-
lic lead precipitation and the inner and outer surfaces of 
the container also both exhibited metallic lead and iron 
oxide (magnetite,  Fe3O4) phases.

Figure 9a shows the sample appearances after the water 
hydrothermal treatment. Similar to the subcritical steam 
conditions, the glass sample became fragile, expanded, 
and grey in appearance. The iron container became black. 
XRD patterns of the glass sample and the container (inner 
and outer surfaces) (Fig. 9b) included crystalline phases 
of  SiO2 (quartz),  KAlSi3O8 in the glass sample, and metal-
lic lead and  Fe3O4 (magnetite) were detected in both the 
inner and outer surfaces of the container. Thus, metallic 
lead precipitated on the iron container when PbO-contain-
ing borosilicate glass B was hydrothermally treated under 
both subcritical steam and water conditions.

Fig. 7  a Sample appearance and b X-ray diffraction pattern of glass B after subcritical water hydrothermal treatment in a stainless-steel con-
tainer at 523 K for 48 h

Table 3  Analyzed Pb content in the condensed water after hydro-
thermal treatment of glass B with a stainless-steel container  (S. 
means Subcritical)

Condition Temperature /K Container material Pb 
content /
mg  L−1

S. Steam 613 Stainless steel 13.8
S. Water 613 59.5
S. Water 523 10.1
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Fig. 8  a Appearance and b 
X-ray diffraction patterns of 
glass sample and iron con-
tainer subjected to subcritical 
steam hydrothermal treatment 
at 613 K for 48 h

Fig. 9  a Appearance and b X-ray diffraction patterns of glass sample and iron container subjected to subcritical water hydrothermal treat-
ment at 613 K for 48 h
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Figure 10 shows a surface micrograph and EDX map-
ping results of the iron container after the hydrothermal 
treatment of Glass B under subcritical water condition. 
Many spherical deposits of several tens micrometer in 
diameter were observed. The EDX maps clearly indicated 
that elemental Pb was distributed in these deposits, 
whereas elemental Fe and O were both distributed in gaps 
between the deposits. This result suggests that metallic 
lead precipitates and iron oxide phase were present at the 
surface of the iron container, which is consistent with the 
XRD result.

The results for the copper container were as fol-
lows. Because copper is more difficult to oxidize than 
lead, no reduction or precipitation of metallic lead was 
expected. The appearances of the glass sample and the 
container after the subcritical water hydrothermal treat-
ment are shown in Fig. 11a. The glass sample became 
fragile, expanded, and white in appearance. The copper 
container did not lose its metallic luster even after the 

hydrothermal treatment. Figure 11b shows XRD patterns 
of the glass sample and container after the hydrother-
mal treatment, indicating that several kinds of crystal-
line phases other than metallic lead were detected in the 
glass sample, whereas only metallic copper was detected 
in the container.

Table 4 summarizes the results of the ICP chemical 
analysis of the elemental Pb contents in the condensed 
water after the hydrothermal treatments with iron or 
copper containers. The condensed water from the iron 
container had a much greater Pb content than that from 
the copper container. Therefore, the subcritical water 
environment and presence of the container material 
promoted leaching of  Pb2+ from the glass. The container 
material likely controlled the pH of the subcritical water 
during the hydrothermal treatment, as will be discussed 
later.

In summary, the iron container promoted metallic 
lead precipitation whereas the copper container sup-
pressed the process.

Fig. 10  Surface micrograph and EDX mapping results of iron container subjected to subcritical water hydrothermal treatment with glass B 
at 613 K for 48 h
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3.3  Reduced lead metal extraction from waste 
funnel glass by the hydrothermal treatment

On the basis of the above results for the synthesized 
PbO-containing borosilicate glass, extraction of lead as a 
metallic phase from waste funnel glass A was attempted 
with a subcritical steam hydrothermal treatment at 613 K 
with iron as the container material. Although phase sep-
aration and selective dissolution of the  B2O3-rich decom-
posed glass phase by the subcritical steam did not occur 
for the  B2O3-free waste funnel glass, lead reduction and 
precipitation proceeded through leaching of  Pb2+ from 
the glass.

Figure 12 shows the appearances of the glass sample 
A and the iron container after the hydrothermal treat-
ment. The glass samples became opaque and partially 
black; however, no expansion related to phase separa-
tion occur. The iron container lost its metallic luster and 

Fig. 11  a Appearance and b X-ray diffraction patterns of glass sample and copper container subjected to subcritical water hydrothermal 
treatment at 613 K for 48 h

Table 4  Analyzed Pb content in the condensed water showing the 
effect of the container material on the hydrothermal treatment of 
glass B

Condition Container material Pb 
content /
mg  L−1

S. Water Iron 24.5
Copper 4.8

Fig. 12  Appearance of waste funnel glass A and iron container after 
subcritical steam hydrothermal treatment at 613 K for 48 h
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turned black, as observed when hydrothermally treated 
with the PbO-containing borosilicate glass B. Figure 13 
shows the XRD patterns of the resulting glass A and the 
container (inner and outer surface). In the resulting glass, 
a  KAlSi3O8 crystalline phase was detected, as reported 
by Akai et al. [18], as well as metallic lead. In both the 
inner and outer surfaces of the container, metallic lead 
and iron oxide (magnetite,  Fe3O4) phases were detected.

Figure  14 shows micrographs and EDX mapping 
results of outer surface of the iron container after the 
hydrothermal treatment with waste funnel glass under 
subcritical steam. Many droplets of several or several 
tens micrometer in diameters were observed, which 
were identified as metallic lead. In addition, several rod-
like structures corresponding to  KAlSi3O8 crystals and 
iron oxide on the matrix were also observed.

Thus, metallic lead was successfully obtained by the 
hydrothermal treatment of waste funnel glass in an iron 
container at 613 K.

4  Discussion

4.1  Mechanism of metallic lead precipitation 
under hydrothermal environment

The above experimental results show that both subcritical 
steam or water environments and a reductant are essential 
to extract lead as metallic phase from silicate glass during 
hydrothermal treatments. The results of chemical analysis 
of the condensed water (see Tables 3, 4) indicate that the 
subcritical steam or water leaches  Pb2+ out of the glass. 
In addition, the result that metallic lead precipitates were 
observed when the glass sample was hydrothermally 
treated with stainless steel or iron container probably indi-
cates that metallic iron as the major component of the 
container could have acted as a reductant to react with 
the  Pb2+ ion in the subcritical water or steam and made it 
deposited as a metallic lead after formation of iron oxide 
phase  (Fe3O4(s)). This redox reaction is possible because 
metallic iron was more likely to be oxidized than metal-
lic lead. In particular, the spherical shape of the reduced 
metallic lead deposits (see Fig. 10) indicates that they pre-
cipitated in the liquid state, so the precipitation should 
have occurred at a higher temperature than melting point 
of metallic lead (600 K), which is close to the holding tem-
perature during the hydrothermal treatment.

The detail of the suggested mechanism of the metal-
lic lead precipitation is explained as below. In the case 
where PbO-containing silicate glass is hydrothermally 
treated under subcritical water or steam with an iron 
container, leaching of  Pb2+ ion from the glass occurs by 
the following chemical reaction (2):

The leached  Pb2+ ion diffuses in the subcritical water 
or dispersed in the steam. When the  Pb2+ ion reaches 
the surface of the iron container, the redox reaction 
(3) occurs between  Pb2+ ion in the subcritical water or 
steam and metallic iron in the container:

Because reaction (3) generates protons  (H+), the 
leaching reaction (2) is promoted to dissolve more Pb 
element into the subcritical water as  Pb2+ ion.

Here, the decomposition of  H2O into  H+ and  OH− ions 
is as follows:

By combining Eqs. (2), (3), and (4) to offset  Pb2+ in sub-
critical water, the following total reaction is derived as 

(2)PbO(in silicate glass) + H+
→ Pb

2+

(in subcritical water)
+ OH−

(3)
4Pb

2+

(in subcritical water)
+ 4OH−

+ 3Fe(s) → 4Pb(l) + Fe3O4(s) + 4H+

(4)H2O(l) ⇌ H+ + OH−

Fig. 13  X-ray diffraction patterns of a glass sample A, b inner sur-
face of iron container, c outer surface of iron container, after sub-
critical steam hydrothermal treatment at 613 K for 48 h



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:419 | https://doi.org/10.1007/s42452-021-04429-3

(5), which reduces to a redox reaction between PbO in 
the glass and metallic iron:

Because iron is more likely to be oxidized than lead, 
the overall reaction (5) proceeds in the forward direction 
simultaneously generating metallic lead and iron oxide 
phases. However, the directions of the individual reactions 
(2) and (3) depend on the pH condition in the subcritical 
water environment.

A thermodynamic analysis was performed with the 
FactSage 7.3 thermodynamic computation software and 
the latest thermodynamic databases of pure substances 
and aqueous solution [19], to predict the phase equilib-
rium in the Pb-Fe-H2O system at 613 K. The calculated 
phase diagram is shown in Fig. 15, where all available spe-
cies of the pure metal, stoichiometric oxide, and aqueous 
ions were taken into account. This result indicates that, 
 Pb2+ ion in the subcritical water is stable at the pH-range 
lower than 6 and at higher electrochemical potentials 

(5)4PbO(in silicate glass) + 3Fe(s) → 4Pb(l) + Fe3O4(s)

than − 0.56 V, whereas metallic lead  (Pb(l)) is stable the 
pH-range lower than 11 and at lower electrochemical 
potentials than the above. In contrast, iron oxide phase 
(either  Fe3O4(s) or  Fe2O3(s)) is stable in a wide range of pH 
and electrochemical potential. Consequently, coexistence 
of metallic lead and magnetite  (Fe3O4(s)) is possible in the 
pH-range of 5–11 and at lower electrochemical potentials 
than − 0.56 V (Area in Fig. 15 surrounded by red solid line). 
Therefore, we suggest that the reaction (2) is less likely to 
proceed in the forward direction in the above pH-range. 
However, the reaction (3) should occur in the forward 
direction at a high pH as long as  Pb2+ ion is contacted with 
metallic iron as the container material.

Notably, reduction and precipitation of metallic lead 
could occur in the absence of hydrogen gas, because 
the E-pH condition for coexistence of  Pb(l) and  Fe3O4(s) 
in Fig. 15 overlaps the phase boundary of hydrogen gas 
formation.

To verify the occurrence of the reaction (3) at a high 
pH condition, the additional experiments of hydrothermal 
treatment were conducted. The following two conditions 

Fig. 14  Surface micrograph and EDX mapping results of iron container subjected to subcritical steam hydrothermal treatment with glass A 
at 613 K for 48 h
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were selected: (a) aqueous solution containing 100 mg  L−1 
of elemental Pb (initial pH was adjusted as 3) and iron con-
tainer, and (b) the above aqueous solution, iron container 
and a PbO-free sodium borosilicate glass (27  Na2O–10 
 B2O3–63 mass%  SiO2) were sealed in the autoclave and 
held at 613 K for 48 h to make subcritical water hydro-
thermal condition. In the case (b), the sodium borosilicate 
glass was provided to increase pH in the subcritical water 
by leaching reaction of alkaline component. We meas-
ured pH of the aqueous solution in the case (b) after the 
hydrothermal treatment, and confirmed that it achieved 
to around 10. The appearances of the containers after 
the hydrothermal treatment are shown in Fig. 16A. In the 
case (a), the surface of the container was brown-colored 
homogeneously. In the case (b), the container was black-
colored and many small droplets were deposited. Almost 
all of glass sample was lost by the leaching reaction of the 
components into subcritical water. The XRD patterns of the 
containers after the hydrothermal treatment are shown 
in Fig. 16B, where only iron oxide phases were detected 
in the case (a) while metallic lead and magnetite  (Fe3O4(s)) 
were identified in the case (b). The above result clearly 
indicates that  Pb2+ ion in the subcritical water reacted with 
iron in the container to be precipitated as metallic lead by 
the redox reaction (3), and that this reaction occurs only 
in the high pH condition where coexistence of  Pb(l) and 
 Fe3O4(s) is thermodynamically stable.

In some cases, metallic lead was deposited on the sur-
face of the glass sample, as shown in Figs. 5, 6. Although 
elemental Fe was not detected in the condensed water 
after hydrothermal treatment, it is possible that elemental 

Fe partially leached from the container into the subcritical 
water or steam and migrated as  Fe2+ to react with  Pb2+ 
leached from the glass to form the metallic lead precipi-
tate by the following reaction:

Thus, reduction of  Pb2+ ion to metallic lead by  Fe2+ ions 
in the subcritical water was thermodynamically favorable. 
The above  Fe2+ and  Fe3+ ions may have reacted with sub-
critical water or steam and precipitated as  Fe3O4(s), or iron 
hydroxide with amorphous state so that it could not be 
recognized by XRD analysis.

However, in this study, the actual mechanism of metallic 
lead precipitation by the hydrothermal treatment of the 
PbO-containing glass could not be completely clarified. 
Further experiments, where pH of the subcritical water and 
electrochemical potential of the container are controlled 
during the hydrothermal treatment, are necessary to verify 
the mechanism suggested in the above.

4.2  Lead recovery rate from PbO‑containing glass 
by hydrothermal treatment

Table 5 shows a representative value of the analyzed Pb con-
tents in the glass before and after the hydrothermal treat-
ment with subcritical water at 613 K. Although many metallic 
lead deposits were observed, the elemental Pb content of 
the glass after the hydrothermal treatment was compara-
ble to that of the as-synthesized glass and the lead recov-
ery rate was estimated to be low. Although the condensed 

(6)2Fe2+ + Pb
2+

→ Pb(l) + 2Fe3+

Fig. 15  Phase diagram of 
Pb-Fe-H2O system at 613 K 
as functions of pH and 
electrochemical potential 
(E), predicted by thermody-
namic analysis with the use of 
FactSage 7.3 software
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water contained a certain amount of elemental Pb leached 
as  Pb2+ ion (see Tables 3, 4), which exceeded the solubility 
limit of elemental Pb when pure solid PbO reacts with water 
at room temperature (17 mg  L−1) [20], the amount of PbO 
in the glass reacted with water was still low, likely because 
of the high pH. Thus, the initial pH of the subcritical water 
should be lowered to increase the elemental Pb dissolution 
rate from the silicate glass by Eq. (2). In addition, the metallic 
lead precipitation may be suppressed when the surface of 
the iron container becomes covered by the generated  Fe3O4. 
In this case, removal of the iron oxide film from the container 
is required to promote metallic lead precipitation by Eq. (3). 

The improvements proposed above should contribute to 
achieve a high lead recovery rate.

However, it would be still difficult to completely remove 
all amount of elemental Pb from the glass by a single hydro-
thermal treatment. To reduce environmental pollution risk 
by remaining Pb element in the glass, the repetition of the 
hydrothermal treatment with a new reductant material 
would be necessary.

Finally, a possible method for separation of metallic lead 
from the container is proposed here. Because many of the 
metallic lead deposits on the iron container were spherical 
(see Fig. 10), the deposits could have been removed from the 
surface of the container by an ultrasonic vibration. However, 
for high efficiency of metallic lead separation, it would be 
necessary to enhance the size of the deposits. This could be 
achieved by the improvement of hydrothermal process as 
mentioned above.

Fig. 16  A Appearance and B X-ray diffraction patterns of iron container subjected to subcritical water hydrothermal treatment with Pb-
containing aqueous solution at 613 K for 48 h

Table 5  Range of Pb contents in glass B analyzed before and after 
hydrothermal treatment

Condition Pb content in 
glass /mass%

As synthesized 15.9–17.0
After hydrothermal treatment (in subcritical water, 

with iron container)
14.8–18.3
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5  Conclusions

In this study, lead was directly extracted as a metal-
lic phase from PbO-containing waste silicate glass by a 
hydrothermal treatment at 613 K under subcritical water 
or steam condition. The roles of subcritical water environ-
ment and the container materials in promoting metallic 
lead deposition were experimentally investigated. Our 
conclusions are summarized as follows:

• When synthesized PbO-containing borosilicate glass 
and a stainless-steel container were provided for 
hydrothermal treatment, metallic lead was spontane-
ously deposited on the surface of the glass. In addition, 
the analytical results of the condensed water indicated 
that the subcritical water environment likely promoted 
leaching of  Pb2+ from the glass. In contrast, no obvious 
changes occurred in the glass following a heat treat-
ment in dry air.

• Precipitation of metallic lead occurred when the con-
tainer made of stainless-steel or iron and PbO-con-
taining glass are under the subcritical water or steam 
conditions at 613 K, whereas the precipitation did not 
occur when a copper container was placed with the 
glass in the above hydrothermal treatments. In the case 
where PbO-containing glass and an iron container were 
taken to the subcritical water hydrothermal treatment, 
the metallic lead particles were mainly deposited on 
the surface of the iron container and iron oxide  (Fe3O4) 
was also formed.

• By applying the hydrothermal treatment to a waste 
funnel glass with an iron container, metallic lead pre-
cipitates were successfully obtained.

• From the above all experiments, the redox reaction 
between  Pb2+ ion in the subcritical water and metallic 
iron in the container material was suggested as a pos-
sible mechanism to precipitate metallic lead particles. 
In this case, metallic iron was likely to act as a reductant 
material because metallic iron is more easily oxidized 
than metallic lead.

The above hydrothermal reduction could be applied as 
a low energy, simple, and eco-friendly method to extract 
lead from waste oxide glass and directly precipitate as a 
metallic phase with the provision of a suitable reductant 
material in the subcritical water environment.
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