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a b s t r a c t

Waste cathode ray-tube (CRT) funnel glass is classified as hazardous waste since it contains high amount
of lead. In the present study, a novel process for lead nanopowder synthesis from this type of glass was
developed by combining vacuum carbon–thermal reduction and inert-gas consolidation procedures. The
key trait of the process was to evaporate lead out of the glass to obtain harmless glass powder and
synchronously produce lead nanoparticles. In the synthesis process, lead oxide in the funnel glass was
firstly reduced to elemental lead, and evaporated rapidly in vacuum circumstance, then quenched and
formed nano-size particles on the surface of the cooling device. Experimental results showed that tem-
perature, pressure and argon gas flow rate were the major parameters controlling lead evaporation ratio
ead
nert-gas consolidation
anoparticle

and the morphology of lead nanoparticles. The maximum lead evaporation ratio was 96.8% and particles
of 4–34 nm were successfully obtained by controlling the temperature, holding time, process pressure,
argon gas flow rate at 1000 ◦C, 2–4 h, 500–2000 Pa, 50–200 ml/min, respectively. Toxicity characteristic
leaching procedure (TCLP) results showed that lead leaching from the residue glass met the USEPA thresh-
old. Accordingly, this study developed a practical and environmental-friendly process for detoxification
and reclamation of waste lead-containing glass.
. Introduction

Cathode ray-tube (CRT) is an important device mainly used
s video display component in television and computer and it
ill eventually be replaced by advanced display technology [1],
hich will result in a huge number of waste CRTs. CRT funnel

lass generally contains high level of PbO (20–30%) [2], which may
ontaminate our living environment by leaching of lead ions from
roken lead containing glass when mixed with acid waters in waste

andfills [3,4]. It is difficult for the conventional acid leaching meth-
ds to extract lead completely from the funnel glass due to its
pecial stable structure [5–7]. Therefore, some pretreatments were
eveloped to improve the lead extraction efficiency by breaking
he glass’s structure, such as wet ball-milling treatment, ultrason-
cally enhanced leaching and subcritical water treatment [8–10].
owever, there were still some disadvantages among these meth-
ds, e.g., long process time, high-energy consumption and low lead
ecovery efficiency. All of these factors limit of the recycling of
aste CRT.

Metal nanoparticles have been extensively used in a variety of

esearch fields due to their novel electromagnetic, chemical, ther-
al and optical properties [11]. Lead nanopowder is one important

ano-material that has a great potential to be used as negative
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electrode materials in lithium-ion batteries, high-energy radiation
protection composites, catalysts, wavelength filters, and super-
conducting materials [12–16]. Currently several methods have
been developed for the preparation of nano-sized materials, e.g.,
solution-phase chemical reduction, pulsed laser deposition, chem-
ical vapor deposition, gas-phase condensation and mechanical
milling [17–22]. Among these methods, inert-gas consolidation
(IGC) method has become an attractive research area as it pro-
duces nanoparticles in large scale and is characterized by more
energy-effective, environmentally friendly, and easier to produce
products of preferred nanoparticles than the traditional wet chem-
istry route [23]. Therefore, a great number of researches have been
carried out on IGC method of which the main raw materials usu-
ally are high purity metal, e.g., Cu, Pd, Fe, Al [24–26]. However,
there are few reports about using waste electrical and electronic
equipments (WEEE), which contain high levels of metals as raw
materials of IGC method to produce nanopowder. The local struc-
ture around lead can be changed by reacting with some reducing
agents such as AlN, TiN, SiC and H2, and the reducing reaction can
help extract lead from CRT glass [27–30]. In previous works, we
found lead can be extracted from CRT funnel glass efficiently by
a pyro-vacuum process [31]. It attributed to vitreous lead oxides
changing to metallic lead by carbon powder and the lower boil-

ing point of metallic lead at vacuum condition. Furthermore, in
our recent study, lead nanoparticles were successful prepared by
retrofitting the pyro-vacuum process and the lead-containing glass
was also converted into harmless glass. As mentioned above, the

dx.doi.org/10.1016/j.jhazmat.2011.08.003
http://www.sciencedirect.com/science/journal/03043894
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Table 1
Chemical composition of the investigated funnel glass by X-ray fluorescence (XRF).

Elements wt%

SiO2 52.5 ± 0.37
PbO 22.9 ± 0.21
K2O 8.66 ± 0.07
Na2O 5.67 ± 0.05
Al2O3 3.68 ± 0.05
CaO 2.74 ± 0.03
MgO 2.43 ± 0.03
Fe2O3 0.57 ± 0.03
SrO 0.16 ± 0.01
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BaO 0.11 ± 0.01
P2O5 0.04 ± 0.01
ZnO 0.01 ± 0.001

acuum carbon–thermal reduction method and the inert-gas con-
olidation method were combined together and formed a new
ne-step preparation of lead nanoparticles which using the waste
RT glass as lead source.

The aims of this study were to: (1) examine the effect of vari-
us experimental factors on lead evaporate ratio in low pressure
nvironment of argon gas; (2) study the main influence factors of
he nanoparticles morphology and size; (3) optimize the experi-

ental parameters base on the consideration of lead evaporation
atio, nanoparticle morphology and the environmental security of
he residues.

. Materials and methods

.1. Sample preparation

The CRT funnel glass, provided by Huaxing Environmental Pro-
ection Corporation (China), was first broken into small pieces
≤10 mm) and coatings on the surface of the glass were removed
y wet scrubbing and ultrasonic cleaning methods [32]. Afterward,
he CRT glass particles were dry ball milled and sieved through a
00-mesh sieve (≤74 �m), and then the powder was dry at 105 ◦C
or 24 h. Chemical composition of the glass powder was exam-
ned by X-ray fluorescence (XRF), and the results were presented in
able 1. Other materials used in the experiments were all analytical
eagents unless otherwise mentioned.

.2. Experimental procedure
Fig. 1 shows a schematic diagram of the setup used for the pro-
uction of lead nanoparticles. The installation consists of four basic
nits, i.e., heating system (1–3), water cooling system (6 and 7), vac-

ig. 1. Schematic diagram of lead nanoparticles fabrication installation. (1) Process chamb
RT powder (6 and 7) inlet and outlet of water cooling device (8) vacuum gauge (9) vacu
us Materials 194 (2011) 407–413

uum system (8–10) and argon gas supply system (11 and 12). The
milled CRT glass powder (5 g) was mixed with 10% carbon powder
and loaded in the quartz boat which was then placed in the process
chamber (length 700 mm, inner diameter 50 mm). All connections
were made with vacuum flanges to allow gas tight operation at
subatmospheric pressures. The chamber was closed air-tight, evac-
uated by a vacuum pump to a pressure less than 1000 Pa. Then high
purity argon gas (99.999% purity) was blown to the chamber to
remove the air in the system. This procedure was repeated three
times to ensure a pure argon gas environment. Then the mixed
powder was heated by graphite heaters to the set temperature.
After the set temperature was reached, water cooling valve was
opened, and argon gas flow rate and system pressure were adjusted
to the operating conditions. The pressure in the chamber was mea-
sured by a pressure gauge and controlled by a vacuum valve. The
argon gas flow rate was measured by a flow meter and controlled
by a valve under vacuum condition. In addition, the quartz cham-
ber could form cracks on its surface that might shorten its lifespan
if the temperature was above 1100 ◦C. Therefore, the highest tem-
perature was limited at 1100 ◦C in this study.

In this study, the examined temperatures were 600, 700, 800,
900, 1000 and 1100 ◦C, holding times were 1, 2, 3 and 4 h, system
pressures were 500, 1000, 2000 and 4000 Pa, argon gas flow rates
were 0, 50, 100 and 200 ml/min, respectively. When each treatment
was finished, the process chamber was slowly cooled down to room
temperature. The residue together with the black Pb nanopowder
on the water cooling system were collected, dried and stored in a
desiccator for further analysis.

2.3. Analysis

The nanopowder and the residues were digested by
HNO3–HClO4–HF [33] and examined by inductively coupled
plasma optical emission spectrometer (ICP-OES, OPTIMA 2000).
Lead evaporation ratios were calculated according to the lead
content before and after the treatment. Lead leaching behavior of
the residues was evaluated according to the toxicity characteristic
leaching procedure (TCLP) of USEPA [34]. All the experiments
were duplicated and only the mean values were reported. The
measurement errors were around ±1%.

The collected nanopowder was characterized by X-ray
diffraction (XRD) using the Ni-filtered Cu K� radiation on a
RigakuD/MAX2500 diffractometer over an angle of 10◦ < 2� < 80◦.

Then the nanopowder were withstood ultrasonic dispersion treat-
ment in ethanol for 30 min and transmission electron microscopy
(TEM, H7500) was employed to examine the size and morphology
of the nanoparticles.

er (2) graphite heaters (3) temperature control device (4) quartz boat (5) pretreated
um valve (10) vacuum pump (11) argon gas installation (12) flow meter.
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. Results and discussion

.1. Effects of various parameters on lead evaporation ratio

Lead in funnel glass mainly exists in the form of lead oxide and
he melting point of lead oxide (melting point 888 ◦C, boiling point
535 ◦C) is much higher than lead (melting point 328 ◦C, boiling
oint 1740 ◦C) under normal condition [35]. It is difficult to evapo-
ate lead oxide from funnel glass at a low temperature, thus carbon
owder (particle size < 74 �m) is used as a reducing agent to reduce

ead oxide into metallic lead to increase the evaporation velocity.
ccording to literature [28], plenty of metallic lead can be assem-
led on the surface of CRT glass after the reducing reaction, and
he higher was the temperature of reaction, the lower was the lead
ontent inside the glass powder. Therefore, temperature is a key
actor for both lead oxide reduction velocity and metallic lead evap-
ration velocity. Lead oxide can be reduced to lead under normal
ressure when the temperature is higher than 580 ◦C according to
he carbon–thermal reduction of lead oxide [36], and the reduction
ate of lead oxide is increased rapidly with the increase of tem-
erature. Meanwhile lead evaporation velocity increases rapidly
ith an increase in the temperature. When the system pressure
aintained at 10 Pa and the temperature increased from 800 ◦C

o 1000 ◦C, corresponding the lead evaporation velocity increased
rom 0.4 × 10−3 g cm−2 s−1 to 6.6 × 10−3 g cm−2 s−1 [35].

Fig. 2(a) shows that lead evaporation ratio increased quickly
ith the increase of temperature below 900 ◦C. Lead evapora-
ion ratio was only about 30.8% at 600 ◦C and rapidly increased to
3.8% at 900 ◦C. Then the growth of lead evaporation ratio slowed
own and lead evaporation ratio reached its maximum of 96.3%
t 1100 ◦C. In addition, the quartz chamber could form cracks on

ig. 2. Effects of various parameters on lead evaporation ratio. (a) Effect of temperature on
ime = 4 h). (b) Effect of holding time on lead evaporation ratio (temperature = 1000 ◦C, pre
ead evaporation ratio (temperature = 1000 ◦C, pressure = 500 Pa, holding time = 4 h). (d) Ef
ow rate = 50 ml/min, holding time = 4 h).
us Materials 194 (2011) 407–413 409

its surface which might shorten its lifespan if the temperature was
above 1100 ◦C, and moreover lead evaporation ratio was 96.1% at
1000 ◦C and it was only 0.2% less than 1100 ◦C. Therefore, the high-
est temperature was limited at 1000 ◦C in this study.

Fig. 2(b) indicates that lead evaporation ratio increased with the
increase of holding time and increased fast in the first 2 h (95.9%).
When the holding time was more than 2 h, lead evaporation ratio
increased slowly and reached its maximum at 4 h (96.1%). There-
fore, the optimum holding time was 2 h with temperature, pressure
and argon gas flow rate were fixed at 1000 ◦C, 500 Pa and 50 ml/min,
respectively.

Fig. 2(c) shows the effect of argon gas flow rate on lead evap-
oration ratio. Lead evaporation ratio increased rapidly with the
increase of argon gas flow rate below 50 ml/min, e.g., increased
from 94.3% at 0 ml/min to 96.1% at 50 ml/min. Then lead evapo-
ration ratio increased slowly and reached its maximum at 96.8%
when the gas flow rate was 200 ml/min. Argon gas in the synthesis
process acted as a driving force to blow the lead vapor out from
the CRT glass powder, so lead evaporation ratio can be increased
by increasing argon gas flow rate.

System pressure plays an important role in lead evaporation
velocity. Fig. 2(d) illustrates that lead evaporation ratios at different
pressures when temperature, argon gas flow rate and holding time
were fixed at 1000 ◦C, 50 ml/min and 4 h respectively. The lower
was the system pressure; the higher was the velocity of lead evap-
oration. Meanwhile, lower pressure means higher moving speed of
argon gas in chamber if at the same flow rate condition, and lead can

be quickly blown out from the surface of CRT glass powder. There-
fore, lead evaporation ratio kept on decreasing with the increase
of system pressure. Generally, lead evaporation ratios were >92%
when the pressure was lower than 2000 Pa. Lead evaporation ratio

lead evaporation ratio (pressure = 500 Pa, argon gas flow rate = 50 ml/min, holding
ssure = 500 Pa, argon gas flow rate = 50 ml/min). (c) Effect of argon gas flow rate on
fect of system pressure on lead evaporation ratio (temperature = 1000 ◦C, argon gas
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Fig. 4. TEM picture and particle size distribution of lead nanoparticles (tempera-
ig. 3. TEM pictures of lead nanoparticles prepared at different temperatures (argon
as flow rate = 50 ml/min, system pressure = 500 Pa, holding time = 4 h, (a) temper-
ture = 1000 ◦C; (b) temperature = 1100 ◦C).

ecreased sharply from 93.7% at 2000 Pa to 85.6% at 4000 Pa when
he system pressure was higher than 2000 Pa.

In addition, the particle size of CRT glass also played an impor-
ant role in lead evaporation ratio. If the particles were too large,
nly a small part of the lead oxide on the CRT particles’ surface will
e reduced into metallic lead and the lead that around the centre of
he particles cannot be evaporated will be left in the residues. How-
ver, in actual application, the smaller were the particles, the larger
as the energy consumption. In this paper, the CRT glass was ball-
illed smaller than 74 �m in order to obtain high lead evaporation

atio without considering the energy consumption. The experimen-
al results show that these small particles can be well mixed with
arbon powder and the lead can be easily evaporated from these
mall particles.

.2. Effects of various parameters on nanoparticle morphology

Temperature plays an important role on the size and morphol-
gy of the nanoparticles. Fig. 3(a) shows that the TEM picture of
b nanoparticles obtained at 1000 ◦C, 500 Pa, 50 ml/min and main-

ained 4 h, respectively. It appears that most of the Pb particles were
venly dispersed, and only a small part of the particles were stuck
ogether. The nanoparticles’ sizes range from 3 nm to 11 nm with
n average diameter of 7 nm. Fig. 3(b) shows that the TEM picture
ture = 1000 ◦C, argon gas flow rate = 200 ml/min, system pressure = 500 Pa, holding
time = 4 h).

of Pb nanoparticles produced at 1100 ◦C while other experimental
conditions remained the same as Fig. 3(a). The particles size range
from 55 nm to 120 nm with an average diameter of 80 nm. The TEM
picture shows that the average particle size of Fig. 3(b) was much
bigger than Fig. 3(a) and most of the produced particles were stuck
together in cluster and formed agglomerate, which were generally
irregular in shape.

According to previous reports [37,23], nanoparticle synthe-
sis based on inert-gas consolidation has common mechanisms
involving precursor gas reaction, surface growth, particle nucle-
ation, coagulation and coalescence. However, the finally produced
agglomerate characteristics depend mainly on the competition
between coagulation and coalescence. Once particles form in the
gas phase, they coagulate at a rate that is proportional to the square
of their number concentration and that is only weakly dependent
on particle size. And the density of particles within the gas phase
increases as the temperature is increased result in higher the col-
lision frequency of the particles, such as coalescence occurs more
frequently. Generally, at lower temperatures, where coalescence is
negligibly slow, loose agglomerates with quite open structures and
partially sintered non-spherical particles are formed. At sufficiently
high temperatures, particles coalesce faster than they coagulate,

and spherical particles could be produced [38].

Fig. 4 shows the TEM picture and particle size distribution of
the prepared nanoparticles when temperature, argon gas flow rate,



M. Xing, F.-S. Zhang / Journal of Hazardous Materials 194 (2011) 407–413 411

F
p
p

s
a
a
f
T
r
r
g
a
b
i
t
f
t
t
F
t
p
t
i

c
F
t

ig. 5. TEM pictures of lead nanoparticles prepared at different pressures (tem-
erature = 1000 ◦C, holding time = 4 h, argon gas flow rate = 50 ml/min, (a) system
ressure = 1000 Pa; (b) system pressure = 4000 Pa).

ystem pressure and holding time were 1000 ◦C, 200 ml/min, 500 Pa
nd 4 h respectively. All the particles were evenly dispersed and the
gglomeration disappeared when the gas flow rate was increased
rom 50 ml/l to 200 ml/min by comparing Fig. 3(a) and Fig. 4(a).
he comparison illustrates that increasing the gas flow rate can
educe the degree of agglomeration of the nanoparticles. The TEM
esult indicated that within a certain range, increasing the argon
as flow rate can improve the dispersion effect of the nanoparticles
nd more tiny nanoparticles were obtained. This could be explained
y the following two facts: (1) raising the argon gas flow rate can

ncrease the collision efficiency between lead vapor and argon gas
o improve the quenching effect; (2) the argon gas acted as a driving
orce which blew the lead vapor from the hot evaporation zone to
he water cooling zone, resulted in a reduction of residence time of
he nuclei to further improve the quenching effect [39]. Therefore,
ig. 4(b) shows a narrow particle size distribution range from 2 nm
o 8 nm when the argon gas flow rate was 200 ml/min. And the
rimary particles size of 3–5 nm in diameter account for 71% with
he average diameter is 4 nm. So the argon gas flow rate plays an
mportant role on the morphology of the nanoparticles.
System pressure, which affects the morphology of nanoparti-
les greatly, is another key point to the size of the nanoparticles.
ig. 5 indicates the effect of system pressure on the mean size of
he nanoparticles when the other experimental conditions were
Fig. 6. Particle sizes of lead nanoparticles prepared at different pressures (temper-
ature = 1000 ◦C, holding time = 4 h, argon gas flow rate = 50 ml/min).

fixed at 1000 ◦C, 50 ml/min and 2 h. Fig. 6 shows the mean size of
the prepared nanoparticles increased with the increase of system
pressure, e.g., increased from 7 nm at 500 Pa to 77 nm at 4000 Pa.
The reason is that lowering the pressure increases vapor disper-
sion and dilution, therefore lowering the volume concentration of
particulate materials produced by condensation and slowing their
growth by coagulation so small particles were obtained. But at the
higher pressures the coagulation rate is improved which leading
to faster growth of the nucleuses and larger particles were formed
[40]. Therefore, unlike temperature and system pressure, argon gas
flow rate has a different effect on the morphology of nanoparticles,
that is, increasing the argon gas flow rate can decrease the average
size of nanoparticles.

3.3. Properties of lead nanoparticles

After the treatment, the process chamber was opened and the
lead nanopowder was collected and quickly preserved in ethanol to
prevent congregation and oxidation. In this study, the system pres-
sure ranged from 500 Pa to 4000 Pa, which was high for a vacuum.
These vacuum conditions may contain a very low level of oxygen
that could affect the final product composition. However, argon gas
was continuously pumped into the processing chamber to remove
the oxygen during the nanoparticles synthesis process and the oxy-
gen content in the chamber was very low. The argon gas was not
only acted as a quench gas, but also as an inert gas that prevents
the metallic lead nanoparticles to be oxidized. Therefore, the main
obtained nanoparticles were metallic lead before the chamber was
opened. However, limited by the experimental conditions, some of
the Pb nanoparticles were oxidized into PbO for their high activ-
ity when they were exposed in an aerobic environment during the
collecting process. Thus, the lead oxide was mainly formed in the
collecting process, which should be improved to be operated in
anaerobic conditions to avoid the oxidation of metallic lead. Fig. 7
shows the X-ray diffraction patterns of the prepared lead nanopow-
der at different conditions. Fig. 7(a) (0 ml/min, 1000 ◦C, 500 Pa, 4 h)
indicates that the peaks were sharp and the background signal was
low indicating well-ordered crystalline materials. Most of the peaks
in the patterns can be indexed by the known patterns of pure Pb
metal (PDF card #65-2873), and only a few distinct peak of lead
oxide (PDF card #38-1477) and lead sulfides (PDF card #05-0592)
were visible. The elemental sulfur may come from the carbon pow-
der. But more lead oxide peaks were visible in Fig. 7(b) (50 ml/min,
1000 ◦C, 500 Pa, 4 h) and the full width at half-maximum inten-
sity of the XRD peak of Fig. 7(b) was larger than Fig. 7(a) which

meant that the average particle size of Fig. 7(b) was smaller than
that of Fig. 7(a) according to Scherrer’s formula. Therefore, the XRD
results showed the same variation trend with TEM observations
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Fig. 7. X-ray diffraction patterns of lead nanopowder (temperature = 1000 ◦C, pres-
sure = 500 Pa, holding time = 4 h, (a) argon gas flow rate = 0 ml/min; (b) argon gas
flow rate = 50 ml/min).

Table 2
Chemical composition of lead nanoparticles by ICP-OES.

Elements wt%

Pb 95.09 ± 0.15
Na 2.80 ± 0.09
K 1.30 ± 0.03
Ti 0.56 ± 0.03

t
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confirms that the stable structure of CRT glass can be completely

T
T

Mg 0.11 ± 0.01
Al 0.06 ± 0.01

hat increasing the argon gas flow rate can decrease the average
ize of nanoparticles.

= K�

ˇ cos�

n the formula, D is the grain size, K is the crystallite-shape factor, ( is
he X-ray wavelength, ˇ is the full width at half-maximum intensity
f the XRD peak and ( is the diffraction angle. The crystallite-shape
actor mainly depends on the shape of the particle. The value of

is often between 0.89 and 0.94 (spherical particle K = 0.89, cube
article K = 0.94). In this paper, the obtained nanoparticles were
pherical, thus 0.89 was chosen as the crystallite-shape factor. The
RD results reflect that the smaller size of the nanoparticles, the

arger surface area they have and the easier the nanoparticles to
e oxidized. To further understand the chemical composition of
he production, the nanopowder (50 ml/min, 1000 ◦C, 500 Pa, 4 h)

as analyzed by ICP-OES and the results were shown in Table 2.

t can be seen that the main element in the prepared nanopowder
as metallic lead, which accounted for 95.09%. A small portion of

able 3
CLP results for lead of the residue glasses.

Temperature(◦C) Pressure(Pa) Holding time(h)

600 500 4
700 500 4
800 500 4
900 500 4

1000 500 4
1100 500 4
1000 500 1
1000 500 2
1000 500 3
1000 500 4
1000 500 4
1000 500 4
1000 1000 4
1000 2000 4
1000 4000 4
us Materials 194 (2011) 407–413

other elements, which was also evaporated from the CRT glass, was
mainly Na (2.80%), K (1.30%), Ti (0.56%), Mg (0.11%) and Al (0.06%).

3.4. Properties of the residues

Most residues after the treatment were in powder form, while
some residues were in porous form. The forms of the residues
mainly depend on the amount of the carbon powder (melting point
3727 ◦C). The melting point of the CRT glass is low and it can be com-
pletely melted together above 600 ◦C when the amount of carbon
powder less than 5%. However, when the adding amount was more
than 5%, more carbon powder was left in the residues, which can
prevent the CRT glass powder from melting together. Meanwhile,
the residues in powder form will help increase the lead evapora-
tion ratio. The weight and the lead content of the residues decreased
with the increase of temperature, holding time, but system pressure
was on the contrary. Under the optimum experimental conditions
(1000 ◦C, 2–4 h, 500–2000 Pa and 50–200 ml/min), the amount of
the residues ranged from 3.47 g to 3.81 g and the lead content of
the residues ranged from 0.91% to 1.72%.

TCLP method was performed to evaluate the safety of the
residues. Table 3 presents the lead concentrations in the leachates
of all residues after the treatments. Generally speaking, lead con-
centration decreased with the increase of temperature and holding
time, but system pressure was on the contrary. The content of
PbO in untreated CRT particles was high (22.9%) and there were
plenty of cracks on these particles’ surface, which were formed
during the dry-ball milled. The lead oxide on the particles’ sur-
face can be leached by the leaching agent. Therefore, the leaching
concentration of untreated CRT glass was 363.3 mg/l and it was
much higher than the TCLP lead threshold (5 mg/l), which demon-
strated the CRT glass was a typical hazardous waste. However,
when the temperature was higher than 1000 ◦C and the system
pressure was lower than 2000 Pa, all the leaching concentrations
were lower than 5.0 mg/l and met the TCLP lead threshold. After
the treatment, most of the PbO were evaporated from the CRT par-
ticles. The surface of the particles was melted and the rough surface
was changed to smooth surface while the residues were still pow-
ders. Thus, the lead atoms left in the residues were firmly fixed
again by encapsulation in the cavity of the glass network and the
lead extraction cannot be fulfilled under normal conditions [8]. In
addition, among the leaching results, leaching concentrations were
more than 2000 mg/l when the temperature was below 800 ◦C and
it was much higher than untreated CRT glass. This phenomenon
broken by heating that result in the lead can be easily evaporated
from the glass particles to fulfill the purpose of detoxification of the
waste CRT funnel glass.

Argon gas flow rate(ml/min) TCLP results (mg/L)

50 2155.00 ± 30.00
50 2458.00 ± 56.00
50 2102.40 ± 16.70
50 30.34 ± 1.55
50 0.31 ± 0.01
50 0.33 ± 0.01
50 0.92 ± 0.01
50 0.58 ± 0.04
50 0.55 ± 0.01

0 0.89 ± 0.03
100 2.62 ± 0.09
200 1.22 ± 0.05

50 1.03 ± 0.06
50 3.45 ± 0.05
50 60.76 ± 1.17
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. Conclusions

Vacuum carbon–thermal reduction combined with inert-gas
onsolidation process was an effective approach for waste CRT fun-
el glass detoxification and reutilization. During the process, Pb
as efficiently removed from the hazardous material and nano-Pb
articles could be successfully synthesized. The optimum temper-
ture, holding time, system pressure, and argon gas flow rate for
he process were 1000 ◦C, 2–4 h, 500–2000 Pa, and 50–200 ml/min,
espectively, and the maximum lead evaporation ratio was 96.8%
nd the prepared lead nanoparticles dispersed evenly with aver-
ge diameter range from 4 nm to 34 nm. TCLP results show that
he residue glass powder, which was effectively detoxified could
e applied for functional materials production.
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