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Introduction

Lead (Pb) is an important nonferrous metal used in many applica-
tions in batteries, solders, dielectric materials, piezoelectric 
materials, and glass, for example. Pb glass is a variety of glass in 
which Pb replaces calcium (Ca) in a typical potash glass (Newton 
and Davison, 1989). Owing to its high x-ray absorption and high 
diffractive index Pb glass has become very popular, not only as a 
protection material against radiation, for example from cathode-
ray tubes (CRTs), but also as a decorative glass. Owing to the 
potential health risks of Pb in the glass and other materials, 
research and development of Pb-free materials as substitutes are 
being promoted vigorously in all industrial fields.

With rapid development, conventional CRT monitors in televi-
sions (TVs) and personal computers have been replaced by new 
products such as liquid crystal displays, light-emitting diodes and 
plasma display panels. Predictions indicate that huge numbers of 
CRTs will need to be disposed of in coming decades. It is estimated 
that in China, up to 30 November 2011, a total of around 95 million 
units of waste household appliances (including 27 million TV sets 
) were collected owing to the old-for-new home appliance replace-
ment program that was implemented in 2009 (Ministry of 
Commerce of the People’s Republic of China, 2011). Similar situ-
ations are also found in most other countries (Nnorom et al., 2011) 
and CRT waste is thus becoming a global environmental problem.

The main component of CRT glass can be divided into three 
parts: (i) panel (65%), a barium (Ba) strontium glass; (ii) funnel 
(30%), a Pb glass containing approximately 20 wt % lead (II) 

oxide (PbO); and (iii) neck (5%), a very Pb-Pb glass containing 
approximately 40 wt % PbO (Heart, 2008; Méar et al., 2006b; Xu 
et al., 2012).

Studies have been carried out by various researchers to 
address the discarded CRT waste problem, focusing particularly 
on methods for reuse or recycling leaded funnel glass as it con-
tains a large amount of Pb (Lee and Hsi, 2002; Ling and Poon, 
2011). Generally, there are two different routes for leaded CRT 
glass recycling: closed-loop and open-loop recycling (ICER, 
2004; Siikamäki et al., 2002). In closed-loop recycling, discarded 
CRTs are used to produce new CRT glass. However, this route 
will partly close because the CRT glass supply will begin to 
exceed the demand of CRT manufacturing in approximately 
2015 (Gregory et al., 2009). In open-loop recycling, the glass is 
used for other applications, such as flux in metal smelting, foam 
glass, ceramic glaze and clay bricks (Andreola et al., 2005; Chen 
et al., 2009; Méar et al., 2006a; Mostaghel and Samuelsson, 
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2010). These methods are considered not profitable owing to the 
potential health risks from lead in the materials (Poon, 2008).

As Pb atoms contained in Pb glass are fixed firmly in the glass 
network, Pb extraction is incomplete under ordinary temperature 
and pressure conditions. Pb in Pb glass is so strongly bonded that 
heating to temperatures higher than 1273 K, at which silicon diox-
ide (SiO2) glass will melt, is usually required for extraction, evapo-
ration and removal of lead from the SiO2 glass network (Sasai et al., 
2008). Some technologies, such as chemical reduction or ultrasonic 
and subcritical technology, have been developed recently for 
removing the Pb in order to detoxify waste funnel glass (Miyoshi 
et al., 2004; Saterlay et al., 2001; Yot and Méar, 2009).

The mechanical activation of minerals represents an impor-
tant development in several solid processing technologies. In 
extractive metallurgy, activation by intensive grinding decreases 
the reaction temperature in pyrometallurgy, and increases leach-
ing kinetics of several sulphide and oxide minerals in hydromet-
allurgy (Baláž, 1991; Godočíková et al., 2002; Welham, 2001). 
Application of the mechano-chemical technique to various waste 
disposals has been already reported (Birke et al., 2004; Guo et al., 
2010). It is reported how to remove Pb atoms from Pb-glass pow-
der by using the chelating reagent disodium ethylenediaminetet-
raacetic acid (EDTA) during the wet ball-milling process at room 
temperature (Sasai et al., 2008). Ninety-two and a half percent of 
Pb extracted from mechanically activated CRT funnel glass by 
diluted nitric acid leaching has been reported (Yuan et al., 2012). 
However, the process to recover Pb from the EDTA or the nitric 
acid leaching solutions of CRT funnel glass is complex because 
most of Pb, Ba, Ca, magnesium (Mg) and iron (Fe), etc. will also 
be dissolved. Alkaline leaching in caustic soda is a method used 
widely in the extraction of zinc and Pb from ores and wastes 
(Chenglong and Youcai, 2009; Cuixiang et al., 2007; Youcai and 
Stanforth, 2000), in which Ba, Ca, Mg, Fe, etc. will not dissolve 
in alkaline solution. Pb in the alkaline leach solution can be 
recovered further as metallic powder by electrowinning (Cuixiang 
and Youcai, 2008).

The objective of this study was to explore a novel process for 
recovering Pb from CRT funnel glass in alkaline solution through 
combining mechanical activation and chemical leaching pro-
cesses into a single operation. The process is compared to the 
separate mechanical activation and subsequent chemical leach-
ing processes, and the eventual and possible industrial applica-
tion discussed.

Materials and methods
Materials

The CRT mixed funnel glass, provided by Shanghai Senlan 
Industrial Waste Management (Shanghai, China), was broken into 

small pieces (≤10 mm). The average composition of the glass is 
given in Table 1.

Mechanical activation and leaching

Two leaching methods were studied. The separate mechanical 
activation and subsequent chemical leaching processes was com-
pared with the combined mechanical activation and chemical 
leaching process (mechano-chemical leaching).

Leaching of mechanically-activated glass powder. Mechani-
cal activation tests of CRT funnel glass were carried out by using 
two mills, a planetary ball mill or a stirring ball mill. Stainless 
steel balls (1–5 mm) were used as the grinding body. The ground 
particle sizes were 20–200 μm.

Leaching experiments on the mechanically activated CRT 
funnel glass were carried out in a glass flask placed on a thermo-
statically controlled magnetic stirrer. The CRT funnel glass pow-
der was immersed into 200 ml sodium hydroxide (NaOH) 
solution and leached at constant temperature. The solution vol-
ume was kept constant by adding water.

Mechano-chemical leaching of leaded glass. Mechano-
chemical leaching was performed in a stirring ball mill under the 
following conditions: 5 mm stainless steel balls used as the acti-
vation medium, the mass ratio of ball to raw material was 25:1, 
the NaOH concentration was 5 M and the room temperature was 
70°C. This temperature was chosen according to our previous 
work (Cuixiang et al., 2007), where the leaching rate of Pb in 
alkaline solution increased insignificantly when the leaching 
temperature was over 70°C. As the planetary ball mill is difficult 
to heat mechano-chemical leaching was performed in a planetary 
ball mill only at room temperature.

Chemical analysis

After chemical or mechano-chemical leaching, the pulp was cen-
trifuged, and the clear liquid phase was diluted for analysis of Pb 
in the extract by ICP-AES (inductively coupled plasma atomic 
emission spectroscopy). The leaching efficiencies of Pb were cal-
culated according to the following equation:

Lead extraction = [(C1 × V1) / (W2 × C2) 100%

where W1 (g) is the mass of glass, V1 (L) is the volume of 
leaching solution, C1 (g L−1) is the Pb concentration in the 
leaching solution, C2 (%) is the percent of Pb concentration in 
the glass.

The raw glass samples and other solid phases were analysed 
after dissolution using standard methods and subsequent quanti-
fication by ICP-AES.

Table 1. Chemical composition of the experimental cathode ray tube funnel glass.

Elements Aluminium Barium Calcium Bismuth Iron Sodium Lead Zinc Magnesium

Wt % 1.44 0.68 3.10 0.05 0.59 5.90 25.1 0.16 1.09
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Results
Leaching of activated glass powder

The results of leaching of CRT funnel glasses previously mechan-
ically activated by different mills are shown in Figure 1. By com-
parison with the non-activated sample, the leaching rate of the 
mechanically-activated glass increased considerably. The effect 
of activation in the planetary ball mill was better than that in the 
stirring ball mill.

The enhancement of the leaching due to mechanical activation is 
attributed to the increased specific surface area, enhanced surface 
reactivity and the changes in crystalline structure during the 
mechanical activation of minerals (Hu et al., 2004). For the nano-
crystalline leaded glass, non-bridging oxygen hole centres (≡Si−O·) 
and peroxy radicals (≡Si−O−O·) are the most important structural 
point defects in silicate glass, which are generated during the pro-
cess of mechanical activation (Weber, 1997; Yuan et al., 2012).

Leaching of CRT glass in the mechano-
chemical modes

Comparative studies were done with mechano-chemical leach-
ing in two different mill types and chemical leaching of raw 
CRT funnel glass samples (Figure 2). The results confirm the 
favourable influence of mechano-chemical leaching on the 
recovery of Pb and that the mechano-chemical leaching effi-
ciencies increased with increasing leaching temperature. The 
efficiency of Pb extraction by mechano-chemical leaching in a 
stirring ball mill at 70°C reached 97.4%—much higher than the 
2.8% Pb extraction by chemical leaching of non-activated sam-
ples and the 27.5% Pb extraction by chemical leaching of previ-
ously activated samples for 120 min at room temperature by the 
planetary ball mill.

During mechanical activation, the structure of a mineral or 
material is usually disordered, and the generation of defects or 
other metastable forms can be registered. These effects are not 
stable and have different relaxation times (Baláž and 
Achimovičová, 2006). If the process of mechanical activation is 
preceding leaching a number of highly excited states in the sol-
ids may form and decay before leaching. Ljachov (1993) 
described the concept of slowly changing states after interrupt-
ing mechanical activation, which showed that all the short-lived 
states are not present for subsequent chemical leaching. 
However, if the mechanical activation and chemical leaching 
are integrated into a common step (mechano-chemical leach-
ing), all the excitation states can be utilized. Thus, the mech-
ano-chemical leaching enhances the recovery of lead from CRT 
funnel glass.

Effect of rotational speed

The effect of rotational speed on Pb extraction is shown in Figure 
3. Pb extraction increased as the rotational speed increased, and 
the extraction efficiency of Pb leaching as high as 97.4% was 
obtained at >500 r/min of rotational speed. It indicated that higher 
rotational speed of milling produced higher breakage of chemical 
bonds in the Pb glass.
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Figure 1. Effect of types of mills for mechanical activation 
on leaching rate of cathode ray tube funnel glass (sodium 
hydroxide concentration = 5 M, temperature = 70oC, leaching 
time = 2 h). Pb: lead.
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Figure 2. Effect of methods of mechanical–chemical leaching 
on leaching rate of cathode ray tube funnel glasses (sodium 
hydroxide concentration = 5 M, mass ratio of balls to raw glass 
material = 25:1). Pb: lead.

0
10
20
30
40
50
60
70
80
90

100

0 200 400 600 800

E
xt

ra
ct

io
n 

of
 P

b 
(

)

Rotate speed  (r/min)

Figure 3. Effect of rotational speed on lead extraction 
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Eletrowinning of Pb powder

Much work has been done on the electrolysis of Pb powder from 
alkaline solution of PbO (Cuixiang, 2008; Wong and Abrantes, 
2005). In this study, the electrolysis process was tested on the leach 
solution of CRT funnel glasses. The typical composition of lea-
chate of CRT funnel glasses is shown in Table 2. The electro- 
deposition was conducted under a galvanostatic condition for 2 h 
at ambient temperature. Experimental results are shown in Table 3. 
The deposited lead (Pb>97.2 %) was in spongy form and gray 
with a slight bright metallic lustre. The morphologic structure of 
the deposited Pb is given in Figure 4.

Discussion

The main species of Pb in strongly alkaline solution is PbO2
−2. 

The dissolution of Pb in CRT funnel glass in alkaline solution can 
be represented as:

PbO(s) + 2OH-(aq.) = PbO2
–2 + H2O

Based on the experimental results obtained a flow sheet was sug-
gested for an alkaline recovery process for Pb in CRT funnel 
glass, as shown in Figure 5. Pb in the leachate can be recovered 

as metallic Pb powder by electrowinning, and the NaOH solution 
can be recycled to the leaching operation after most of the Pb is 
electrowon. A high-purity Pb powder with a metallic Pb concen-
tration of >97% can be obtained.

NaOH losses in the whole process may be around 50–60 g per 
kg of Pb judged titration results. The loss may exceed this figure 
in practical application as the consumption of NaOH depends on 
the type and composition of the leaded glass.

The main operational cost of the process may be from the 
energy consumed by mechano-chemical leaching and electrow-
inning. Around 4.0–4.5 kWh of electricity is needed for mech-
ano-chemical leaching to recover 1 kg of metallic Pb from the 
CRT funnel glasses, and the energy needed for electrowinning is 
around 0.6–0.7 kWh kg−1 Pb on average. The operational costs 
will be around €1000 to recover 1 ton of metallic Pb from the 
CRT funnel glasses. Thus, the profit can reach around €750 per 
ton of metallic Pb according to the official prices of Pb powder 
on 2012, excluding initial investment costs.

After the Pb in the waste CRT funnel glasses is removed 
through alkaline leaching, the solid residues with fine granularity 

Table 2. Typical composition of the leaching solution of the glasses.

Elements Lead Aluminium Barium Calcium Bismuth Iron Zinc Magnesium

g/l 17.2 0.37 0.048 0.017 0.012 0.007 0.025 0.011

Table 3. Typical electrowinning conditions for production of lead (Pb) from the alkaline leaching solution of cathode ray tube 
funnel glasses.

Pb (g/l) Voltage (V) Current 
density
(A/m2)

Specific energy
consumption
(kWh/kg Pb)

Electrical 
current 
efficiency (%)

Pb metal
purity (%)

17–20 1.7–1.9 400–500 0.6–0.7 97.5% >97.2

Figure 4. Scanning electron photo micrographs of cathode 
lead electrowon at 500 A/m2.

NaOH

Solids Liquor

Residues for preparing foam glass 

Lead powder      Spent Electrolyte

CRT funnel glass

Mechano-chemical
leaching

Filtration

Electrowinning

Solid/liquid 
separation

Figure 5. Schematic flow sheet for recovery of lead from 
lead glasses by alkaline mechanical-chemical leaching 
and electrowinning. CRT: cathode ray tube; NaOH: sodium 
hydroxide.
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may be used to prepare foam glass in an economically and envi-
ronmentally friendly way. Further experiments are ongoing to 
find the best conditions for the production of foam glass.

Comparing the developed process with other current method-
ologies, the mechano-chemical alkaline leaching and electrowin-
ning methodology for recovering Pb from CRT funnel glasses is 
a simple process, with a high recovery of Pb metal powder with 
high purity from waste CRT funnel glass.

Conclusion

Pb in waste CRT funnel glasses can be leached effectively and 
transferred into NaOH solution by a combined mechano-chemical 
process. Pb powder with high purity can be obtained by electrow-
inning the leaching solution. The Pb-depleted solution can be 
recycled into the leaching step. After Pb is leached away, the 
leached solids can be characterized as a non-hazardous waste and 
be used to prepare foam glass. An environmentally friendly and 
efficient method is proposed to deal with the impending trouble-
some issue of Pb recovery from increasing amounts of waste 
CRT funnel glasses and other leaded glasses.

Funding
The authors gratefully acknowledge the financial support from 
National Natural Science Funds (No. 51008189 and 50974087), 
Innovation Program of Shanghai Municipal Education Commission 
(No.12ZZ194), and Leading Academic Discipline Project of 
Shanghai Municipal Education Commission (No.J51803).

References
Andreola F, Barbieri L, Corradi A, Lancellotti I, Falcone R and Hreglich S 

(2005) Glass-ceramics obtained by the recycling of end of life cathode ray 
tubes glasses. Waste Management 25: 183–189.

Baláž P, Ebert I (1991) Oxidative leaching of mechanically activated sphaler-
ite. Hydrometallurgy 27: 141–150.

Baláž P and Achimovičová M (2006) Mechano-chemical leaching in hydro-
metallurgy of complex sulphides. Hydrometallurgy 84: 60–68.

Birke V, Mattik J and Runne D (2004) Mechanochemical reductive dehal-
ogenation of hazardous polyhalogenated contaminants. Journal of 
Materials Science 39: 5111.

Chen MJ, Zhang F-S and Zhu JX (2009) Lead recovery and the feasibility 
of foam glass production from funnel glass of dismantled cathode ray 
tube through pyrovacuum process. Journal of Hazardous Materials 116: 
1109–1113.

Chenglong Z and Youcai Z (2009) Mechanochemical leaching of sphalerite 
in an alkaline solution containing lead carbonate. Hydrometallurgy 100: 
56–59.

Cuixiang G, Chenglong Z, Qing L and Youcai Z (2007) Leaching of Zn and 
Pb from Zn and Pb bearing wastes in caustic soda solution. Environmental 
Pollution & Control 29: 697–700.

Cuixiang G (2008) Leaching - electrowinning process of extraction of metal-
lic lead from lead bearing wastes and lean lead oxide ore. PhD Thesis, 
Tongji University, China.

Cuixiang G and Youcai Z (2008) Recovery of Pb and Zn from smoke dust. 
Environmental Protection of Chemical Industry 28: 77–80.

Godočíková E, Baláž PP and Boldižárova E (2002) Structural and tempera-
ture sensitivity of the chloride leaching of copper, lead and zinc from a 
mechanically activated complex sulphide. Hydrometallurgy 65: 83–93.

Gregory JR, Nadeau M-C and Kirchain RE (2009) Evaluating the economic 
viability of a material recovery system: the case of cathode ray tube glass. 
Environmental Science and Technology 43: 9245–9251.

Guo X, Xiang D, Duan G and Mou P (2010) A review of mechanochemistry 
applications in waste management. Waste Management 30: 4–10.

Heart S (2008) Recycling of cathode ray tubes (CRTs) in electronic waste. 
Clean 36: 19–24.

Hu H, Chen Q, Yin Z, Zhang P and Wang G (2004) Effect of grinding atmos-
phere on the leaching of mechanically activated pyrite and sphalerite. 
Hydrometallurgy 72: 79–86.

ICER (Industry Council for Electronic Equipment Recovery) (2004) 
Materials Recovery From Waste Cathode Ray Tubes (CRTs). Banbury: 
The Waste and Resource Action Programme.

Lee C-H and Hsi C-S (2002) Recycling of scrap cathode ray tubes. 
Environmental Science and Technology 36: 69–75.

Ling T-C and Poon C-S (2011) Utilization of recycled glass derived from 
cathode ray tube glass as fine aggregate in cement mortar. Journal of 
Hazardous Materials 192: 451–456.

Ljachov N (1993) Mechanical activation from the viewpoint of kinetic reac-
tion mechanism. In: Tkáčová K (ed.) Proceedings of the 1st International 
Conference on Mechanochemistry “INCOME’93”. (Kosice, Slovak 
Republic, March 23-26, 1993) Section A: Fundamentals and Models 
of Mechanically Stimulated Processes, vol. 1. pp. 59–65. Moscow: 
Cambridge International Science Publishing.

Méar F, Yot P, Cambon M, Caplain R and Ribes M (2006a) Characterisation 
of porous glasses prepared from cathode ray tube (CRT). Powder 
Technology 162: 59–63.

Méar F, Yot P, Cambon M and Ribes M (2006b) The characterization of 
waste cathode-ray tube glass. Waste Management 26: 1468–1476.

Ministry of Commerce of the People’s Republic of China (2011) China’s 
old-for-new home appliance sales exceeded 80 million units. Available 
at: http://ltfzs.mofcom.gov.cn/aarticle/af/201111/20111107845742.html 
(accessed 24 November 2011).

Miyoshi H, Chen DP and Akai T (2004) A novel process utilizing subcritical 
water to remove lead from wasted lead silicate glass. Chemistry Letters 
33: 956–957.

Mostaghel S and Samuelsson C (2010) Metallurgical use of glass frac-
tions from waste electric and electronic equipment (WEEE). Waste 
Management 30: 140–144.

Newton RG and Davison S (1989) Conservation of Glass. Butterworth 
– Heinemann Series in Conservation and Museology. London: 
Butterworths.

Nnorom IC, Osibanjo O and Ogwuegbu  MOC (2011) Global disposal strate-
gies for waste cathode ray tubes. Resources, Conservation and Recycling 
55: 275–290.

Poon CS (2008) Management of CRT glass from discarded computer moni-
tors and TV sets. Waste Management 28: 1499–1499.

Sasai R, Kubo H, Kamiya M and Itoh H (2008) Development of an eco-
friendly material recycling process for spent lead glass using a mecha-
nochemical process and Na2EDTA reagent. Environmental Science and 
Technology 42: 4159–4164.

Saterlay AJ, Wilkins SJ and Compton RG (2001) Towards greener disposal 
of waste cathode ray tubes via ultrasonically enhanced lead leaching. 
Green Chemistry 3: 149–155.

Siikamäki R, Döring E and Manninen J (2002) Closed-Loop and Open-Loop 
Applications for End-of-Life Cathode-Ray-Tube Glass Recycling. Vienna 
Austria: Going Green Care Innovation.

Weber WJ, Ewing RC, Angell CA, Arnold GW, Cormack AN, Delaye JM, 
et al. (1997) Radiation effects in glasses used for immobilization of high-
level waste and plutonium disposition. Journal of Materials Research 12: 
1946–1978.

Welham N.J. (2001) Mechanochemical processing of gold-bearing sulphides. 
Minerals Engineering 14: 341–347.

Wong SM and Abrantes LM (2005) Lead electrodeposition from very alka-
line media. Electrochimica Acta 51: 619–626.

Xu Q, Li G, He W, Huang J and Shi X (2012) Cathode ray tube (CRT) 
recycling: Current capabilities in China and research progress. Waste 
Management 32: 1566–1574.

Yot PG and Méar F (2009) Lead extraction from waste funnel cathoderay 
tubes glasses by reaction with silicon carbide and titanium nitride. 
Journal of Hazardous Materials 172: 117–123.

Youcai Z and Stanforth R (2000) Production of Zn powder by alkaline treat-
ment of smithsonite Zn–Pb ores. Hydrometallurgy 56: 237–249.

Yuan W, Li J, Zhang Q and Saito F (2012) Innovated application of mechani-
cal activation to separate lead from scrap cathode ray tube funnel glass. 
Environmental Science and Technology 46: 4109–4114.

 at CENTIC on March 6, 2014wmr.sagepub.comDownloaded from 

http://wmr.sagepub.com/
http://wmr.sagepub.com/

