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Abstract: Waste cathode ray tube (CRT) funnel glass (FG) is an important part in the disposal of electrical and electronic 
waste (e-waste). A novel approach for efficient lead extraction and glass-ceramics synthesized from waste FG through 
collaboratively smelting FG with coal fly ash (CFA) is proposed. Glass-ceramics materials with 40 wt%−80 wt% FG 
additions were produced under sintering temperatures of 900−1000 °C. The microstructure and phase composition of the 
produced glass-ceramics were studied using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The 
density, water absorption, Vicker hardness, chemical resistance and heavy metal leaching characteristics of the glass-
ceramics were measured. The experimental results indicate that the samples can be crystallized at sintering temperatures 
of 900−1000 °C. An elevated sintering temperature is favorable for enhancing the degree of crystallization, while the 
crystallization process is inhibited at excessively high temperatures. Increasing FG addition can lead to the transformation 
of the main crystalline phase from diopside to gehlenite. Well-crystallized crystals were generated in the specimens with 
50 wt%−70 wt% FG additions. The samples with 40 wt%, 50 wt%, 60 wt%, 70 wt%, 80 wt% FG addition exhibit the 
optimal chemical and physical properties at 975, 925, 950, 925 and 900 °C, respectively. Overall results demonstrate that 
this study provides a feasible strategy for reliably detoxifying and reusing waste FG and CFA. 
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1 Introduction 
 

Lead-containing glasses, characterized by 
remarkable electrical performance and absorption of 
harmful rays, are widely used in the cathode ray 

tubes (CRT) for televisions and computer monitors. 
With the rapid development of display technology, 
traditional CRT displays have gradually been 
replaced by advanced displays [1], causing a large 
number of obsolete CRT displays to dispose. It was 
expected that CRT waste production could peak in  
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2015−2020 [2]. However, low-income consumers in 
Africa, Middle East, Eastern Europe, and Asia-
Pacific still use CRT monitors because of the low 
cost of CRT sets [3]. The CRT funnel glass (FG) 
contains about 22%−25% PbO and accounts for 30% 
of a CRT’s total weight [4]. The lead can be 
dissolved from the glass matrix of the FG when 
exposed to an acidic solution in landfills, posing a 
considerable threat to the environment and mankind 
[5]. 

Researches on the reutilization of waste FG 
have been intensively carried out in past decades, 
which generally can be classified into the 
reutilization as building materials, leaching 
techniques, and thermal treatments. Some 
researchers focus on using FG as secondary raw 
material to manufacture building materials, e.g., 
foam glass [6−8], glass-ceramics [9, 10], and cement 
mortar [11, 12], concrete [12−14], from the point of 
immobilizing Pb in the products. However, the toxic 
Pb that should be removed is also transformed into 
the products through the process, causing a potential 
threat to the environment and a waste of metal 
resources, which precludes the above-mentioned 
recycling methods. Thus, developments of 
techniques for lead extraction from FG have been 
widely performed for the safe disposal of waste 
CRTs, which can be classified into 
hydrometallurgical treatment (e.g., mechanical 
activation [15], hydrothermal sulfidisation [16], 
ultrasonically enhanced lead leaching [17], 
subcritical hydrothermal treatment [18], zeolite 
synthesis through hydrothermal treatment [19], 
alkaline leaching with mechanochemical reduction 
[20]) and pyrometallurgy treatment (e.g., carbon 
thermal reduction [21−24], thermal reduction with 
metallic iron [25], thermal reaction with SiC and TiN 
[26], combined thermal treatment and leaching 
processes [27, 28], and chloride volatilization [29]). 
By contrast, pyrometallurgy is more effective and 
promising in terms of extracting lead from the    
Pb-glass matrix since hydrometallurgical technology 
generally requires a high energy-consumption 
pretreatment and a long-process time but with a low 
lead recovery. 

Glass-ceramic synthesis was confirmed as an 
efficient and applicable approach for the treatment of 
industrial residue (e.g., copper slag [30, 31], blast 
furnace slag [32, 33], nickel slag [34], stainless steel 
slag [35], coal fly ash (CFA) [36]) and tailings (e.g., 

gold-copper tailings [37], rare earth tailing [38], 
germanium tailings [39]) since the chemical 
compositions of the above-mentioned wastes are in 
accordance with the most common parent glass with 
ternary or quaternary systems. Besides, research on 
the glass-ceramic synthesis from waste CRT glass 
was also found in past decades [40−42]. However, 
these studies mainly focused on non-lead CRT panel 
glass, or directly using FG in producing       
glass-ceramics without lead extraction, which 
resulted in a waste of lead resources and a potential 
contaminant to the environment. 

To produce glass-ceramics from FG, the 
introduction of other ingredient adjusters, e.g., CaO, 
Al2O3, and MgO, is required because the typical 
glass-ceramics systems used for construction 
materials are CaO−Al2O3−SiO2, MgO−Al2O3−SiO2, 
or CaO−MgO−Al2O3−SiO2, while FG is mainly 
composed of SiO2, PbO, K2O, and Na2O. CFA is an 
industrial by-product produced during the 
combustion of coal in thermal power plants, which 
contains a considerable amount of SiO2, CaO, Al2O3, 
and Fe2O3. Thus, CFA can be used as a low-cost 
ingredient adjuster for the glass-ceramic synthesis 
from waste FG. Sintering method is commonly 
adopted for the production of glass-ceramics, which 
involves melt homogenization and sintering process. 
When using FG to produce glass-ceramics, the PbO 
in the FG can be recovered as metallic lead with the 
presence of reducing agents during the melt 
homogenization process. Therefore, it is reasonable 
to deduce that the glass-ceramic synthesis and lead 
extraction can be achieved simultaneously in the 
homogenization process. Based on the above 
considerations, we proposed a new approach for 
extracting lead and producing glass-ceramics from 
waste FG [10]. In brief, FG was collaboratively 
smelted with CFA, and the resultant homogeneous 
glass melt was quenched in water. Appropriate heat 
treatment was implemented to synthesize     
glass-ceramics from the quenched parent glass. The 
results provide a feasible strategy for detoxifying and 
reusing waste FG and CFA. 

Based on the previous result, the influence of 
sintering temperature on crystallization behavior and 
physicochemical properties of glass-ceramics 
synthesized from waste FG and CFA was 
investigated. X-ray diffraction (XRD) and scanning 
electron microscopy (SEM) were employed to 
determine the changes in phase characteristics and 
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morphological properties of glass-ceramics samples 
obtained with 40 wt%−80 wt% FG additions. 
Moreover, the optimal sintering temperature was 
determined by the measurement of density, porosity, 
mechanical properties, chemical resistance, and 
leaching characteristics of the glass-ceramic samples. 
 
2 Materials and methods 
 
2.1 Materials 

CRT FG was acquired from an appliance 
dismantling enterprise in Liaoning province, China. 
Anthracite was obtained from a metallurgic plant, 
and CFA was taken from a thermal power station in 
China. The chemical compositions of CFA and FG, 
determined by using X-ray fluorescence (XRF, 
PANalytical-AxiosmAX, Almelo, Netherlands), are 
given in Table 1. The main components of FG are 
SiO2, PbO, K2O, and Na2O, and the main constitutes 
of CFA are SiO2, CaO, and Al2O3, which are typical 
of the most common parent glass with ternary 
systems. XRD analysis of FG and CFA is shown in 
Figure 1. FG exhibits a total amorphous structure, 
and CFA shows a poorly crystallized state, where 
only peaks attributable to SiO2 appear in the XRD 
pattern. The CaO used in the experiment is of 
analytical-grade. Anthracite with a fixed carbon 
content of 84.5% was employed as a reducing agent, 
and the carbon loading amount was determined by 
the molar ratio of C/PbO. Anthracite, FG, and CFA 
were crushed, milled, and dried for 24 h at 105°C. 
 
Table 1 Chemical compositions of FG and CFA used for 

the experiment (wt%) 

Sample SiO2 CaO PbO K2O Na2O Al2O3 MgO Fe2O3 TiO2

FG 53.39 4.53 20.25 9.90 4.44 3.69 1.75 0.3 —

CFA 56.92 10.00 — 2.23 1.23 21.51 1.42 3.78 1.20

 

 
Figure 1 XRD patterns of FG and CFA 

 
Samples with different FG additions, namely,     
40 wt% FG-60 wt% CFA (FG40), 50 wt%      
FG-50 wt% CFA (FG50), 60 wt% FG-40 wt% CFA 
(FG60), 70 wt% FG-30 wt% CFA (FG70), and    
80 wt% FG-20 wt% CFA (FG80), were prepared. 
Anthracite and CaO were introduced into the 
samples to gain a C/PbO ratio of 1.0 and a CaO/SiO2 
ratio of 0.4 determined in Ref. [10]. Afterwards, the 
prepared samples were homogenized by a blender 
mixer. 

The fully mixed sample was loaded into an 
alumina crucible and then transferred to a MoSi2 
resistance furnace. The furnace was procedurally 
heated from room temperature to 1450 °C and kept 
for 2 h. Afterwards, the upper glass melt in the 
crucible was poured into cold water to ensure 
uniformity, and the metallic lead deposited at the 
bottom of the crucible and the residual glass were 
together quenched in water. After separating the 
metallic lead, the quenched glass particles were dried 
at 105 °C for 4 h and then ground into powder for 
producing glass-ceramic. The as-quenched glass was 
identified as parent glass. The flow chart of the 
whole process is shown in Figure 2. 

Table 2 shows the chemical compositions of the 
parent glass. The content of PbO in the parent glass 
is below 0.6 wt% after reduction smelting. The 
contents of K2O and Na2O increase with FG addition, 
whereas the contents of Al2O3, Fe2O3, and TiO2 show 
a continuous decrease. The concentrations of Na2O 
in all glass samples are lower than the theoretical 
value due to the evaporation of Na2O at high 
temperature [43]. 
 
2.2 Heat treatment 

To prepare glass-ceramics, a cylindrical sample 
with a height of 5 mm and a diameter of 20 mm was 
obtained through cold-pressing of the parent glass 
powder at 30 MPa without using any adhesive. The 
cylindrical glass sample was dried for 6 h at 105 °C, 
placed in an alumina boat and heated to a given 
nucleation temperature at a rate of 10 °C/min in a SiC 
tube furnace. After treatment for 1 h, the sample was 
further heated to the desired sintering temperature at 
a rate of 3 °C/min, held for 2 h, and then cooled to 
room temperature along with the furnace. The 
nucleation temperature and sintering temperature 
were determined based on the DSC curve acquired 
in Ref. [10]. In brief, the nucleation temperature of 
samples FG40−FG80 was identified as 750 °C, and   
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Figure 2 Flow chart of lead extraction and glass-ceramics synthesized from waste FG and CFA 

 
Table 2 Chemical compositions of parent glass with various FG additions (wt%) 

Sample SiO2 CaO Al2O3 K2O Fe2O3 PbO MgO Na2O TiO2 

FG40 51.02 20.36 13.96 4.76 3.24 0.58 2.30 1.29 0.62 

FG50 51.23 20.64 12.67 5.65 3.07 0.51 2.32 1.82 0.56 

FG60 51.25 20.60 11.27 6.45 3.13 0.47 2.36 2.44 0.43 

FG70 51.56 21.12 9.46 7.23 2.07 0.36 2.84 2.97 0.35 

FG80 52.22 21.37 7.99 8.10 1.61 0.43 2.72 3.69 0.27 

 
the sintering temperatures were selected to 900− 
1000 °C. The as-prepared glass-ceramic samples 
were partly crushed and ground into powder for 
chemical compositions analysis using XRF and 
atomic absorption spectroscopy (AAS, Z-2300, 
Hitachi, Japan). 
 
2.3 X-ray diffraction and scanning electron 

microscopy analysis 
XRD analysis (X’PERT PRO MPD/PW3040, 

PANalytical B.V. Corporation, Almelo, Netherlands) 
was carried out to explore the crystal phases of the 
nucleated glass-ceramic material. CuK radiation was 
used to collect the XRD patterns of the powder 
samples in the 2θ range of 10° to 80° for 10 min at 
40 kV and 30 mA settings. 

SEM (JSM-7800F JEOL, Tokyo, Japan) 
equipped with energy-dispersive X-ray spectroscope 
(EDS, INCA Energy 350, OXFORD) detector was 
employed to determine the microstructure 
characteristics of the sintered glass-ceramic samples 
at an acceleration voltage of 15 kV. Silicon carbide 

sandpaper was used to grind the samples, which were 
further polished with diamond paste to achieve a 
mirror-smooth surface. After being etched with HF 
solution (5 vol%) for 1.5 min, the polished samples 
were immediately rinsed with excess distilled water 
and then washed in ethanol for 2 min. The     
glass-ceramic samples were coated with carbon for 
microstructure analysis. 
 
2.4 Properties tests 

The conventional liquid displacement method 
based on the Archimedes principle was used to 
measure the water absorption (%) and density of the 
glass-ceramics samples, according to the procedure 
outlined in GB/T 9966.3-2001. In short, the sample 
was firstly weighed (m0) and then immersed in 
distilled water at (20±2) °C for 48 h. The soaked 
sample was wiped with a wrung wet towel to remove 
the surface moisture and immediately weighed (m1). 
Subsequently, the water-saturated sample was placed 
in a net basket, immersed in (20±2) °C distilled water, 
and then weighed in water (m2). The apparent density 
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(ρa) and water absorption (Wa) are expressed in   
Eqs. (1) and (2): 
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where m0 is the mass of the sample in air; m1 is the 
mass of water-saturated sample in air; m2 is the mass 
of water-saturated sample in water; and ρw is the 
density of distilled water at room temperature. After 
measuring the apparent density, the densities of the 
samples with a size of less than 45 mm were 
measured again. The porosity (P) was evaluated by 
the difference in density before and after grinding, 
according to Eq. (3): 
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where ρb is the density of the sintered sample after 
milling. The glass-ceramic samples were conducted 
with Vickers hardness measurements 
(KB3000BVRZ-SA, Shanghai Everone Precision 
Instruments Co., Ltd., China). Diamond paste was 
used to grind and polish the samples. The polished 
samples were measured with a load of 10 kg and an 
indentation time of 10 s. At least five points were 
tested in every test, and the results were averaged. 

The chemical resistance was measured 
according to M. Erol’s work [44]. To be specific, 2 g 
of granular samples were treated in 70 mL HNO3  
(10 wt%) and NaOH (10 wt%) solutions at 100 °C 
for 2 h, respectively. The specimens were soaked and 
then washed with distilled water, and were further 
dried at 105 °C for 6 h. Afterwards, the weight of the 
samples was measured, and the percentages of 
weight losses were calculated. 

Toxic characteristic leaching procedure (TCLP) 
experiments were also performed on the synthesized 
glass-ceramic materials to characterize the leaching 
characteristics of heavy metals. First, 5.7 mL of 
glacial acetic acid was dissolved in 500 mL of 
deionized water to prepare the leaching solution 
(acetic acid buffer solution). Second, 64.3 mL of   
1 mol/L NaOH solution was added, and the solution 
was diluted to 1 L. Third, the pH of the solution was 
adjusted to 4.93±0.05 using 1 mol/L HNO3 or      
1 mol/L NaOH. The ground glass-ceramic sample 
(<9.5 mm) was put in a leaching vial, and extraction 
fluid was added to obtain a liquid-solid ratio of    

20 mL/g. The closed vial was stored at 25 °C for   
18 h. A 0.45-μm filter was used to filter the resulting 
solutions and inductively coupled plasma-optical 
emission spectrometry (ICP-OES, Optima 8300DV, 
PerkinElmer, USA) was used to measure the 
concentrations of heavy metal ions in the leaching 
solution. 
 
3 Results and discussion 
 
3.1 Microstructural characterization of produced 

glass-ceramic samples 
Figure 3 shows the XRD analysis results of 

glass-ceramic samples obtained at different sintering 
temperatures ranged from 900 to 1000 °C. For 
sample FG40, obvious diffraction peaks were 
observed at all tested temperature ranges, implying 
the occurrence of significant crystallization within 
the parent glass. The main crystal was identified as 
diopside (Ca(Mg,Al)(Si,Al)2O6, JCPDS card  
number: 00-025-0154), with anorthoclase 
(Na0.71K0.29AlSi3O8, JCPDS card number:       
00-010-0361) as a secondary crystal phase. In 
addition, the higher background signals from 20° to 
35° demonstrate the presence of amorphous glass 
phase in the produced glass-ceramics. When FG 
addition reaches 50 wt%, the crystalline phases    
of glass-ceramics transform into gehlenite 
(Ca2(Al(Al,Si)O7), JCPDS card number: 01-087-
0968) and sanidine (K0.47Na0.43Ca0.10Al1.1Si2.9O8, 
JCPDS card number: 00-013-0456) (Figure 3(b)). 
With elevated sintering temperature, the diffraction 
peak of the sanidine phase gradually becomes 
weaker. Previous studies have identified crystalline 
phases such as gehlenite and diopside in the   
CaO–Al2O3–SiO2 (CAS) type glass-ceramics [45]. 
The XRD pattern of the sample FG60 is similar to 
that of the sample FG50, where the crystal phases are 
sanidine and gehlenite (Figure 3(c)). The peaks of 
gehlenite are more pronounced at 950 and 1000 °C. 
Meanwhile, it is worth noting that the amorphous 
peak at 20°−35° decreases first and then increases 
with the increase of the sintering temperature, 
exhibiting its minimum at 950 °C, which suggests a 
favorable crystallinity. As FG addition increases to 
70 wt% and 80 wt%, peaks attributable to 
K2MgSi5O12 (JCPDS card number: 00-045-1499) 
become noticeable in the XRD patterns and 
dominate in FG80 sample, while the peaks for 
sanidine disappear. Gehlenite phase remains in the   
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Figure 3 XRD patterns of glass-ceramic 
specimens produced with different sintering 
temperatures: (a) FG40; (b) FG50; (c) FG60; 
(d) FG70; (e) FG80
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samples but with lower diffraction peak intensity. To 
sum up, at processing temperatures of 900−1000 °C, 
significant crystallization could occur within the 
samples FG40−FG80. Compared with samples 
FG40 and samples FG80, FG50, FG60 and FG70 
exhibit a higher crystallinity. With FG addition, the 
diffraction peaks of gehlenite gradually weaken, 
while the Na- and K-containing heterogeneous 
crystal phases increase. This observation is 
consistent with the variation trend of the parent glass 
composition, that is, with the increase of FG addition, 
the content of Al2O3 gradually decreases, while Na2O 
and K2O increase. 

Figure 4 shows the SEM images of surface 
morphologies of glass-ceramic samples FG40−FG80 
produced with various sintering temperatures of 
900−1000 °C. EDS analysis was performed in 
several regions on the surface of the specimens to 
check chemical homogeneity. The results show that 
the samples are generally homogenous, and 
segregation did not occur at higher temperatures. At 
lower sintering temperatures, the sample FG40 
exhibits a low degree of crystallization, where the 
precipitated crystals with irregular shapes show an 
uneven distribution and varying grain sizes. Cracks 

appear between the grains, which may cause the 
mechanical strength of glass-ceramics to decrease. 
Besides, obvious voids were observed on the surface 
of glass-ceramic samples after being treated with HF 
due to the presence of amorphous glass, which is 
prone to be corroded by HF compared with the 
crystals. The quantity of crystal in glass-ceramics 
increases with sintering temperature. The grains are 
spherical, with the largest size at 975 °C. 

Analogous to the sample FG40, the degree of 
crystallization of the sample FG50 increases with the 
increasing sintering temperature. Spherical shape 
crystals with a size of 100−300 nm were observed in 
the SEM image. When the temperature reaches 
1000 °C, the number of crystal grains decreases, and 
a mass of glass phases exist in the sample with 
crystals embedded in the glass matrix. Generally, the 
crystallization process of glass-ceramics includes 
two stages, namely, crystal nucleation and crystal 
growth. The rate of nucleation and crystal growth are 
functions of undercooling and viscosity. The 
hindrance of viscosity to particle diffusion limits the 
crystallization rate, especially the crystal nuclei grow 
rate. Previous studies have shown that temperature 
has two effects on sintering. On the one hand, the 

 

 
Figure 4 SEM images of glass-ceramic specimens produced with various sintering temperatures   
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glass viscosity decreases with the increase of 
sintering temperature, which promotes the viscous 
flow mass transfer of the glass liquid phase, thereby 
resulting in a dense sintering of glass-ceramics. On 
the other hand, as the temperature rises, the 
crystallization degree of the glass-ceramic increases 
rapidly. The elevated viscosity of the liquid glass 
resulted from the precipitation of the crystal phase 
causes high resistance to crystallization, which 
inhibits the further sintering process. Therefore, the 
FG50 sample exhibits an inferior crystallinity at 
1000 °C, because this temperature significantly 
exceeds the crystallization temperature of 953.17 °C. 

Sample FG60 shows a low degree of 
crystallization at 900 and 925 °C. Crystal grains with 
uneven size and distribution are observed in the 
sample. As the sintering temperature increases, the 
crystals in the sample grow, and the number of 
crystal increases. The crystallites of the       
glass-ceramics are densely distributed, and their 
sizes tend to be uniform. At 975 °C, club-shaped 
crystals with a size in the range of 1−2 μm in length 
are homogeneously dispersed within the glass matrix. 
However, a further increase of sintering temperature 
causes a reduced degree of crystallization of the 
glass-ceramic. The crystals exhibit an uneven size 
and seem to combine with a glass phase. The 
variation trend of FG70 is consistent with FG60, 
where the sample shows a poor crystallinity at a 
lower sintering temperature, and then the 
crystallization degree increases by the elevated 
temperature, reaching the optimum at 950°C, 
followed by a decrease with a further increase of 
sintering temperature. 

For sample FG80, it is noted that agglomerated 
tiny crystals 80−250 nm long were sparsely 
embedded in the glass matrix, and most parent 
glasses remained un-nucleated at the tested 
temperature range. Some cracks were observed in 
the glass matrix, which may lead to high porosity and 
poor mechanical properties. 

To summarize, the SEM observations are 
consistent with the XRD results, confirming a 
relatively high crystallization degree in samples 
FG50−FG70 and a worse crystallization state in 
samples FG40 and FG80. Increasing sintering 
temperature can enhance the crystallization degrees 
of samples FG40−FG70, but excessive temperature 
exerts an adverse effect on the crystallization. 

3.2 Physical and mechanical properties of 
produced glass-ceramics samples 
Figures 5(a)−(d) describe the influence of 

sintering temperature on apparent density, relative 
density, water absorption, and hardness of     
glass-ceramics specimens, respectively. The 
apparent densities of glass-ceramic samples 
FG40−FG70 increase as the sintering temperature 
increases and begin to decrease after reaching a 
certain value. The densities of samples FG40−FG70 
reach their maximum values at 975, 925, 950 and 
925 °C, which were 2.42, 2.51, 2.59 and 2.69 g/cm3, 
respectively. In comparison, the density of sample 
FG80 decreases continuously with the increasing 
temperature, exhibiting its maximum of 2.66 g/cm3 
at 900 °C. According to previous studies, the density 
of glass-ceramics correlates well with the 
crystallization degree. The occurrence of 
crystallization can promote the formation of more 
dense crystal structures in the sample and decrease 
the pores between the crystals, resulting in an 
increased density and a reduced water absorption of 
the sample [44]. It is observed that both samples 
FG40 an FG80 show their best densities at the 
sintering temperature below crystallization 
temperature, with differentials ranging from 
12.5−28.2 °C. This is because the crystallization 
degree was not only influenced by the sintering 
temperature. Other factors, such as sintering time, 
glass viscosity, and glass particle size, can also exert 
an effect on the crystallization of the sample. Thus, 
the optimal crystallization degree may not be 
accurately obtained at crystallization temperature. 
The varying differentials among different samples 
may be attributed to deviation resulted from the glass 
quenching process, which is manually operated by 
pouring the melt into water using a hawkbill. To 
determine the variation trend of density among 
different samples, the relative densities (ρr) were 
calculated by considering the deviation caused by 
composition change. The relative density is 
expressed as follows: 
 

a
r

x x
x

M







                             (4) 

 
where ρa is the apparent density of the glass-ceramic 
sample; ωx donates the mass fraction of metallic 
oxide in the glass sample; Mx donates the relative 
molecular mass of metallic oxide in the glass sample. 

The results shown in Figure 5(b) indicate that   
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Figure 5 Effect of sintering temperature on: (a) Apparent density; (b) Relative density; (c) Water absorption; (d) Vicker 

hardness of produced glass-ceramic specimens 

 
the relative density of glass-ceramics increases by 
the addition of FG. This can be attributed to the low 
softening point of the glass, which provides a large 
amount of liquid phase during the sintering process 
and therefore reduces the viscosity of the parent 
glass. As a consequence, the diffusion of ions in 
glass-ceramics is accelerated, thereby promoting the 
crystal nucleation and growth. The precipitation of 
the crystalline phase leads to the shrinkage of pores 
in the sample to form a dense structure. However, 
excessive FG addition can inhibit the sintering 
process due to the presence of a high level of brittle 
glass. The variation trend of water absorption is 
opposite to that of density (Figure 5(c)), that is, the 
water absorption initially decreases and then 
increases with the temperature for samples 
FG40−FG70, while it shows a continuous decrease 
for the FG80 sample. 

Figure 5(d) presents the Vickers hardness of 
samples FG40−FG80 as a function of sintering 
temperature. The Vickers hardness of the sample 
FG40 increases first and then decreases with 
increasing temperature, reaching a maximum of  

4.23 GPa at 975 °C. The hardness of FG50 sample 
shows a significant increase as the temperature 
varies from 900 to 925°C and then keeps at a steady 
level. The sample FG60 exhibits a favorable 
compressive property at sintering temperatures of 
950 and 1000 °C, where the hardness is 568 and  
5.64 GPa, respectively. As FG addition reaches   
70 wt%, a remarkable compressive property up to 
6.60 GPa was obtained at 950 °C. Hardness value for 
FG80 sample is unavailable because fragmentation 
occurred around the indentation during the 
measurement, and the indentation area could not be 
read. As indicated by the chemical compositions of 
FG and CFA, the content of R2O in the parent glass 
gradually increases by the addition of FG, while the 
contents of Fe2O3 and TiO2 decrease. R2O acts as a 
network breaker to provide free oxygen to the glass 
matrix, thereby promoting the depolymerization of 
the silicate network structure and reducing the 
viscosity of the glass. Moreover, the sintering 
activation energy of the glass-ceramic sample and 
the initial sintering temperature can be decreased by 
R2O, thereby facilitating the sintering process [46]. 
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Therefore, the increase of FG addition can promote 
the sintering to some extent, leading to the 
enhancement of the physicochemical properties. 
Further introduction of FG, however, can inhibit the 
sintering process because of the high level of R2O. 
When FG addition increases to 80 wt%, the sintering 
and crystallization occurred almost simultaneously 
within the sample. Consequently, the viscosity of the 
liquid phase increases rapidly due to the precipitation 
of crystals, thereby reducing the sintering rate. Most 
of the brittle glass phase remains in the sample, 
causing a decreased compressive property. 
 
3.3 Chemical resistance and leaching 

characteristics of produced glass-ceramic 
samples 

The acid resistance is an important indicator to 
determine the feasibility of using glass-ceramics as a 
building exterior wall material. Thus, the chemical 
durabilities of the glass-ceramic materials were 
measured, and the results are listed in Table 3.  
Glass-ceramic is mainly composed of a crystal phase 
and a glass phase. The acid resistance of the crystal 
phase is superior to that of the glass phase, so the acid 
resistance is mainly determined by the degree of 
crystallization. The elevated crystallization degree 
results in the generation of more crystals in the 
sample. Besides, the enhancement of the 
crystallization degree could lead to a more dense 
structure in order that the pore space between 
crystals gradually decreased. As a result, the reaction 
specific surface area decreased, and resultant good 
stability in acid solution was obtained. The variation 
 
Table 3 Chemical resistances of sintered glass-ceramic 

samples 

Solvent 
(10%) 

T/°C 
Mass loss/wt% 

FG40 FG50 FG60 FG70 FG80

HNO3 

900 7.83 4.53 5.45 2.43 3.83

925 5.31 2.61 3.82 2.37 3.48

950 4.73 3.29 3.28 3.16 4.49

975 3.42 3.77 3.71 3.46 4.86

1000 5.12 3.96 3.57 3.52 5.59

NaOH 

900 0.31 0.18 0.47 0.02 0.18

925 0.20 0.01 0.23 0.01 0.15

950 0.15 0.03 0.04 0.05 0.12

975 0.06 0.05 0.11 0.04 0.33

1000 0.18 0.05 0.21 0.03 0.62

trend of acid resistance of glass-ceramics is generally 
in accordance with the density. That is, as the 
sintering temperature increases, the corrosion 
resistance of glass-ceramics increases first and then 
decreases. The optimal acid resistances of samples 
FG40−FG80 were obtained at 975, 925, 950, 925 and 
925 °C, respectively. Additionally, it is obvious that 
the produced glass-ceramic samples possess higher 
resistance to alkali solutions than acidic solutions 
because the glassy matrix is more easily leached in 
the acidic solutions. 

TCLP measurement was performed on the 
glass-ceramic samples synthesized at the optimal 
sintering temperatures. The results shown in Table 4 
indicate that the contents of Cu and Cr in the leaching 
solution were lower than the detection limit. A small 
amount of Pb and Zn was detected in the filtrate, 
which was well below the regulatory limits of the US 
Environmental Protection Agency (US-EPA). This 
result proves that the residual heavy metals were 
successfully immobilized in the sintered glass-
ceramic materials, and the prepared glass-ceramic 
samples are non-toxic materials. 
 
Table 4 TCLP results of sintered glass-ceramic samples 

(mg/L) 

Sample Pb Zn Cu Cr 

FG40 0.11 0.07 N.D N.D 

FG50 0.03 0.02 N.D N.D 

FG60 N.D* 0.09 N.D N.D 

FG70 N.D 0.04 N.D N.D 

FG80 0.06 0.04 N.D N.D 

US-EPA limit 5 100 15 5 

N.D: Values are below detection limit. 

 
4 Conclusions 
 

This study proposes an innovative method for 
extracting lead and synthesizing glass-ceramics from 
waste FG and CFA. The effects of sintering 
temperatures on phase, structure, and properties of 
glass-ceramics were studied by XRD, SEM, and 
physicochemical property measurements. The 
following conclusions can be drawn: 

1) Significant crystallization could occur within 
samples FG40−FG80 after being sintered at 
900−1000 °C. Compared with samples FG40 and 
samples FG80, FG50, FG60 and FG70 showed a 
higher degree of crystallization. By the addition of 
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FG, the main crystal phase of glass-ceramic 
transformed from diopside to gehlenite. The crystal 
phase of glass-ceramics is mainly spherical. The 
degree of crystallization gradually increased with 
elevated sintering temperature, and then decreased 
when the temperature reached a certain value. 

2) The densities of glass-ceramic samples 
FG40−FG70 increased with the sintering 
temperature, followed by a decrease after a certain 
temperature, while the sample FG80 showed a 
continuous decrease. The highest densities of the 
prepared  glass-ceramic samples were generally 
obtained at the sintering temperature closed to the 
crystallization temperature. The increase of FG 
addition can enhance the density of glass-ceramics 
due to the presence of low melting point constituent 
in FG. The variation trend of water absorption is 
opposite to that of density. 

3) The chemical resistance of produced glass-
ceramics was relevant to the density, that is, 
specimens FG40−FG80 showed desirable chemical 
resistance at the optimal density. The resistance of 
the produced glass-ceramic samples to alkali 
solutions is stronger than to the acidic solutions. 
TCLP test confirmed that the synthesized materials 
were non-hazardous. Engineering and construction 
applications of the superior glass-ceramic products 
were proved to be possible by the physical and 
mechanical properties measurements, chemical 
resistance tests, and leaching characteristics of heavy 
metals. 
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中文导读 
 

烧结温度对废弃阴极射线管锥玻璃制备微晶玻璃的结构及性能的影响 
 
摘要：废弃阴极射线管(CRT)锥玻璃(FG)是电子电气废物（电子废物）处置中的重要组成部分。本文提

出了一种通过锥玻璃与粉煤灰(CFA)协同冶炼从锥玻璃中高效提取铅并制备微晶玻璃的新方法。在 FG
加入量 40 wt%~80 wt%、烧结温度 900~1000 °C 的条件下制备了微晶玻璃材料。通过 X 射线衍射(XRD)
和扫描电子显微镜(SEM)研究了微晶玻璃的微观结构和相组成。测量了微晶玻璃的密度、吸水率、维

氏硬度、化学抗性和重金属浸出特性。实验结果表明，样品可以在 900~1000 °C 的烧结温度下产生晶

化。较高的烧结温度有利于提高结晶度，但温度过高会抑制析晶。随着 FG 添加量的增加，主晶相从

透辉石转变为钠钙石。FG 加入量为 50 wt%~70 wt%的样品结晶度较高。FG 加入量为 40 wt%、50 wt%、

60 wt%、70 wt%、80 wt%的样品分别在 975、925、950、925 和 900 °C 下达到最佳的化学和物理性能。

结果表明，本文提出的方法可实现废弃锥玻璃和粉煤灰的无害化及再生利用。 
 
关键词：粉煤灰；锥玻璃；微晶玻璃；铅回收；烧结温度 


