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Abstract

Background: Lead-containing glass wastes from crystal factories have environmentally harmful problems. In the
current work, the reduction and the feasibility of recycling of such waste through the preparation of glass in the
ternary system containing wastes—silica'sand—soda-lime-silica glass, were investigated in different ceramic or
composite materials.

Results: The ceramic samples are characterized by crystallization of kilchoanite (Ca3Si2O7) in addition to mixed Ce
oxides [i.e., CeO2 and Ce2O3] in Pb-containing waste alone. In the other ceramic samples containing the three
constituents, low quartz, tridymite, cristobalite, and wollastonite were developed. The microstructures of the later
ceramics show scattered needles and interlocked ones spread in glassy matrix. The density, porosity, and
compression strength values of ceramic samples were between 0.392 and 2.743 g/cc, 9.33% and 30.19%, and
between 10.26 and 83.25 KN/mm2, respectively. However, sintered Pb glass-containing wastes have the highest
porosity, lowest density, and compression strength. The leachability of Pb in ceramic samples, according to the
standard method by ASTM-D3987 (American Standard for Testing Materials, 2012), was between 0.025 and 0.007
mg/L which is lower than the legal value (5 mg/L).

Conclusion: The present product can be used in insulation, cladding brick, and as refractory (up to 900 °C) for the
samples containing the three constituents.
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Introduction
Heavy metals in industrial wastes are considered danger-
ous and anti-environment materials. Therefore, the need
for stabilization/solidification of industrial wastes into
useful materials or keeping it in inert condition is a great
challenge.
Waste glass was attractive to either keep the industrial

wastes or produce new useful materials. Cathode ray
tube glass (CRTs) of television sets, which has become
limited in use, contains lead oxide up to 20–25 wt.% and
is considered environmentally dangerous. CRT glass
powder was successfully treated with nitrilotriacetic acid
(C6H9NO6) chelating agents; the product was used as a

supplementary cementing material or as a fine aggregate
in cementations mortars (Bursi et al. 2017).
However, some CRT glass can be used in jewelry, crys-

tal, or radio shielding glasses (Singh et al. 2016). Other
treatment of CRTs with nitric acid was employed, and
the product as fine aggregate was used in cement mortar
(Ling and Poon 2013). Some researcher extract Pb from
CRT glass up to 99% by ethylene diaminetetraacetic acid
disodium salt (Na2EDTA) (Sasai et al. 2008). Lead fum-
ing slag (has high ratio of CaO, SiO2, FeO, and Al2O3)
can be used with raw materials in glass-ceramics with
good properties for construction purposes (Ponsota
et al. 2015). Also, addition of waste glass to lead fuming
wastes can lower the melting temperature and reduce
the heat-treatment (Yoon et al. 2013; Pan et al. 2018).
The pre-work in wastes of Pb-crystal glass factories is

rare. In Egypt, Elkersh (2014) found that the addition of
SiC increased the foam porosity and reduced density,
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compression strength, and thermal conductivity. Also,
he found that addition of granite reduced the foam por-
osity and increased the bulk density, compression
strength, and thermal conductivity. Reuse of crystal glass
wastes by re-melting process into saleable products was
done in Germany and such product may have pebble or
streaks but its cost is clearly lower than the cost for
waste disposal (Klaus-Peter Martinek 1999). Heat treat-
ments of crystal glass wastes gave emotional design that
can be reused in coatings for exterior walls or interior
vertical coverings, furniture, and equipment which allow
light to pass through (Fernando Miguel Marques 2015)
The present work deals with the developed ceramic

material, through the system: waste of Pb-crystal glass, sili-
ca'sand, and soda-lime-silica glass, with study of some
characterization and properties. The developed ceramic ma-
terials can be used in insulation and building constructions.

Methods
The starting materials in this work include Pb-containing
wastes, silica, and soda-lime-silica glass cullet (SLSG). The
chemical analysis of the starting materials was mentioned
in Table 1. The batch of the samples was selected through
the triangle of the main three constituents at each peak
(Fig. 1). The well-mixed batches were casted into discs

(about 1/2 in. in diameter) using uniaxial pressure at 20
KN/mm2. All discs were dried at 180 °C.
The chemical analysis of the Pb-containing waste and

the sintered samples were carried out using X-ray fluor-
escence (WDXRF, Rh tube, PANalytical). The developed
crystalline phases in sintered samples were identified by
x-ray diffractometer (XRD; X-ray diffractometer model
BRUKER Axs, D8ADVANCE, Germany). Scanning elec-
tron microscope (SEM/EDX, model FEJ quanta 250 Fei-
Holland) was used on the fresh fracture surface of the
sintered sample etched by 1%HF-1% HNO3.
The compression stress was performed using a univer-

sal testing machine. The density of the sintered samples
was performed using sensitive balance for weight meas-
uring and digital calipers for dimensions measuring to
calculate size.

Characteristics of Pb-containing waste
Crystal glass (may be called lead glass) is a variety of
potash glass with replacement of lead (PbO: 18–40% by
weight) for calcium. The addition of lead oxide in glass
batch lead to the brilliance and sparkling effect in crystal
glass; therefore, it is desirable in decorative and architec-
ture purposes (Benvenuto 2015 )
In the crystal glass factory, after grinding and polishing of

crystal glass, considerable amount of wastes are generated

Fig. 1 Triangle of the ratio of Pb-containing wastes, silica’sand and soda-lime-silica glass
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which are collected in water as sludge of Pb-containing
waste. Three sludge batches were collected from local crys-
tal glass factory in Egypt. The collected sludge were mixed
and pulverized to less than 0.038mm in grain size, accord-
ing to the ISO2859-1 method.
The leaching of lead from the tested sample was car-

ried out according to the ASTM D3987 (2012) method

“Standard Practice for Shake Extraction of Solid Waste
with Water”. A sample of 70 g of the sludge along with
1400 ml of distilled water was added in 2-l container
leaving adequate headspace for mixing at 29 rpm speed
according to the standard, and the sample was agitated
for 18 h. The leached lead ratio from the solution was
determined using Spectrophotometer (Genway 6300-
spectrophotometer—UV single beam). In the representa-
tive sludge sample, the leaching content of Pb was found
7.53 mg/L. The determined lead ratio in the sludge sam-
ple was higher than the legal one (5 mg/L, Table 2).
Therefore, the present Pb-solid waste is considered haz-
ardous based on US legislations. Table 2 shows the aver-
age content of Pb in mg/L after leaching in water for the
three samples.
The x-ray diffraction of the dried Pb-containing waste

showed a mixture of crystalline CeO2 (ICDD card 81-
0792) and Ce2O3 (ICDD card 87-0484) with clear

Fig. 2 X-ray diffraction pattern of dried Pb-containing waste W0 and the composite WSG1, WSG2, and WSG3 samples

Table 2 Measured pH value and Pb concentration of the
sludge leachate

Sample number pH Pb concentration (mg/L)

1 9.20 6.715

2 9.80 8.483

3 9.31 7.397

Average 9.44 7.532

ASTM D3987 (2012) 5.000
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amorphous hump between 2Θ 20 and 30 (Fig. 2). The
later results showed the used material in polishing the
crystal glass (i.e., CeO2 and Ce2O3 ) and with the
abraded crystal glass.

Results
The chemical analysis of the sintered Pb-containing
waste W0 sample at 900 °C/2 h shows ~ 20% of PbO
(Table 3). For the composite WSG1, WSG2, and
WSG3 samples, sintered at 900 °C/2 h and within Pb-
containing wastes, silica'sand, and sod-lime-silica glass
system, the Pb-content was between 6 and 12% PbO
(Table 3).
The x-ray diffraction analysis of W0, WSG1, WSG2,

and WSG3 samples sintered at 900 °C/2 h is shown
in Fig. 2. In W0 sample of Pb-containing waste, kil-
choanite (ICDD card 85-1048, Ca3Si2O7) was devel-
oped in addition to two valences oxides of cerium
oxide (CeO2, Ce2O3). In the case of WSG1, WSG2, and
WSG3 sintered samples containing admixed Pb-
containing wastes—silica'sand and sod-lime-silica glass,
low quartz was the main phase with cristobalite (ICDD
card 82-1403, SiO2) and wollastonite in WSG1. In the case

of WSG2 and WSG3 of low Pb-containing waste, tridy-
mite (ICDD card 88-535, SiO2) appeared in addition to
the major low quartz with the wollastonite (ICDD card
76-0186, CaSiO3).
The SEM micrographs of the present W0, WSG1,

WSG2, and WSG3 samples sintered at 900 °C/2 h show
large clear pores in the W0 sample which decrease in
size and content in direction of low soda-lime-silica glass
(Fig. 3). In high-magnification photographs, interlocked
needles in glassy matrix are clear in W0 samples and ap-
pear also in WSG1 and WSG3 samples (Fig. 3). In the
WSG2 sample, the needles are impregnated in glassy
matrix and appear as rods spread in different directions
(Fig. 3).The EDX microanalysis of W0 and WSG2 of the
needle- and rod-like crystals show the presence some
predominant elements and very little ones (Fig. 4 and
Table 4). However, in the W0 sample, both CeO2 and
Ce2O3 were developed in addition to Ca silicate kilchoa-
nite [Ca6(SiO4)(Si3O10)]. On the other hand, wollastonite
(CaSiO3) and silica minerals (SiO2) were developed in
WSG2.
The values of density, compression strength, and por-

osity of W0, WSG1, WSG2, and WSG3 samples sintered

Fig. 3 SEM micrographs of W0, WSG1, WSG2, and WSG3 samples sintered at 900 °C/2 h

Table 3 Chemical analysis of the samples after sintering at 900 °C/2 h

Sample no. Chemical composition

SiO2 PbO CaO SO3 Fe2O3 K2O BaO CeO2 ZnO La2O3 F Na2O Sb2O3 Al2O3

W0 36.65 20.04 12.70 8.30 6.47 6.87 n.d. 3.31 1.06 1.21 0.40 1.55 0.52 0.25

WSG1 60.62 12.50 8.50 3.23 3.71 3.36 n.d. 2.11 0.67 0.85 0.21 1.96 0.35 0.50

WSG2 63.11 7.91 12.80 2.00 2.56 2.14 n.d. 1.50 0.44 0.66 0.28 2.08 0.23 0.95

WSG3 63.51 7.00 10.68 3.19 3.69 3.22 n.d. 2.13 2.13 0.85 0.37 3.31 0.28 0.65

n.d. not detected
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at 900 °C/2 h are shown in Table 5. Although the W0
sample has high PbO ratio, its density was very low
(0.392 g/cc) due to its high porosity (~ 30%). The density
of WSG1, WSG2, and WSG3 samples, containing three
constituents, were 2.509, 2.732, and 2.743 g/cc, respect-
ively. In general, the increasing of the density values
follows the increase of soda-lime-silica glass content
concomitant with the decrease in porosity. Also, the
compression strength increased from 10.26 KN/mm2 in
the W0 sample to 83.25 KN/mm2 in the WSG3 sample
of the highest soda-lime-silica glass ratio (Table 4).
The leachability of Pb ratio in the sintered samples,

according to the route mentioned in ASTM D3987
(2012), is given in Table 6. All the resulted values
were lower than the legal value given by ASTM
D3987 route (2012).

Discussions
The present ceramic materials were produced after
the sintering process of the three compositions. In
crystallization, silica minerals, i.e., cristobalite and

Fig. 4 EDX microanalysis of W0 and WSG2 samples sintered at 900 °C/2 h

Table 4 EDX microanalysis of W0 and WSG2 samples sintered
at 900 °C/2 h

EDX microanalysis

Elements W0/wt.% WSG2/wt.%

O 19,40 32.62

F 1.33 1.30

Si 26.63 35.76

Al 0.32 0.68

Na 1.65 5.53

K 4.42 3.40

Ca 4.37 3.34

La 3.47 –

Ce 4.15 –

Fe 5.31 3.88

Pb 28.94 13.51
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tridymite, were enhanced in the presence of alkali
and alkaline earth. One can ask why Ca silicate min-
eral of kilchoanite and wollastonite appeared early at
low temperature (i.e., at 900 °C). Actually, the pres-
ence of some elements in composition of crystal glass,
such as La, Ce, and Zr, can act as a catalyst to en-
hance the crystallization of kilchoanite and wollaston-
ite phases.
The density values of our samples, 2.509, 2.732, and

2.743 g/cc for W1, W2, and W3, respectively, follow
the increase of soda-lime-silica glass content con-
comitant with the decrease in porosity. Also, the
compression strength increase from 10.26 KN/mm2 in
W0 sample to 83.25 KN/mm2 in WSG3 of the high-
est soda-lime-silica glass ratio.
In general, the leachability values of Pb ratio in the

sintered samples were lower than the legal value

given by ASTM D3987 route (2012). This means that
lead was incorporated in the glassy state with very
low mobility in case of leaching process.

Conclusion
Composite materials (like ceramic) were prepared
from Pb glass-containing wastes—silica'sand and soda-
lime-silica glass kilchoanite (Ca3Si2O7)—in addition to
mixed Ce-oxides (Ce2O–Ce2O3) in sintered Pb glass
containing wastes whereas low quartz, tridymite, cris-
tobalite, and wollastonite were developed in the case
of composites containing three constituents. The
density, porosity, and compression strength values of
ceramic samples were between 0.392 and 2.743 g/cc,
9.33% and 30.19%, and between 10.26 and 83.25 KN/
mm2, respectively. The microstructure show scattered
needles and interlocked needles embedded in glassy
matrix. The chemical resistance according to the
method given by the standard method by ASTM-
D3987 (2012) was between 0.025 and 0.007 mg/L
which is very low than the legal value (5 mg/L). From
the later results, the present product can be used in
insulation, in cladding brick, and as refractory (up to
900 °C) for the samples containing the three
constituents.
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Table 6 Leachability of Pb ratio in the samples sintered at 900
°C/2 h

Sample code pH Pb concentration (mg/L)

W0 10.4 0.025

WSG1 9.6 0.013

WSG2 10.1 0.007

WSG3 9.8 0.008

ASTM D3987 (2012) – 5.000

Table 5 Some properties of W0, WSG1, WSG2 and WSG3 samples sintered at 900 °C/2h

Sample
No

Physical Properties Nature of the Product Photo

Density
g/cc
±0.005

Compression strength
KN/mm2

±0.1

Porosity
%
±1

W0 0.392 10.26 30.19 Ceramic material : Yellowish green with very porous

WSG1 2.509 31.16 9.81 Ceramic material : light yellowish green

WSG2 2.732 15.16 9.33 Ceramic material : light whitish green

WSG3 2.743 83.25 14.02 Ceramic material : light green
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