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The crystallization mechanisms for the formation of glass-ceramics by sintering CRT glass with kaolin-based
precursors were investigated by quantitatively determining the crystalline and amorphous phases in the products. Amorphization of sintered products was observed in CRT/kaolinite and CRT/mullite glass-ceramics systems at 700–900 °C. With the increase of temperature, the crystallochemical formation of lead feldspar and
orthoclase was detected. Orthoclase was found to be the major crystalline phase in both CRT/kaolinite and CRT/
mullite systems at 1000–1100 °C. When the temperature increased to 1000–1100 °C, lead feldspar was formed as
the only crystalline phase to host Pb. The leaching tests suggested that the glass-ceramic product sintered by
CRT/kaolin-based precursors has stronger resistance against acid attack because of the incorporation of lead into
lead feldspar crystal protected by glass matrix. The incorporation of CRT glass into glass-ceramics provides a
promising strategy for reducing the environmental hazard of CRT glass.

1. Introduction
The generation of waste electrical and electronic equipment (WEEE,
e-waste) is growing rapidly in the world [1–3]. It was reported that
discarded CRTs account for over 70% of the total e-waste [4]. CRTs
represent about two thirds of the weight of the obsolete television or
computer monitor, which is composed of about 85 wt.% of glass [5,6].
CRTs are usually incinerated and dumped in landﬁlls as municipal solid
waste (MSW) in most countries, even developed countries [7,8]. Unfortunately, lead can leach out from the landﬁlled CRT funnel glasses,
which may seriously contaminate the environment and endanger
human health [9–10]. Thus, the development of technology to detoxify
and recycle CRT glass is strongly needed.
The development of glass-ceramic materials (i.e. porcelain stoneware tiles, ceramic glazes, clay bricks and roof tiles) was widely studied
for recycling CRT glasses [11–24]. Glass-ceramics are materials where
toxic elements can be incorporated into crystals as well as being embedded into a glass matrix, which generates a double barrier protection
for the environment [25]. Such protection concept was also investigated for the immobilization of highly radioactive waste such as
actinides [26,27]. In addition, glass-ceramics with excellent physical

properties make them can be widely used in construction industry,
underground engineering, precision electronic parts, and many other
applications [28–30]. Recent investigations have proposed for producing glass-ceramic materials with controlled morphology by sintering
CRT glass with clay precursors [14,29–31].
The precursor materials used for the production of glass-ceramics
usually include alumina (Al2O3), kaolinite (Al2Si2O5(OH)4), mullite
(3Al2O3⋅2SiO2), cristobalite (SiO2) and etc. [14,15,30–33]. Among
them, kaolinite and mullite are the most commonly used glass-ceramic
precursors [34–37]. Glass-ceramic materials made by kaolinite and
mullite generally have well designed properties when subjecting to
controlled thermal treatment [34–36]. Phase compositions and microstructures formed during thermal treatment are key parameters to determine properties of the ﬁnal glass-ceramics.
Thus, this study was carried out to quantitatively determine the
phase transformation and investigate dominant reaction mechanisms
during sintering of CRT funnel glass with kaolin-based clays. The crystal
growth and the texture change in glass-ceramic products were observed
by XRD and SEM-EDS. Finally, a prolonged leaching procedure modiﬁed from the Toxicity Characteristic Leaching Procedure (TCLP) was
carried out to evaluate the long-term stabilization of hazardous lead in
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glass-ceramic products include kaolinite (Al2Si2O5(OH)4; PDF #791570); mullite (3Al2O3⋅2SiO2; PDF #88-2049); orthoclase
((KNa)AlSi3O8; PDF #83-1253); nepheline (KNa3Al4Si4O16; PDF #741718); sanidine ((KNa)AlSi3O8; PDF #83-1657); lead feldspar
(PbAl2Si2O8; PDF #87-1003) and cristobalite (SiO2; PDF #82-0512).

glass-ceramic products.
2. Experimental procedures
2.1. Raw materials
Funnel glass from color computer monitors was collected in Hong
Kong and crushed into small pieces (around 3 cm) with the coating fully
removed by the wet scrubbing method [38]. The cleaned funnel glass
particles were then dry ball milled and sieved to smaller than 80 μm.
The obtained powder was dried at 105 °C for 24 h. The chemical composition of glass powder was examined by XRF (JSX-3201z, JEOL) to be
SiO2 (51.72%), PbO (21.50%), K2O (8.88%), Na2O (5.70%), CaO
(3.63%), Al2O3 (3.03%), MgO (2.98%) and others (2.55%). Kaolinite
powder (Sigma-Aldrich) was used as one precursor and its XRD pattern
matched well with standard kaolinite peaks. The mullite precursor was
prepared by calcining the kaolinite powder at 1350 °C for 24 h to yield
mullite and cristobalite conﬁrmed by XRD pattern.

2.4. Rietveld reﬁnement
A quantitative reﬁnement method using 10% CaF2 as the internal
standard [39–41] was used to quantify the amorphous content in the
samples. XRD scans were conducted from 2θ = 10° to 110°, with a step
width of 2θ = 0.02° and a sampling time of 0.5 s per step. The Rietveld
reﬁnements for the phase quantiﬁcation were processed by the TOPAS
(version 4.0) program. Structure models of the crystalline phases were
obtained from the ICDD database. Figs. S1 and S2 in the Supplementary
information (SI) present the Rietveld reﬁnement plots of the products
sintered from the CRT/mullite systems, and the corresponding reliability values, indicating the good reﬁnement quality achieved using this
analytical scheme, are provided in SI Tables S1and S2.

2.2. Thermal reaction
To convert all Pb into lead feldspar (PbAl2Si2O8), CRT/kaolinite
mass ratio of 2/1 was used for adjusting the Pb/Al molar ratio of 1/2.
For comparison, CRT/kaolinite mass ratio of 1/1 was used for more
eﬀective incorporating Pb into lead feldspar. Similarly, 2/1 and 1/1
mass ratios of CRT/mullite (and cristobalite) was used for mullite
system. CRT funnel glass was mixed with kaolinite powder and calcined
kaolin (i.e. mullite and cristobalite) with mass ratios of 1/1 and 2/1,
and homogenized by ball milling and pressed into pellets with a diameter of 20 mm and a thickness of ∼5 mm. To ensure consistent
compaction of the samples, the pressures to produce pellets were all
held at 650 MPa for 1 min at room temperature (23 ± 0.5 °C). The
pellets were then transferred into a muﬄe furnace and heated at temperatures ranging from 700 to 1100 °C for 3 h in the air.

2.5. SEM-EDS analysis
Fired glass-ceramic pellets were polished with sub-micrometer
diamond lapping ﬁlm and coated with gold for scanning electron microscopic (SEM) characterization. All SEM analyses were performed on
a Hitachi S-4800 SEM system equipped with a secondary electron detector to obtain morphological information and a backscattered electron detector for energy dispersive spectroscopy (EDS).

2.6. Leaching test
To evaluate the leachability of hazardous lead, original CRT glass
and heated glass-ceramic products were tested using a prolonged
leaching experiment modiﬁed from the SW-846 Method 1311, toxicity
characteristic leaching procedure (TCLP) [42,43]. A pH 2.9 acetic acid
solution (extraction ﬂuid #2) was used as the leaching ﬂuid. Each
leaching vial was ﬁlled with 10 mL of TCLP extraction ﬂuid and 0.5 g
powders of samples. Three duplicates of samples were conducted by
leaching test. The leaching vials were rotated end-over-end at 60 rpm
for 0.75–23.5 d. At the end of each agitation period, the leachates were
passed through 0.2-μm syringe ﬁlters, pH was measured. After leaching,
the concentrations of Pb in the leachates were determined with an inductively coupled plasma-atomic emission spectrometer (Perkin Elmer
Optima 3300DV, Norwalk, CT, USA) with the detection limitation of
less than 0.1 mg/L.

2.3. X-ray diﬀraction
Phase transformation of sintering kaolin-based precursors with CRT
glass was identiﬁed by the X-ray powder diﬀraction technique. The Xray diﬀraction data from the powder samples were collected on a
Bruker D8 Advance X-ray powder diﬀractometer equipped with a Cu Kα
radiation and a LynxEye detector. The diﬀractometer was operated at
40 kV and 40 mA, and the 2θ scan range was 10° to 80° with a step size
of 0.02° and a scan speed of 0.3 s/step. Phase identiﬁcation was performed using Eva XRD Pattern Processing software (Bruker Co. Ltd.) by
matching the powder XRD patterns with those retrieved from the
Powder Diﬀraction File (PDF) database published by International
Centre for Diﬀraction Data (ICDD). The crystalline phases found in the

Fig. 1. XRD patterns of products sintered from kaolinite/CRT glass with mass ratios of (a)1/1 and (b)1/2 at temperatures between 700 °C and 1100 °C for 3 h.
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Fig. 2. Observed (dots), calculated (continuous line) and diﬀerence (bottom line) curves of the reﬁned pattern (a) for CRT/kaolinite of 1/1 (b) for CRT/kaolinite of 2/
1with 10% CaF2 as internal standard. Vertical bars indicate the Bragg positions of the calculated reﬂections for CaF2, orthoclase, lead feldspar and mullite, respectively.

Fig. 3. Vitriﬁcation and crystallization pathways for heating the mixtures of CRT/kaolin.

3. Results and discussion

consistent with the non-crystalline nature of metakaolin
(2Al2O3·4SiO2), which is generally believed to be a dehydration product
from kaolinite at sintering temperatures above 550 °C [44]. At 1000 °C,
the formation of lead feldspar (PbAl2Si2O8) and orthoclase
((KNa)AlSi3O8) was observed in CRT/kaolinite system (1/1), and the
crystal growth of two phases was detected in 1100 °C. The formation of
lead feldspar may be activated by a recrystallization process when
sintering CRT glass with kaolinite:

3.1. Eﬀect of kaolinite on crystallization of glass-ceramics
The eﬀect of temperature on initiating the reaction of CRT glass
with kaolinite was shown in Fig. 1. And a short (3 h) sintering scheme
was carried out at temperatures ranging from 700 to 1100 °C. XRD
patterns of the raw (initial) powder showed a good match with standard
kaolinite peaks. With sintering at 700–900 °C, samples with CRT/kaolinite mass ratio of 1/1 and 2/1 became amorphous. The results were

≡ Si − O−Pb+ +

5186
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(2Al2 O3⋅4SiO2) → PbAl2 Si2 O8 + −Si≡
2

(1)
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Fig. 4. XRD patterns of the products sintered from mullite/CRT glass mass ratios of (a)1/1 and (b)1/2 at temperatures between 800 °C and 1100 °C for 3 h.

Fig. 5. Weight fractions of the crystalline and amorphous phases in products of sintering mullite/CRT glass mass ratios of (a) 1/1 and (b) 1/2 at temperatures
between 700 °C and 1100 °C for 3 h.

Fig. 6. Structure transformation pathway for heating the mixtures of CRT/mullite.

ratio in CRT/kaolinite of 2/1 system facilitated the crystal growth of
nepheline at 800-1000 °C [46,47]. With further heating, the reduction
of nepheline was observed because of the incongruent melting of the
crystalline phase in the amorphous phase [47]. The formation of sanidine was initiated by high content of Na2O and CaO in CRT/kaolinite of
2/1 system [48]. Sanidine was regarded as an eﬀective member of the
ternary system albite-orthoclase-anorthite (NaAlSi3O8-KAlSi3O8CaAl2Si2O8) [49,50], and reported to be easily vitriﬁed at high temperatures [50]. Thus, when the temperature increased to 1100 °C, the
transformation of the intermediate nepheline and sanidine into

The formation of orthoclase in K2O-CaO-MgO-Al2O3-SiO2 system
was reported at 1000 °C [45], which is consistent with the determined
temperature in this study.
When CRT/kaolinite ratio was 2/1, the formation of amorphous
metakaolin was observed at 700–900 °C. The incorporation of Pb into
lead feldspar and the transformation of metakaolin to crystallized
mullite were facilitated by the increase of temperature to 1000 °C. In
addition, phases of nepheline and sanidine, which have similar chemical compositions of orthoclase, were detected as the intermediates at
1000 °C. Compared to CRT/kaolinite of 1/1 system, the higher Si/Al
5187
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Fig. 7. SEM micrographs for the polished surfaces of the CRT/kaolinite (a, b) and CRT/mullite (c, d) mass ratio of 1/1 treated at 1100 °C for 3 h. The EDS results of
the compositionally distinct areas 1–6 was illustrated in Fig. 8.

indicated a recrystallization of the silicate phase through the internal
reaction at temperatures of 950–1100 °C. In the third stage, the formation of lead feldspar initiated by mullite precursor at 1000 °C can be
described as:

orthoclase was identiﬁed, and orthoclase was considered as high temperature stable phase.
Quantities of crystalline and amorphous phases in CRT/kaolinite
products sintered at 1100 °C were revealed by adding 10 wt.% CaF2 as
an internal standard. Fig. 2 illustrated the satisfactory data of the
proﬁle ﬁtting processes and summarized the quantitative outcomes of
the products. Amorphous phase(s) were determined as the major content in the products because of the non-crystalline nature of the dehydration product (i.e. metakaolin) from kaolinite. In glass matrix, crystallization occurs in two steps of nucleation and crystal growth [51].
Since nuclei may ﬁrstly formed at the surface of glass particles, ∼2 wt.
% of PbAl2Si2O8 may form near the grain boundaries between the reactants in CRT/kaolinite products sintered at 1100 °C. Orthoclase was
detected as the major crystalline phase in CRT/kaolinite products sintered at 1100 °C. The recrystallization of orthoclase in glass-ceramic
matrix is likely to be promoted by a large overlap between nucleation
and growth rates at 1000–1100 °C [51]. The pathways for the recrystallization of orthoclase and lead feldspar during the sintering
process were shown in Fig. 3. Pathway I is vitriﬁcation of kaolinite into
glass matrix at 700–900 °C; pathway II illustrates that higher temperatures (1000–1100 °C) initiated the recrystallization of orthoclase
and lead feldspar in the glass-ceramic matrix.

≡ Si − O−Pb+ +

1
4
(3Al2 O3 × 2SiO2) + SiO2 → PbAl2 Si2 O8 + − Si≡
3
3
(2)

When CRT/mullite was 2/1, the reduced mullite and cristobalite
demonstrated their amorphization during sintering with CRT glass at
800–1000 °C, as shown in Fig. 4(b). At 800–950 °C, the increase of orthoclase indicated the recrystallization of this phase in the glassceramic products (Fig. 4(b)). At temperatures above 950 °C, more intensive interaction between reactants facilitated the formation of lead
feldspar.
The weight fractions of crystalline and amorphous phases in the
products of sintering mullite/CRT glass at temperatures between 700 °C
and 1100 °C were demonstrated in Fig. 5. In mullite/CRT glass of 1/1
system, mullite and cristobalite were greatly reduced when temperatures increased from 700 to 1100 °C (Fig. 5(a)). Signiﬁcant growth of
orthoclase (from 0 to 34.6%) was promoted by the large overlap between the rates of nucleation and growth for orthoclase crystal at
900–1100 °C [51]. The amorphous phase(s) were increased from 48.7%
to 73.9% at 700–900 °C because of the vitriﬁcation of mullite and
cristobalite. With temperature further increasing to 1100 °C, the contents of amorphous phase(s) decreased to 49.3% due to the recrystallization of orthoclase from the glass-ceramic matrix in the
system.
The phase content of mullite and cristobalite was gradually reduced
as the temperature increased in CRT/mullite (2/1) system (Fig. 5(b)).
The formation of orthoclase was initiated at 850 °C, and signiﬁcantly
increased to 44.6% at 950 °C. Correspondingly, amorphous phase(s)
decreased from 83.9% to 46.9% when temperatures increased from 800
to 950 °C. With further increase to 1100 °C, the content of orthoclase

3.2. Eﬀect of mullite on crystallization of glass-ceramics
Fig. 4 showed XRD patterns of products sintered between 800 and
1100 °C for 3 h in mullite/CRT glass systems. With mullite/Pb-glass
mass ratio of 1/1 (Fig. 4(a)), three stages of phase transformation were
observed at the corresponding temperature range. In the ﬁrst stage, the
reduced mullite and cristobalite was observed with the temperature
increased from 800 to 950 °C. This ﬁnding demonstrates the amorphization of mullite and cristobalite initiated by CRT glass under thermal
conditions, suggesting the presence of lead-silicate glass in the products. In the second stage, the distinguishable signal of orthoclase
5188
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Fig. 8. EDS spectrums for the compositionally distinct areas 1–6 (Fig. 7) of CRT/kaolinite and CRT/mullite products with mass ratio of 1/1 treated at 1100 °C for 3 h.

enriched by K, Al, and Si (Fig. 8(c)). The results indicated that the
highly Pb-rich white grains are presumably the Pb-rich amorphous
phase(s); the gray regions are potentially the Al- and Si-containing
amorphous phase(s); and the darker matrix are probably orthoclase
phase. The results were consistent with the XRD results in Fig. 1. Similarly, the EDS spectrums (Fig. 8) conﬁrmed the compositionally
distinct areas in the CRT/mullite product, including the white Pb-rich
amorphous phase(s) (Fig. 8(c)), the gray Al- and Si- containing amorphous phase(s) (Fig. 8(d)), and the darker orthoclase phase (Fig. 8(e)).
The results were also consistent with the XRD results in Fig. 4.

was greatly reduced to 26.2%, followed by the increase of amorphous
phase(s) to 64%. Such ﬁndings suggested that vitriﬁcation of orthoclase
back into the glass matrix was facilitated at high temperatures
(1000–1100 °C). The pathways of the structure transformation in CRT/
mullite mixture for orthoclase and lead feldspar crystallization during
the sintering process were shown in Fig. 6. With the increase of temperature from 900 to 1100 °C, the crystallization of orthoclase and lead
feldspar in the glass-ceramic matrix was detected.
3.3. Microstructure of glass-ceramic products

3.4. Products leachability

To observe the textural change and formation of orthoclase in the
glass-ceramic matrix under thermal reduction, SEM and EDS were used
to characterize the heated glass-ceramic products. Fig. 7 showed the
microstructures of mixtures of CRT/kaolinite and CRT/mullite with
mass ratio of 1/1 sintered at 1100 °C for 3 h. The obtained glass-ceramic
products from CRT/kaolinite and CRT/mullite mixtures had similar
porous textures with numerous diﬀerently sized cavities/pores. With
further ampliﬁcation of the textures, Fig. 7(b) and (d) suggested that
the product grains appear tightly associated with each other.
Fig. 8 showed the EDS spectrums of the chemical compositions in
diﬀerent compositionally distinct areas of CRT/kaolinite and CRT/
mullite products. The EDS spectrums for CRT/kaolinite products suggested that Pb was enriched in white-color grains (Fig. 8(a)), Al and Si
existed in gray regions (Fig. 8(b)), and the darker-color matrix was

CRT funnel glass, sintered (1100 °C) samples of CRT/kaolinite and
CRT/mullite were taken into account for their diﬀerences in Pb leachability. The pH of each leachate after prolonged leaching was shown in
Fig. 9(a) and (b). The pH values in the leachate of CRT glass were
higher than those in the leachate of heated glass-ceramics. The higher
pH in leachate is likely due to the dissolution of cations (e.g. Pb, Al and
Si) through ion exchange with protons in the acidic solution, accompanied by destruction of the local structure of cations. Local structure
(i.e. amorphous phase(s)) with more defects can be easily attacked by
acid attack [52], the content of amorphous phase(s) in the heated CRT/
kaolinite and CRT/mullite samples with molar ratio of 2/1 was higher
than that in the 1/1 samples (Figs. 2 and 5). Therefore, higher pH was
5189
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Fig. 9. The pH values (a, b) and lead concentrations (c, d) leached from CRT glass and heated CRT/kaolinite and CRT/mullite samples with mass ratios of 1/1 and 1/
2 at 1100 °C between 0.75 and 23.5 days.

environmental hazard of CRT glass.

detected in the leachate of 2/1 products. The results suggested that
mass ratio of 1/1 should be better for Pb stabilization.
Fig. 9(c) showed leached Pb concentrations from original CRT glass,
and two CRT/kaolinite heated samples. A continued leaching of Pb
from CRT glass was observed from the original CRT glass (nearly
120–180 ppm), which is 10 and ∼20 times higher than that from the
heated CRT/kaolinite samples. Fig. 9(d) showed that Pb levels leached
from the CRT glass is over ∼8 times higher than that from the leachate
of heated CRT/mullite products with mass ratio of 2/1, and is over 20
times greater than that with mass ratio of 1/1 in the end of the leaching
period. Lead was hosted in the structure of lead feldspar and amorphous
phase(s) in the sintered CRT/kaolinite and CRT/mullite systems. The
heated products of CRT/kaolinite and CRT/mullite with mass ratio of
1/1at 1100 ℃ leached less Pb than those with mass ratio of 2/1. But the
products with mass ratio of 1/1 have higher content of lead feldspar
and less amorphous phase(s). The results suggested that lead in feldspar
crystal structure is with higher intrinsic resistance to acid attack than in
the amorphous phase(s).The results also showed that the transforming
Pb into lead feldspar is a highly eﬀective Pb stabilization strategy.
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