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Nucleated glass-ceramics materials were produced from oil shale fly ash obtained from Huadian thermal
power plant in China with the addition of analytic reagent CaO. On basis of differential thermal analysis
(DTA) results, the nucleation and crystallization temperature of two parent glass samples with different
alkalinity (Ak = mcao/msio,) were identified as Tny =810°C, Tc; =956°C and Tn, =824°C, Tc; =966°C,
respectively. X-ray diffraction (XRD) analysis of the produced nucleated glass-ceramics materials revealed
that there was a coexistence phenomenon of multi-crystalline phase and the main crystalline phase
was anorthite ([Ca,Na][Al,Si]»Si»0g). The microstructure of the glass-ceramics materials was examined
by scanning electron microscope (SEM). SEM observation indicated that there was an increase in the
quantity of sphere-shaped crystals when crystallization time increased. Furthermore, the increase of
alkalinity caused more amorphous phase occurring in glass-ceramics materials. Through the tests of
physical and mechanical properties, the glass-ceramics materials with more crystalline phase and fine
microstructure had high density, fine performance of resisting compression (328.92 MPa) and negligible
water absorption. Through chemical resistance tests, the glass-ceramics samples showed strong corrosion
resistance. Overall results indicated that it was a feasible attempt to produce nucleated glass-ceramics

Keywords:
Glass-ceramics
Oil shale fly ash
Alkalinity
Crystalline phase

materials for building and decorative materials from oil shale fly ash.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

As a possible energy source substitute, oil shale has been used
to extract oil, generate electricity and supply heat [1]. Through
fluidized-bed combustion of oil shale and semicoke, a great quan-
tity of oil shale ash is generated. In China, the total annual discharge
of oil shale ash considered as the by-product in utilization of oil
shale, is estimated to be more than 800,000 tons. At the present
time, oil shale ash is mainly disposed as landfill and partly used
to produce construction materials such as cement and brick [2,3].
Therefore, it is important to develop new processing methods in
order to implement widespread availability of these residues.

Previous studies show that oil shale ash is composed mainly of
SiO,, Al,03, CaO and Fe,03 with a variety of heavy metal oxides
[1]. It is necessary to distinguish between fly ash and bottom ash
because they have different chemical compositions [4]. The con-
centrations of heavy metals (e.g., Pb, Cd, Cr, Zn) in fly ash are higher
than those in bottom ash. However, fly ash is directly used as the
raw material for cement and brick production in China. Accom-
panying with recycling process of oil shale ash for construction
materials, heavy metals are transferred into new products and may
cause secondary pollution [5,6].
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However, the primary oxides in oil shale fly ash (OSFA), such
as SiO,, Al;03, CaO, makes OSFA suitable for the raw material to
produce CaO-Al,03-SiO, system glass-ceramics [7]. Vitrification
by melting is proposed as a convenient method to solidify haz-
ardous materials in which the glass product can immobilize and
stabilize the heavy metals in the glass matrix [4,6]. Itis possible that
OSFA can be melted and transformed into chemical stable nucle-
ated glass-ceramics material with low leachability of heavy metals
[8]. Therefore, this kind of nucleated glass-ceramics material can be
utilized widely in the building industry due to environmental-safe
[9].

The present research concentrated on the production of nucle-
ated glass-ceramics from OSFA obtained from a thermal power
plant in northeast China. On basis of differential thermal analy-
sis (DTA) results, the heat treatment of nucleated glass-ceramics
production was identified. Furthermore, physical and mechani-
cal properties (density, water absorption, pressive strength) and
chemical resistance were examined in order to know whether the
nucleated glass-ceramics produced from OSFA can be used as a
construction material or a decoration material. These performance
indexes of nucleated glass-ceramics are subjected to controlled
crystallization, such as the content of crystalline phase, the form
of tiny crystals, their number, growth rate and final size. These
characteristics of crystalline phase in glass-ceramics are controlled
by appropriated heat treatment [10]. Therefore, a discussion of the
correlation between the heat treatment and the properties of nucle-
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Table 1

Chemical position of OSFA sample in experiment (wt%).
Component OSFA Gl1 G2
Sio, 71.1307 60.9456 53.8325
Al, 05 12.0519 10.3262 9.1210
Ca0 5.6811 19.1820 28.6107
Fe,03 4.6071 3.9474 3.4867
SOs 22621 1.9382 1.7120
K;0 1.4713 1.2606 1.1135
MgO 1.2202 1.0455 0.9235
Ti,O 0.5290 0.4533 0.4004
Na,0 0.4093 0.3507 0.3098
MnO 0.2571 0.2203 0.1946
P,05 0.2049 0.1756 0.1551
BaO 0.0598 0.0512 0.0453
Sro 0.0397 0.0340 0.0300
Zr0, 0.0259 0.0222 0.0196
Zn0 0.0103 0.0088 0.0078
Rb,0 0.0078 0.0067 0.0059

ated glass-ceramics was also presented in order to provide useful
information for the optimization of technological parameters in
glass-ceramics production from OSFA.

2. Experimental procedures
2.1. Experimental samples

OSFA used in this research was collected from the thermal power
plant located in Huadian of Jinlin province, China. Through natural
air drying and mechanical grading, fly ash with particle size <75 pum
was selected to carry out experiment. The chemical composition
of OSFA was determined by XRF (PDA-5500II, Shimadzu, Japan).
It was clear that the main constitutes of OSFA were SiO,, Al,03,
Ca0. The chemical composition analysis indicated that OSFA was
typical raw material for the most parent glass with ternary systems
[11].

Two batches of experimental samples were prepared by mixing
OSFA with analytic reagent CaO (Table 1). CaO additive was intro-
duced in OSFA to increase the alkalinity of raw materials in order
to lower the melting temperature and the melting viscosity. These
raw materials were mixed together in agate pot by ball mill for
90 min.

2.2. Glass preparation

Well-mixed powder samples were melted in alumina crucible
for 2 hin an electrically heated furnace at 1500 °C to ensure homo-
geneity of the melts. The melts were rapidly poured into water to
form parent glasses.

2.3. Differential thermal analysis and heat treatment

Differential thermal analysis (DSC 404 F3, Netzsch, Germany)
was used to investigate the thermal behavior of the parent glass
samples, including the glass transition temperatures (Tg) and the
crystallization peak temperatures (Tc). A less than 10 mg glass sam-
ple, crushed and ground to powder with particle size <75 wm,
was put into a PtRh crucible with lid and then heated from
room temperature to 1200°C at the rate of 10°C/min in static
air. For further studies on microstructure and properties of pro-
duced glass-ceramics materials, the parent glass powder was filled
in corundum crucible to obtain cylindrical samples with diameter
10mm and height 3 mm and rectangular parallelepiped samples
with 8 mm x 10 mm x 80 mm. Prepared samples were heat treated
at the nucleation temperature (Tn) for 1.0 h, respectively. Being
heated at the rate of 3°C/min to Tc, experimental samples were

crystallized at Tc for 1.0 h, 2.0 h, 3.0 h, 4.0 h, and then cooled natu-
rally in the furnace.

2.4. X-ray diffraction studies and scanning electron microscope
analysis

The crystalline phase and microstructure of the nucleated glass-
ceramics materials were investigated by means of X-ray diffraction
(XRD) and scanning electron microscope (SEM) techniques. Iden-
tification of crystalline phase of obtained nucleated glass-ceramics
was performed by XRD (XRD-6000, Shimadzu, Japan). The glass-
ceramics samples with diameter 10 mm and height 3 mm were
prepared and analyzed over a range of 26 angles from 10° to 90°
using Cu Ka radiation at 40 KV and 30 mA settings. The resulting
powder diffraction patterns were analyzed according to the Joint
Committee on Powder Diffraction Standard data.

SEM (JSM-5600LV, JEOL, Japan) analysis was conducted on
the nucleated glass-ceramics samples. Prepared samples were
grounded flat by abrasive paper, polished with diamond paste to
achieve a mirror-smooth surface, and then etched with HF solution
(20vol.%) for 90s.

2.5. Properties tests

The physical properties of the nucleated glass-ceramics sam-
ples, including density, water absorption, were investigated by a
series of experiments. The density and water absorption (%) of
nucleated glass-ceramics samples were tested using the procedure
outlined in GBJT 9966.3-2001. Pressive strength measurements
were done on smooth surfaces of the glass-ceramics samples, using
a universal test machine (CSS-2205, Changchun Testing Machine
Institute, China). Referring to M.Erol’'s method and GB/T 9966.3-
2001, the chemical resistances of nucleated glass-ceramics samples
were tested in 10% H,SO4 and 10% NaOH solutions [11]. In this
study, 1g of prepared sample was treated at 373 K for 2 h in 50 ml
solutions.

3. Results and discussion
3.1. Differential thermal analysis and optimum heat procedure

The glass transition temperature and crystallization tem-
perature were determined by differential thermal analysis
investigations on parent glass powder. From DTA curves of the
two parent glass samples (Fig. 1), vitrification processes occurred
around at Tg; =760°C and Tg, =774°C, respectively. Crystalliza-
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Fig. 1. DTA curve of parent glass powder G1 and G2.
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Fig. 2. XRD patterns of produced glass-ceramics samples with different crystalliza-
tion time. (a—4.0h, b—3.0h, c—2.0h, d—1.0h).

tion temperatures of two parent glass samples were respectively
identified as Tc; =956 °C and Tc, =966 °C. As the temperature rose,
the melting temperatures of two glass samples appeared around at
Tmqy=1145°C and Tm; =1177 °C, respectively. DTA results showed
that the glass transition and crystallization temperatures of G1
sample were lower than those of G2 sample due to different amount
of alkali metal oxides. In the glass samples, alkali metal oxides,
including Fe,05, K;0, MgO, Ti,O and Na,O, led to lower energy
input in crystalline phase transition.

The nucleation temperature was an important factor on nucleus
formation. Previous studies showed that the optimum nucleation
temperature usually occurred in the range from 50°C to 100°C
above the glass transition temperature [12,13]. In our study, the
nucleation temperatures of G1 and G2 samples were identified as
Tny=810°C and Tn, =824 °C, respectively.

3.2. Microstructural characterization of producted glass-ceramics
materials

XRD analysis was carried out to identify the crystalline phase
on nucleated glass-ceramics materials. According to chemical anal-
ysis of two raw materials, CaO-Al,03-Si0, (CAS) system glasses
can be produced from industrial waste—OSFA. X-ray diffraction
analysis revealed that the main crystalline phase was anorthite
([Ca,Na][ALSi],Si»0g) in produced glass-ceramics materials (Fig. 2).
Additionally, there were also wollastonite (CaSiO3), diopside
(Ca[Mg,Al][Si,Al],O0g), calcite ([Ca,Mn]CO3), gehlenite (Ca;Al;SiO7)
and mullite (AlgSi; O13) in glass-ceramics materials. Previous stud-
ies conformed that the crystalline phases such as anorthite,

wollastonite, diopside, calcite, gehlenite and mullite were iden-
tified in the CAS type glass-ceramics from industrial wastes. The
coexistence phenomenon of multi-crystalline phases indicated the
complexity and uncertainty of nucleation and crystallization in the
CAS glass system [11,14].

In Fig. 2, there were notable differences in the peak intensity
of anorthite between G1 and G2 due to the different alkalinity
(Ak = mca0/msjo, ). As the alkalinity increased from Ak =0.33 to
Ak, =0.56, the peak intensity decreased gradually. This phenomena
indicated that the content of anorthite in G1 samples were higher
than that in G2 samples. In Fig. 2A, there was the maximum of
anorthite in glass-ceramics materials under the heat treatment of
Tn;=810°C for 1.0 h and Tc; =956 °C for 3.0 h.

According to the theory of stable energy of glass structure
unit, the structure units of CAS system glass are [SiO4] and
[AlO4]Ca[AlO4] [15]. When heated at nucleation temperature, the
free Ca2* was prone to unite [SiO4] in order that wollastonite was
first formed in glass-ceramics. During crystallization, the structure
unit [AlO4]Ca[AlO4] was forced to rearrange and unite [SiO4] to
form anorthite as the main crystalline phase in CAS system glass-
ceramics [12]. The metallic ions in parent glass were rearranged to
give the structure of the crystals so that other crystalline phases
like diopside, calcite, gehlenite and mullite can be formed in CAS
system glasses-ceramics [11].

SEM investigations conduced to get a better understanding
of the morphology of the microstructure [11]. SEM micrographs
of glass-ceramics samples with different crystallization time are
shown in Figs. 3 and 4. In Fig. 3, SEM observations revealed that
a large number of sphere-shaped crystals occurred in the glass-
ceramics materials. Under the heat treatment of Tn; =810°C for
1.0h and Tc;=956°C for 1.0h, the average crystal size of pro-
duced glass-ceramics sample was less than 350 nm (Fig. 3A). With
the increase of crystallization time, the quantity of crystals in
glass-ceramics was on the increase. Meanwhile, the sphere-shaped
crystals became equirotal and aswarm. Under the heat treatment
of Tn; =810°C for 1.0 h and Tc; =956 °C for 4.0 h, the average crystal
size of glass-ceramics sample was more than 1 wm (Fig. 3D). Previ-
ous studies indicated that the number and the size of the crystallites
in glass-ceramics increased with the increase of crystallization time
[11,16]. Moreover, the fine sphere-shaped crystals turned loosely
cobble-shaped so that the better microstructure of glass-ceramics
was broken. Although multi-crystalline phases in G2 samples were
identified by XRD analysis, the amorphous phase appeared in vitri-
fied material (Fig. 4) because the high amount of CaO made against
the crystallization [17]. In Fig. 4, there were no obvious sphere-
shaped crystals occurring in glass-ceramics materials. Therefore,
the high alkalinity had an adverse effect upon the crystalline phases
in glass-ceramics materials.

3.3. Physical and mechanical properties of glass-ceramics samples

Table 2 gives values for the pressive strength, density and water
absorption of G1 and G2 samples. The pressive strength values of
G1 samples were in the range of 233.44-328.92 MPa, which were
higher than those of G2 samples. The difference in pressive strength
indicated that the more crystalline phases in glass-ceramics mate-
rials conduced to enhance their pressive strength. In Table 2, the
density values of G1 samples were in the range of 2.33-2.85 g/cm>.
Previous study indicated that the density of glass-ceramics sam-
ples increased with the enhancement of crystallization degree [11].
Therefore, the G1 sample produced under the heat treatment of
Tn;=810°C for 1.0h and Tc; =956°C for 3.0h had the highest
density value because of the highest crystallization degree in glass-
ceramic samples. Due to lower crystallization degree, the density
values of G2 samples were lower than those of G1 samples. In
accompany with the increase of crystallization degree, the more



430 J. Luan et al. / Journal of Hazardous Materials 173 (2010) 427-432

(A)

1hm

1 mmm

Fig. 3. SEM micrographs of G1 samples at different crystallization time. (A—1.0 h, B—2.0h, C—3.0h, D—4.0h).

dense crystalline structure could be formed in order that the pore
space between crystals gradually decreased. Therefore, there was
aninverse relation between the water absorption and the density of
glass-ceramics. By virtue of DTA analysis, the ratio Tg/Tm between
glass transition and melting absolute temperature was calculated.
Previous studies revealed that heterogeneous nucleation was dom-
inate when Tg/Tm > 0.58. The crystallization mechanism was that
the crystal growth started from the surface to the internal zone
[18,19]. The high crystallization degree caused a reduction of the
open porosity so that the glass-ceramics material showed good
water resistance [20].

3.4. Chemical resistance of glass-ceramics materials

The chemical resistance of glass-ceramics samples was tested
by immersion in H,SO4 and NaOH solutions. It can be seen that

Table 2
Properties of the glass-ceramics samples from OSFA.

G1 samples showed better chemical stability than G2 samples
(Table 3). Through the analysis of XRD and SEM, the increase of
alkalinity in raw material caused more amorphous phase occurring
in glass-ceramics. The durabilities of glass-ceramics samples corre-
lated well with the crystallization degree of the produced samples
[21]. Due to the lower crystallization degree, G2 samples became
more unstable in stronger acid solution. Additionally, the durabil-
ity of glass-ceramic samples also correlated with the morphological
character of crystalline phase. The G1 glass-ceramic samples with
fine microstructure showed higher resistance to strong acid solu-
tion. The difference in acid resistivity was also due to the higher
amount of Al,03 in glass-ceramics samples, which played the
role of network former to strengthen the glass network [4]. Fur-
thermore, the glass-ceramics samples in this study showed good
stability in NaOH solution. According to the Ginsberg method,
the proper mixture ratio of oxides in raw material predicted

Sample name Heattreatment time (h) Density (g/cm?)

Water adsorption (wt.% loss) Compression strength (MPa)

Tn Tc

G1 1.0 1.0 2.69 0.56 233.44
1.0 2.0 2.72 047 312.23
1.0 3.0 2.85 0.42 328.92
1.0 4.0 233 0.44 140.00

G2 1.0 1.0 227 1.31 135.29
1.0 2.0 228 1.34 137.32
1.0 3.0 2.35 1.03 159.11
1.0 4.0 242 0.97 188.15
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Fig. 4. SEM micrographs of G2 samples at different crystallization time. (A—1.0 h, B—2.0h, C—=3.0h, D—4.0h).

Table 3
Chemical resistances of the glass-ceramics samples from OSFA.

Sample name Heat treatment time (h)

H,S04 (Wt.% loss) NaOH (wt.% loss)

Tn Tc

G1 1.0 1.0 1.45 Negligible
1.0 2.0 1.23 Negligible
1.0 3.0 0.97 Negligible
1.0 4.0 1.63 Negligible

G2 1.0 1.0 2.90 Negligible
1.0 2.0 2.45 Negligible
1.0 3.0 2.60 Negligible
1.0 4.0 2.83 Negligible

optimized glass-ceramics formation [18]. Moreover, the obtained
glass-ceramics material had good chemical resistance, particularly
in alkaline environment [4]. The investigations on chemical resis-
tance revealed that the produced glass-ceramics from OSFA was a
resistant material.

4. Conclusions

In this study, nucleated glass-ceramics materials were produced
from OSFA with CaO additive. By DTA analysis, the nucleation
and crystallization temperatures of two parent glass samples were
identified as Tny =810°C, Tc; =956 °C and Tny =824°C, Tc; =966 °C,
respectively. XRD and SEM results revealed that there was a

coexistence phenomenon of multi-crystalline phases in glass-
ceramics materials and the main crystalline phase was anorthite
([Ca,Na][ALSi],Si»0g). The increase of alkalinity caused more
amorphous phase occurring in glass-ceramics. The glass-ceramics
materials with fine sphere-shaped crystals were produced from
raw material (Ak; =0.33) under the heat treatment of Tn; =810°C
for 1.0h and Tc; =956 °C for 3.0 h.

The glass-ceramics with fine microstructure showed better
physical and mechanical properties and chemical resistance. The
obtained glass-ceramics materials showed the maximum pressive
strength of 328.92 MPa, lower water absorption and strong cor-
rosion resistance. Therefore, it was a feasible attempt to produce
nucleated glass-ceramics from OSFA.
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