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The dilithium dialuminium trisilicate phase Li2Al2Si3O10 was prepared using coal fly ash and lithium
hydroxide monohydrate LiOHÆH2O as precursors. The influences of various preparation conditions on
Li2Al2Si3O10 forming were investigated. The results showed that the optimum additive amount of LiO-
HÆH2O was about 20%. The onset of calcining temperature and time was identified as 980 �C and 1 h,
respectively. XRD analysis indicated that the content of Li2Al2Si3O10 phase increased at the expense of
quartz and mullite, with calcining temperatures increasing and time extending. SEM observation revealed
that the calcined samples were drastically interlocked together with the prolonging of time. The obtained
Li2Al2Si3O10 phase was well crystallized and with small grain size.

Keywords coal fly ash, dilithium dialuminium trisilicate, lithium
glass-ceramic, lithium hydroxide monohydrate

1. Introduction

Coal fly ash is a by-product derived from the coal
combustion in thermoelectric plants. Approximate 500 million
tonnes of ash is discharged annually throughout the world (Ref
1, 2). It must be reduced prior to disposal. Accordingly, efforts
have been made to find alternative uses for coal fly ash. For
instance, about 20% ash has been used as a pozzolanic material
in concrete applications (Ref 3, 4). It has also been used in
road-based construction, soil amendment, and as filler in plastic
composite materials (Ref 5, 6). However, the utilization rate of
coal fly ash in these applications is far less than that of ash
being generated. The remainder is directly discharged, which
may cause long-term adverse environmental effects. It is
imperative to develop new recycling techniques for coal fly ash.

As is well known, the coal fly ash contains appreciable
amounts of SiO2, Al2O3, CaO, Fe2O3, among other oxides
(Ref 7). These oxides have been mainly considered as a low
cost material for ceramic industry. In addition, the fine powder
form makes it suitable to be directly incorporated into ceramic
pastes with almost no pretreatment (Ref 7). Recent research has
investigated the production of glass, glass-ceramic, or sintered
materials prepared from coal fly ash (e.g., Ref 7, 8). Due to
their low or negative coefficient of thermal expansion (CTE),
glass-ceramics materials based on Li2O-Al2O3-SiO2 ternary
system have important industrial applications. For instance,

dilithium dialuminium trisilicate (Li2Al2Si3O10) phase has been
used as materials for telescope mirrors, kitchen stove hot plate
and heat-resistant ware, hybrid circuit substrates, etc. (Ref 9,
10). However, these materials are usually prepared by high-
grade reagents (Ref 11, 12), causing the product to be very
expensive. Recently, there has been report on preparation of
Li2Al2Si3O10 phase using bottom ash (Ref 10). The use of coal
fly ash as starting material has not been described in the
literature. Therefore, in this study, we attempt to prepare of
Li2Al2Si3O10 phase using coal fly ash and lithium hydroxide
monohydrate (LiOHÆH2O) as precursors. The additive amount
of LiOHÆH2O, calcining temperatures, and time was investi-
gated to find out the optimum preparation conditions. The
calcined samples were identified by x-ray diffraction (XRD) and
characterized by scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FT-IR) analysis as well.

2. Experimental Procedure

2.1 Starting Materials

The coal fly ash used in this study was collected from
Hangzhou thermal power plant in China. Its chemical compo-
sition consists of the following oxides (in wt.%): SiO2 50.5,
Al2O3 35.9, Fe2O3 5.3, CaO 4.6, TiO2 1.5, K2O 1.3, and other
compounds 0.9. XRD analysis indicates that its major phases
are mullite (JCPDS card no. 15-776) and quartz (JCPDS card
no. 5-490), together with amorphous components mainly based
on aluminosilicate glass.

2.2 Pretreatment

It was reported that the magnetite content in ash influences
the Li2Al2Si3O10 properties. High content causes poor proper-
ties, otherwise they improve (Ref 10, 13). Magnetic separation is
an efficient approach for iron removal and thus used in this study.
The process was performed on WCF-2 multi-purpose magnetic
analytical meter (Beijing Geological Instrument Factory,
Beijing, China) with a constant magnetic current of 2.8 A.
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2.3 Preparation of Li2Al2Si3O10

The pretreated coal fly ash was mixed and ground with
different amounts (10, 15, 20, and 25%) of LiOHÆH2O powders
to obtain a homogeneous mixture. Then, the mixture was put
into a crucible and heated at 980 �C for 1 h. With the goal of
optimizing the process, three calcining temperatures (950, 980,
and 1000 �C) and calcining time extended from 15 min to 6 h
were selected.

2.4 Measurements

The coal fly ash samples were ground and analyzed by
means of x-ray diffraction to determine the crystalline phases
present. A Rigaku Denki diffractometer (model D/max-IIB)
was operated at 40 kV and 30 mA, with Cu Ka as the radiation
source. The detector was scanned in the range of 10-80� (2h)
and at a step scan of 0.02�. Scanning electron microscopy
investigations were conducted in a Hitachi S-4800 scanning
electron microscope (back-scattered electron mode) to observe
the morphology of the samples. Transmission IR spectra was
recorded by a Nicolet Nexus-670 Fourier transform infrared
spectrometer with a resolution of 2 cm�1 and using the KBr
disk method. The thermal expansion coefficient of the speci-
men was measured using a dilatometer (DIL402C, Netzsch,
Germany).

3. Results

3.1 Influence of LiOHÆH2O Addition

Figure 1 depicts the XRD patterns of coal fly ash samples
calcined with different amounts of LiOHÆH2O (10, 15, 20, and
25%) at 980 �C for 1 h. It showed that the major crystalline
phases of the sample calcined with 10% LiOHÆH2O were
lithium aluminum silicate (Li2Al2Si3O10, JCPDS card no.
25-1183) and low-quartz solid solution (JCPDS card no. 65-466),
with little mullite detected. Further increase in LiOHÆH2O

addition, the color of samples changed from yellowish to
reddish. The content of Li2Al2Si3O10 phase increased at the
expense of mullite and quartz. It may result from the gradual
incorporation of mullite and quartz with Li released from
LiOHÆH2O. The chemical reaction equations involved in these
processes can be described as follows (Eq 1 and 2):

2LiOH � H2O! Li2Oþ 3H2O ðEq 1Þ

3SiO2 þ Li2Oþ Al2O3 ! Li2Al2Si3O10 ðEq 2Þ

When the additive amount of LiOHÆH2O increased up to
20%, the pink color of the sample increased. The crystalline
phase manifested as Li2Al2Si3O10. It indicated that the mullite
and quartz phases were well incorporated and the optimum
amount of LiOHÆH2O was about 20%.

3.2 Influence of Calcining Temperatures

Figure 2 displays the XRD patterns of samples calcined
with 20% LiOHÆH2O at different temperatures (950, 980, and
1000 �C) for 1 h. It revealed that the major phases present in
the sample calcined at 950 �C was Li2Al2Si3O10, with little
quartz appeared. The content of quartz reduced with an increase
of calcining temperature. On the contrary, more Li2Al2Si3O10

phase occurred. When the calcining temperature increased up to
980 �C, the sample was almost completely transformed to
Li2Al2Si3O10. However, there was no significant difference in
phases when the calcining temperature was up to 1000 �C. This
indicated that the onset temperature for Li2Al2Si3O10 forming
was about 980 �C.

3.3 Influence of Calcining Time

The XRD patterns of samples calcined for different times
are illustrated in Fig. 3. It can be seen that the major phases of
the sample calcined for 15 min are Li2Al2Si3O10 and LiAlSiO4

(JCPDS card no. 26-839) with little quartz (JCPDS card no.
87-2096). When the calcining time prolonged to 30 min, the
color of the sample increased, but still maintained yellowish.

Fig. 1 XRD patterns of fly ash samples calcined with different
amounts of LiOHÆH2O at 980 �C for 1 h

Fig. 2 XRD patterns of fly ash samples calcined with 20%
LiOHÆH2O at different temperatures for 1 h
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The eucryptite phase (LiAlSiO4, JCPDS card no. 75-2330) was
detected in the sample, which indicated partial calcining degree.
Further increasing the time to more than 1 h, it can be seen that
the sample transformed to Li2Al2Si3O10 phase. In addition, the
color of the samples changed to reddish or pink, indicating a
higher calcining degree. The optimum calcining time for fly ash
was identified as 1 h.

Thereafter, SEM investigations were conducted to investi-
gate the particle morphology and surface microstructural
evolution of the samples. For a comparison, the SEM image
of raw fly ash was also included in Fig. 4. The coal fly ash
without calcining was characterized by spherically and irreg-
ularly round shaped. The interlocked needle-like mullite
crystals were also observed on the external surface of ash
particle. With the extending of calcining time, the round-shaped
particle gradually reduced. Simultaneously, particles substan-
tially interlocked together and formed agglomeration. As the
major phases of samples calcined for 45 min and 1 h were both
Li2Al2Si3O10 (shown in Fig. 3), we observed the surface
morphology and found that the smaller grain size and
compacted microstructure developed as a result of prolonged
calcining time.

3.4 FT-IR Results

From the above results, we can see that the Li2Al2Si3O10

phase could be obtained under the optimum condition of
calcining coal fly ash with 20% Li(OH)ÆH2O at 980 �C for 1 h.
In order to clarify its crystallization behavior, FT-IR experi-
ments were undertaken on the parent coal fly ash and calcined
sample. In Fig. 5, the absorption peak located at 1100-
800 cm�1 belonged to the asymmetric stretching vibration of

Fig. 3 XRD patterns of fly ash samples calcined with 20%
LiOHÆH2O at 980 �C for different times

Fig. 4 SEM images of fly ash samples calcined with 20% LiOHÆH2O at 980 �C for different times
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Si-O-Si within [SiO4]. The band 750-550 cm�1 was assigned to
Si-O-Si symmetric stretching vibration between the tetrahe-
drons. While, the band 500-400 cm�1 was due to bending
vibration of Si-O-Si and Si-O-Al linkage (Ref 14, 15). It was
observed that the spectrum of calcined sample (Li2Al2Si3O10

phase with residual ash) showed a negative shift of the Si-O-Si
asymmetric stretching, which highlighted a decrease in the
polymerization degree of [SiO4] tetrahedrons and a rearrange-
ment of the silica network (Ref 14, 16).

4. Discussions

The iron oxides content in starting material have a negative
effect on the thermal expansion coefficient of product (Ref 17,
18), so it is important to reduce the iron oxides content before
processing. In this study, the coal fly ash was pretreated with
magnetic separation method for iron removal. After magnetic
separation, the contents of three main components SiO2, Al2O3,
and Fe2O3 in raw fly ash were 53.6, 36.1, and 1.5%,
respectively. The recovery of Fe2O3 reached by 71.6% and
the capture efficiency (the mass ratio of the magnetic fraction to
starting samples) was 31.9%.

Through a series of experiments, the Li2Al2Si3O10 phase
could be obtained under the optimum condition of calcining
ash with 20% Li(OH)ÆH2O at 980 �C for 1 h. SEM observa-
tions revealed that it presented smaller grain size and
compacted microstructure. The measured CTE of calcined
sample (Li2Al2Si3O10 phase with residual ash) was �2.169
10�6/�C in the temperature range 25-300 �C. This is smaller
than that for the commercial lithium glass-ceramics (�2.349
107 �C�1 to 509 107 �C�1) (Ref 9). It is worth mentioning
that, although additional nucleate agents were not added in the
preparation process, the ash samples contained appreciable
amount of TiO2 and Al2O3, which may act as nucleate agent
and glass-former, respectively. Calcinations at 980 �C for 1 h
in the process were aimed to liberate the lithium hydroxide
monohydrate and obtain the vitreous phase. The calcining
temperature and time was relative low and short, which may
be due to the low decomposed temperature for lithium
hydroxide monohydrate.

5. Conclusions

From the experimental results, the following conclusions
can be drawn:

(1) The Li2Al2Si3O10 phase was obtained using coal fly ash
after magnetic separation pretreatment as the precursor.
The optimum calcining conditions were identified as
980 �C calcined with 20% LiOHÆH2O for 1 h.

(2) XRD analysis indicated that the content of Li2Al2Si3O10

phase was gradually increased by simultaneously con-
suming quartz and mullite with an increase of calcining
temperatures and time. The color of the samples chan-
ged from yellowish to pink as the calcining time ex-
tended from 15 min to 6 h, indicating the different
sintering degrees.

(3) SEM observation showed that the coal fly ash samples
were drastically interlocked together and developed a
well-calcined microstructure.

(4) The FT-IR analysis of the calcined sample (Li2Al2Si3O10

phase with residual ash) indicated a decrease in the
polymerization degree of [SiO4] tetrahedrons and a rear-
rangement of the silica network.
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