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摘

要：以 H2SO4、(NH4)2SO4 为焙烧助剂对粉煤灰进行焙烧-水浸处理，提取粉煤灰中 Al 组分，其剩余的残渣作为一种二次

废弃物保留了大量的非晶态 SiO2 组元，以提取铝组分后富含非晶态 SiO2 的残渣为原料，首先在 Ca、Si 摩尔比为 0.5、0.67、
0.83、1.00、1.16 条件下调配 CaO–Al2O3–SiO2–H2O 体系凝胶，在探索最佳水热条件制备出铝代托贝莫来石的同时深入研究
其形成机制，并对合成的系列 1.1 nm 铝代托贝莫来石粉体进行表征。结果表明：在水热反应环境(180 ℃，24 h)下，凝胶不断
晶化，随着体系温度升高至 240 ℃，在形成的莫来石晶体结构当中发生了 Al 对 Si 的同型取代，伴随着反应温度继续升高，
1.1 nm 铝代托贝莫来石可进一步转化为加藤石。
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Hydrothermal Preparation of Al-Substituted 1.1 nm Tobermorite from
Dealuminated Coal Fly Ash
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2. City college, Southwest University of Science and Technology, Mianyang 621010, Sichuan, China)
Abstract: Coal fly ash (CFA) that is dealuminated using H2SO4 and (NH4)2SO4 via a binary mixture roasting technology is one type
of secondary solid waste. Amorphous SiO2 is a valuable and abundant material associated with it. This study describes the preparation
of Al-substituted 1.1 nm tobermorite based on the dealumination of CFA. The CaO-Al2O3-SiO2-H2O system was used for the
preparation of different Ca/Si molar ratios of 0.5, 0.67, 0.83, 1.00 and 1.16. The Al-substituted 1.1 nm tobermorite crystallizes from
the CaO-Al2O3-SiO2-H2O system during hydrothermal reactions. The influence of different hydrothermal temperatures and
hydrothermal times was examined. The results indicate that the dealuminated CFA constituents were converted into well-crystallized
Al-substituted 1.1 nm tobermorites under hydrothermal conditions of 180 °C for 24 h, and katoite could be synthesized at a higher
hydrothermal temperature of 240 °C. Al3+ is inserted into tobermorite and plays a stabilizing role during the hydrothermal reaction.
Al-substituted 1.1 nm tobermorites converted in katoite with temperature increasing.
Keywords: dealuminated coal fly ash; aluminium-substituted tobermorite; hydrothermal reaction; substitution
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1 Introduction
Tobermorite is a layered calcium silicate mineral,
and its ideal structure is an infinite layer of double Ca–O
sheets linked on both sides to wollastonite-like silicate
chains running along the b-axis (shown in Fig. 1). To date,
three tobermorite principals have been identified that
influence the layers of basal spacing that are stacked in
the c-direction. These layers are the d-spacing of the (002)
Bragg reflection, viz14(plombierite)11(tobermorite) and
0.9 nm (riversideite) tobermorite[2]. Plombierite can be
transformed into 1.1 nm tobermorite through the
progressive approaching of the complex structure during
dehydration[3]. Of the family of compounds, 1.1 nm
tobermorite is the most popular crystalline type due to its
thermostability[4] and large specific surface area.
Specifically, 1.1 nm tobermorite is a rare mineral in
nature but can be synthesized via a hydrothermal reaction
on the CaO–SiO2–H2O system[5]. For the purpose of
describing the structure of 1.1 nm tobermorite, the
symbol Q will be used to represent one Si tetrahedron,
and the superscript indicates the number of Si tetrahedron
units to which it is bonded. The isomorphic substitution
of silicon can be finished by Al in the structure of 1.1 nm
tobermorite. The Al content in tobermorite depends not
only on the Al/Si ratio but also on the source of Al. The

Fig. 1

2
2.1
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activity of the Al source determines the position of the
Al[6]. Highly reactive Al is substituted for the Q2 silicate
tetrahedral in a parallel arrangement to the b-axis
direction and for Q3 cross-linkages between the silicate
chains, whereas less reactive Al can only substitute for Q3
sites. The isomorphous replacement of silicon tetrahedral
by Al can reach 15% and lead to a negative charge, which
should be balanced by metal ions in a labile interlayer.
Therefore, Al-substituted 1.1 nm tobermorite exhibits
reversible cation exchange properties and cation selectivity
for large, less hydrated ions, such as Cs+ and Sr2+, to be
incorporated into the interlayer space. Al-substituted 1.1
nm tobermorite is useful for the development of
radioactive 137Cs+ and 90Sr2+ sorbents in nuclear and
hazardous wastewater benefaction technology[7].
Several reported studies have suggested that
by-products of industrial production, such as potassium
feldspar[8], trachyte rock[9], coal fly ash (CFA)[10] and
waste newsprint combustion ash[11], can be converted
into Al-substituted 1.1 nm tobermorite using alkaline
hydrothermal conditions. This study demonstrates the
feasibility of preparing Al-substituted 1.1 nm tobermorite
using a low-value dealuminated coal fly ash to conserve
laboratory grade feedstocks and reduce the volume of
industrial waste that is destined for stacking or the landfill.

Crystal structure of 1.1 nm tobermorite in the b c-plane[1]

Experimental

Materials
The primary raw material includes the dealuminated
residue after extracting Al from coal fly ash. Figure 2
shows images of the dealuminated residue in the shape of
a sphere, which is full of uneven cavity surfaces. The
cavity space is occupied by fibrous mullite, which is the

3D structure of coal fly ash that was destroyed in the
dealumination process and significantly increases the
surface area. The XRD patterns show that the main
phases include a large quantity of amorphous silicon and
remaining un-reacted mullite. Table 1 briefly lists the
residue chemical compositions. The Al2O3 and SiO2
contents of the residue are 12.76% and 72.03%,
respectively. All solid materials were first selected by
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sieving particles of <0.074 mm. Other pure chemical
reagents included CaO (JU LONG International
Company, ICN). Distilled water was made in our
laboratory.

(a)

explored.
2.3 Characterization Techniques
X-ray diffraction (XRD) measurements were
conducted using a Model PaNalytical X’Pert PRO
multifunctional powder diffractometer. The radiation
frequency used was the Ka1 line from Cu (0.154 06 nm).
Diffraction patterns were registered in the range of 2θ
3°–80°using a power supply at 40 kV and 40 mA. X-ray
fluorescence (XRF) was performed for the NWC-UMT
solid sample without pretreatment to estimate the bulk
composition. Analysis was conducted using a Panalytical
Axios wavelength dispersive XRF operating at 60–32 kV
and 66–125 A with peak and background counting times
of 10–300 s and a total count time of 27 min. We also
used a scanning electron microscope equipped with an
energy dispersive detector instrument (Carl Zeiss Jena
Corporation). All SEM-EDX compositional data below
refer to the atomic percentage composition. FT-IR spectra
were recorded in the range of 400–4 000 cm–1 using a
spectrometer (Thermo Electron Corporation). The
samples were mixed with KBr and compressed to
produce self-supporting pellets. Before the measurements,
all samples were oven dried at 105 °C.

3

(b)

Fig. 2

SEM photographs of dealuminated coal fly ash and
corresponding XRD analysis

Table 1 Chemical composition of dealuminated coal fly ash
w/%
SiO2

Al2O3

TFe2O3

MgO

CaO

K2O

72.03

12.76

5.05

0.28

2.90

0.25

w is mass fraction.

2.2

Hydrothermal synthesis
A calculated amount of CaO was mixed with the
residue and distilled water to prepare the reaction gel
based on the Ca/Si molar ratio of the chemical formula of
tobermorite. The batch reaction slurry was stirred for 2 h
under anoxic conditions, and the resulting mixtures were
placed into 100 mL PTFE-lined Ni steel autoclaves. The
hydrothermal experiment was conducted under steam
pressure conditions with water/solid ratios of
approximately 30 at 140 °C to 260 °C (intervals of 20 °C)
for 12–30 h (intervals of 2 h). Tobermorite was prepared
and separated from the slurry using vacuum filtration,
washed with deionized water and dried to a constant
mass at 103 °C, and subsequently ground to store in films
until analysis. Key conditions affecting this synthetic
reaction, such as the hydrothermal crystallization
temperature, time and material moles ratio, were

· 1701 ·

Results and discussion

3.1 XRD analysis of different molar ratios
Figure 3 shows the phase transformation with the
maximum and minimum molar ratios of Ca/Si ratio of 0.5
and 1.16, respectively, under hydrothermal conditions at
a temperature of 180 °C after 12 h. The phase diagram of
CaO–SiO2–H2O indicates that when the hydrothermal
temperature is below 200 °C, Al-substituted tobermorite
can exist stably at the same time. The reaction kinetics
suggest that the reaction rate increases with increasing
hydrothermal temperature, and the characteristic
reflection peaks of Al-substituted tobermorite (at 7.60°,
28.91° and 29.89° 2θ) appear in every XRD pattern of the
different molar ratios. The relative crystallinity is used to
determine the quality of the samples using
CR=Sx/Sr×100%
where Sx represents the sum of the peak area of several
associated characteristic peaks, and Sr represents the
maximum sum of the peak area of several associated
characteristic peaks.
As shown in Fig. 4, as the molar ratios of Ca/Si
increase, the relative crystallinity of Al-substituted
tobermorite decreases, and the relative crystallinity of the
mullite diffraction peak is significantly reduced but does
not completely vanish. It is unclear if the disappearance
of the mullite phases was correlated with the formation of
Al-substituted tobermorite. To a certain extent, the
growth of Al-substituted tobermorite is determined by the
concentration of both Ca2+ and SiO32– during the
hydrothermal reaction. It can be concluded that
Al-substituted tobermorite is considerably simpler to

· 1702 ·
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form with a Ca/Si molar ratio of 1.16, and a sample of the
highest crystallinity can be synthesized with an aging
time of 12 h at 180 °C.

2017 年

sites[12]. Remarkably, the weak band centered at 1 173 cm–1
is assigned to the Al-O stretching vibration[13] that
increased in intensity with an increasing Ca/Si molar
ratio, which is attributed to Si replacement by Al at the
tetrahedral sites. A previous study indicated that the
addition of certain amounts of Al3+ into the system would
change the structure of tobermorite by replacing the Q2、
and Q3 position in a chain that were initially occupied by
Si[14]. There was some compositional variation, such as
the coupled isomorphous replacement of only 15% Al for
Si under steam or hydrothermal conditions[9]. Therefore,
the characteristic peak is not significant. In addition, the
vibration at 966 cm–1 is due to asymmetric Si-O-Si
anti-stretching vibrations related to the Q2 units and is
due to the formation of Al-substituted tobermorite.

C/S ratio=0.50, 0.67, 0.83, 1.00 and 1.16, respectively.

Fig. 3

Fig. 4

XRD patterns of residues under 180 °C hydrothermal
temperature for 12 h

Relationship of relative crystallinity between
Al-substituted tobermorite and mullite in residues
under 180 °C hydrothermal temperature for 12 h

FT-IR has been used to delineate complex chemical
structures involved in crystalline and amorphous
materials according to atom packing modes. The main
characteristic peaks' positions and intensities of the
hydrothermal products were characterized. The spectra in
the region of 4 000 to 500 cm–1 of the hydrothermal
products that had Ca/Si molar ratios of 0.5, 0.67, 0.83, 1.00
and 1.16 are illustrated in Fig .5. CaO was used as the
activator. The band at 3 433 cm–1 is associated with the
stretching and bending vibration of the hydroxyl band,
and the other band is at approximately 1 647 cm–1. The
“shoulder” between 1 462 cm–1 and 1 476 cm–1 suggests
existing interlayer water in tobermorite. The band is
composed of a vibration at 677 cm–1 that can be
interpreted as the Si–O–Si bending vibration related to Q3

Fig. 5

FTIR spectra of residues under 180 °C hydrothermal
temperature for12 h

3.2
XRD analysis of different hydrothermal
temperature
Figure 6 shows XRD patterns of the products
obtained under different hydrothermal temperatures for
12 h. The pronounced broad hump in the background of
approximately 20° (2θ) and the peak for mullite
disappeared as the Al-substituted tobermorite was formed,
and its crystal diffraction peaks increased with an
increase in hydrothermal temperature. The diffraction
peaks were at approximately 2θ=28.9° and 29.3°, which
were identified as the Al-substituted tobermorite phase,
and they were in agreement with previously reported
values[6]. However, compared with those in 180 °C, no
diffraction peaks for Al-substituted tobermorite were
detected by XRD below 200 °C for 12 h. Instead, in this
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diffractogram, katoite peaks (2θ=17.5°, 32.3° and 38.9°)
were present but were not very strong under these
conditions and increased gradually with increasing
temperature (220–260 °C).

· 1703 ·

it changed with reaction time, i.e., a higher crystallinity
was obtained with a longer time. The specific indications
of this were the integrated intensities of the (–125) peak
at 2θ=31.77° of Al-substituted tobermorite, which
increased gradually with increasing reaction time. This
trend then stabilized for longer reaction times (24 h and
28 h). Therefore, this result provides the foundation for
the selection of the optimal hydrothermal crystallization
time at 24 h.

Fig. 7 XRD patterns of residues made at different hydrothermal
times for 180 °C, Ca/Si ratio=1.16

3.3

Fig. 6 XRD patterns of residues made at different hydrothermal
temperatures for 12 h, Ca/Si ratio=1.16

These results suggest that the presence of Al3+ ions
in the system can improve the transformation of C–S–H
to Al-substituted tobermorite at 140 °C. This is in
agreement with the literature[15–17]. The presence of Al3+
accelerated the crystallization of tobermorite and could
substitute Si in tetrahedral sites in the tobermorite
structure. The structural reorganization enables protons to
move towards the Al atoms to compensate the charge
deficit caused by the substitution of Al3+ for Si4+. The Ca
atoms also play this role[18]. Furthermore, high
temperatures may be attributed to the formation of
katoite.
A longer reaction time not only affected the product
mineral phase assembly but also improved the crystal
morphology of the Al-substituted tobermorite. The
replacement of Al3+ with Si4+ up to 15% occurred with
spontaneous OH– for O2- substitution[19], and Al3+ in the
reaction system led to a break in the silicate chains and
formed Si–O–Al entities[20]. The starting Ca/Si molar
ratio does not significantly influence the morphology of
Al-substituted tobermorite; however, the ratio determined
the tobermorite’s final composition. A higher Ca/Si molar
ratio of 1.16 was applied for the hydrothermal synthesis,
and Fig. 7 shows that Al-substituted tobermorite formed
in all cases. The crystallinity of Al-substituted
tobermorite was maintained at a higher degree; however,

Scanning electron microscopy
Scanning electron microscopy-energy dispersive
spectrometry (SEM-EDX) is another powerful technique
for the characterization (size, morphology and elemental
composition) of individual particles[21–22]. Figures 8 and 9
show the SEM photomicrographs of the by-products of
the hydrothermal process after 12 h at 140, 180, and
220 °C and after 24 h at 180 °C. The dealuminated
residue after roasting and leaching showed a higher
activity, and uneven cavity surfaces of the dealuminated
residue provided powerful reaction binding sites. Figures
2 and 8 reveal a change in morphology of the original
surface of the dealuminated residue, which can be
explained by the dissolution of the amorphous
aluminosilicate phase and mullite in the dealuminated
residue under alkaline conditions due to dissolution of
CaO. Ca2+ reacts with SiO2 to generate C–S–H in this
specific reaction system. C–H–S essentially contains Al,
Si and O, and the minor phase was a precursor of the
Al-substituted tobermorite, i.e. C–S–H. As a result, with
an increase in temperature and pressure, the sequence of
the C–S–H gel along the (001) direction forms the
crystalline tobermorite. The chemical equation for this
hydrochemical process has been proposed to be
5CaO+6SiO2+5H2O=Ca5Si6O16(OH)2·4H2O
The isomorphic substitution of Si4+ by Al3+ in the
tobermorite lattice occurs during hydrothermal synthesis,
and the interlayers contain variable amounts of Ca2+ to
compensate for the charge alteration, which is caused by
exchanging Al3+ with Si4+ crystallographic substitutions
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and concomitant increases in basal spacing that changes
the inclined angle of the bridging tetrahedral. These
effects later enhance the thermal stability of the
Al-substituted tobermorite[23]. The crystallinity of
Al-substituted tobermorite increased with expanding
reaction temperatures, which is shown in Fig. 8(b).
Moreover, Fig. 8(b) shows sheet-like morphology
crystals of Al-substituted tobermorite that developed
aggregates that were randomly oriented and loosely
accumulated. The thickness of the Al-substituted
tobermorite sheet was approximately 2 nm. A spot scan
of the EDX spectra show Al-substituted tobermorite ore
is essentially composed of 2.4% Al, 19.2% Si, 17.7% Ca
and 60.6% O. As reaction temperatures continue to
increase, large clusters of radiating dendritic structures of

(a) 140 °C

(c) 180 °C

(e) 220 °C

Fig. 8

2017 年

katoite are observed (Fig. 8(c)). The XRD patterns of the
katoite materials (Fig. 6) tend to increase with reaction
temperatures greater than 200 °C, while those of
Al-substituted tobermorite disappeared. In general,
katoite does not appear to form until the silica content of
the system is sufficiently low. These results are in
agreement with those of E. Passaglia[24]. The
characteristic layered structure morphology of
Al-substituted tobermorite in Fig. 9(b) is more obvious
than that seen in Fig. 8(a). The XRD patterns in Fig. 7
shows that the crystallization behavior of Al-substituted
tobermorite is significantly affected by reaction time. For
this reason, 24 h was cautiously selected as the optimal time.
In the C–S–H gel, Al-substituted tobermorite and katoite
were identified by their morphology in the SEM images.

(b) EDS of Spectrum 1

(d) EDS of Spectrum 2

(f) EDS of Spectrum 3

SEM images and EDS mapping of residues under different hydrothermal temperature for 12 h
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(a) 12 h

· 1705 ·

(b) 24 h

C/Si ratio=1.16; T is Al-substituted tobermorite; C= C–S–H.

Fig. 9

4

SEM images of residues under 180 °C hydrothermal temperature for different time

Conclusions

The type of Al-substituted tobermorite formed by
changing experimental conditions, such as temperature,
reaction time and Ca/Si ratio, suggests that the
dealuminated residue after extracting Al from coal fly ash
could be converted into a beneficial product. The Al3+
content used in by-product disposal can also be closely
monitored because it has a significant effect on the
chemical evolution of the Al-substituted tobermorite. The
change in the microstructure of Al-substituted
tobermorite inhibits the conversion to xonotlite. The
optimum hydrothermal conditions for synthesis were
found to be 180 °C for 24 h using a Ca/Si ratio of 1.16.
At higher temperatures, katoite was also synthesized in
this experiment.
These synthetic Al-substituted tobermorites exhibit
cation exchange and could be used as ion exchangers in
refining radioactive wastewater, instead of other ion
exchangers, such as clay minerals and zeolites, which
are less thermodynamically stable and are more
expensive.
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