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Co-precipitation behaviour of titanium-containing silicate solution
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The co-precipitation behaviour of a simulated Al2(SO4)3–TiOSO4–Na2SiO3 solution that imitated
the lixivium of Ti-bearing blast furnace slag (Ti-slag) leached by sulphuric acid was investigated in
this study. Various chemical analyses were employed to study the selective precipitation of multiple
target components. Based on the high-added-value applications of Ti-slag, a new method was de-
veloped to prepare aluminium titanate composites from titanium-containing silicates. The findings
demonstrate that the onsets of Ti and Al precipitation occur at pH values of 3.5 and 5.0, respec-
tively, followed by Si precipitation. The particle sizes of the co-precipitates were greatly influenced
by the precipitants, pH and the initial Al/Ti mole ratio. The results also show that the precipitation
ratio of Ti, Al and Si generally increases with the pH and temperature, regardless of the Al/Ti mole
ratio. The Si-O-Al, Ti-O-Al, and Ti-O-Si bonds that were formed were dependent on the pH and
the initial Al/Ti mole ratio. There was a synthesis path for β-Al2TiO5 (AT) from the solid-state
reaction between rutile and α-Al2O3 at 1362.5◦C. The AT composites were successfully prepared
by sintering the co-precipitates at 1450◦C, which exhibited good thermal stability as estimated by
the XRD measurements of the sample annealed at 1200◦C for 4 hours.
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Introduction

China holds most of the global titanium resources,
approximately 90 % of which are located in Panzhi-
hua. Nearly all of this titanium is transformed into
slag consisting of 22 % TiO2 after the blast furnace
iron-making process. There are currently more than
70 million tonnes of Ti-slag, increasing by 3 million
tonnes per year, in the Panzhihua area (Chen et al.,
2013).
Ti-slag represents a valuable resource, and several

studies have focused on the reuse of Ti-slag. These in-
clude using carbide–chloride to generate TiCl4, leach-
ing Ti with acid or molten salt to create raw materials
to prepare TiO2 after removing vanadium, or produc-
ing a Si–Ti alloy by the direct electrolytic method.
However, these Ti-slag treatment approaches focus on

the recovery of only one chemical component. Accord-
ingly, the present study develops a new method to
reuse several components of Ti-slag in a single process.
To this end, multi-doped LiFePO4 was prepared from
steel slag (Wu et al., 2010) and perovskite CaTiO3
was directly extracted from Ti-slag (Lü et al., 2013).
Hydrometallurgy is generally used to leach low-grade
valuable single components in high-silicon metallurgi-
cal slag; however, the concomitant silicic acid prod-
ucts polymerise and gelatinise during the subsequent
precipitation of the valuable components, leading to
difficulties in product purification.
Due to the complexity of the components and the

presence of acidic, basic and amphoteric elements in
silicon metallurgical slag (such as Ti-slag), it is dif-
ficult to precipitate multi-target components, result-
ing in few value-added uses for the slag. Hence, it
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was necessary to resolve the key scientific problems
of controlling the combined precipitation of the tar-
get components and the particle growth mechanism
in the titanium-containing silicate in the basic co-
precipitation process. To solve the above problems,
aluminium titanate and cordierite composites were
successfully prepared from Ti-slag and blast furnace
slag, respectively, rather than recovering single-target
components (Wu et al., 2013a).
This study yields evidence for the combined precip-

itation of target components in titanium-containing
silicates and suggests promising high-value uses for
Ti-slag. For example, an aluminium titanate ceramic
material was successfully prepared from Ti-slag rather
than recycling the single components (Wu et al.,
2013b).
Aluminium titanate (AT) is a promising material

due to its excellent properties, including low thermal
conductivity, excellent thermal shock resistance and
high thermal expansion anisotropy. The traditional
method of preparing AT is based on a solid-state reac-
tion between stoichiometric mixtures of titanium(IV)
oxide and aluminium(III) oxide above 1300◦C (Sob-
hani et al., 2014). However, the phase composition is
extremely heterogeneous due to significant quantities
of unreacted TiO2 and Al2O3. Furthermore, the AT
formed from TiO2 and Al2O3 decomposes to rutile
and alumina at temperatures of 800–1300◦C (Xie et
al., 2010). Additives such as Al2O3, SiO2 and mullite
have been considered for improving the thermal sta-
bility of the process (Huang et al., 1998; Oikonomou
et al., 2007; Xie et al., 2010). The conversion of in-
dustrial wastes into valuable products has several ad-
vantages over the traditional chemical preparation of
materials in terms of the conservation of resources, the
environment and energy (Kim et al., 2011). As a con-
venient and cost-effective method for synthesising pre-
cursors from inorganic salt solutions, co-precipitation
has attracted widespread attention. Co-precipitation
is also an important metallurgical method for recov-
ering valuable elements in metallurgical slags. Despite
the importance of this issue and the abundance of raw
materials for this purpose, few studies have provided
detailed chemical, structural and material investiga-
tions regarding the co-precipitation process for solu-
tions of titanium-containing silicates (Kimura et al.,
2006; Kurc, 2014).
The co-precipitation behaviour of a simulated

Al2(SO4)3–TiOSO4–Na2SiO3 solution leached from
Ti-slag by sulphuric acid was examined in this study.
The study sought to clarify the selective precipita-
tion of multiple-target components and to design a
new method for preparing AT composites from the
co-precipitates.

Experimental

The following chemicals were purchased from the

indicated suppliers and used without further purifi-
cation: Al2(SO4)3 ·18H2O, Na2SiO3 · 9H2O, NH4OH,
NaOH and absolute ethanol (Sinopharm Chemical
Reagent, Shanghai, China, AR), sulphuric acid (Ori-
ental Chemical Reagent Company, Liyang, China, 98
mass %) and TiOSO4 (Aladdin Industrial Corpora-
tion, Shanghai, China, 93 mass %). The solutions
were adjusted to the required concentrations using de-
ionised water.
The co-precipitation was carried out in a 2-L jack-

eted glass reactor. First, 26.65 g of Al2(SO4)3 · 18H2O
and 2.84 g of Na2SiO3 ·9H2O were dissolved in 200 mL
of de-ionised water. Then, 3.44 g of TiOSO4 was dis-
solved in 100 mL of 2 mol L−1 sulphuric acid solu-
tion. Next, the prepared Al2(SO4)3 · 18H2O, TiOSO4
and Na2SiO3 · 9H2O solutions were mixed in a 1-L vol-
umetric flask to volume with a 2 mol L−1sulphuric
acid solution (Al-Ti-Si solution). Thus, a Ti-Al-Si
ternary solution with: C(Al3+) = 40.0 mM, C(Ti4+) =
20.0 mM and C(Si4+) = 10.0 mM was obtained. Bases
(NH4OH or NaOH solutions) were added quickly (ap-
proximately 5 mL min−1), and each titration was com-
pleted within approximately 60 min. The solution con-
taining suspended particles was then allowed to equi-
librate for an additional 2 hours. Subsequently, the
solution containing co-precipitates were washed to re-
move excess salts by repeated centrifuging and re-
suspending in de-ionised water. The co-precipitates
were finally dried in an oven at 115◦C for 6 hours and
were then used for the following measurements.
The final AT composites were obtained by calci-

nating the co-precipitates at 1350◦C and 1450◦C for
3 hours at each temperature, using a heating rate of
5◦C min−1 in a high temperature furnace designed for
the purpose (Li et al., 2010) under an air atmosphere.
The chemical composition of the precipitates was

determined using an ICPS-7510 ICP-OES instrument
(Shimadzu, Kyoto, Japan). The FTIR spectra of the
samples were obtained with a 6700 system (Thermo
Nicolet, Waltham, MA, USA) using the KBr disk
method. TG-DSC measurements were carried out on
a STA449 F3 simultaneous thermal analyser (Netzsch,
Selb, Germany) from ambient temperature to 1400◦C
under an N2 atmosphere at a 5◦C min−1 heating
rate. The phase analyses of the precipitates and the
AT composites were measured using a D8 Advance
X-ray diffractometer (Bruker AXS, Karlsruhe, Ger-
many) with a CuKα radiation source (λ = 1.5406 Å)
of 40 kV, 30 mA and a scanning speed of 3◦ min−1

over a 2θ range of 10–80◦. The contents of the main
crystalline phases of the AT composites were obtained
through a Rietveld quantitative analysis with Full-
prof software. The particle sizes were measured us-
ing a Rise-2006 granulometer (Runzhi, Jinan, China).
A pHS-2CW pH meter (Bante, Beijing, China) was
used to monitor the changes in pH of the Al2(SO4)3–
TiOSO4–Na2SiO3 solution upon titration with the
precipitants. The morphologies of the co-precipitates
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Fig. 1. Change in pH of Al2(SO4)3–TiOSO4–Na2SiO3 solution
upon titration by NH4OH ( ) and NaOH (•) precipi-
tants under initial conditions CTi = 1.0 × 10−2 M and
Al : Tia : Si = 2 : 1 : 0.5 at reaction temperature of
25.0◦C.

Fig. 2. TEM morphologies of onset precipitates titrated by
NH4OH precipitants under initial conditions CTi =
1.0 × 10−2 M and Al : Ti : Si = 2 : 1 : 0.5 at reaction
temperature of 25.0◦C and pH 3.5.

and AT composites were characterised using an S4800
scanning electron microscope (SEM, Hitachi, Osaka,
Japan). The morphologies of the onset precipitates at
pH 3.5 were recorded by a JEM2100 transmission elec-
tron microscope (TEM, JEOL, Tokyo, Japan).

Results and discussion

The formation of mixed Ti-Al-Si oxyhydroxy co-
precipitates from Al2(SO4)3–TiOSO4–Na2SiO3 dilute
sulfuric acid solutions titrated by NH4OH and NaOH
was recorded as potentiometric (pH) titration curves
(Fig. 1). Two distinct pH plateaux were observed,
which corresponded to the neutralisation reaction be-
tween OH− and H+ in the Al-Ti-Si solution below pH
1.9 and the onset of Ti precipitation at pH 3.5, fol-
lowed by Al precipitation at pH 5. The Al/Ti mole
ratio in the co-precipitate formed at pH 5 was 2.2 :
1.0, which was larger than the ratio of 1.0 : 4.8 in the
precipitate formed at pH 3.5.
The Ti-Al-Si aqueous solutions used in this study

were colloidal and contained complex species. How-
ever, the co-precipitation was due to the low solubility
of Al(OH)3, TiO(OH)2 and their complex silicates.
The TEM and SEM morphologies of the co-

precipitates of Ti-Al-Si in Fig. 2 and Fig. 3a, respec-
tively, showed that most of the particles were fine and
homogeneous, with a particle size of approximately
3 µm. The average particle size of the AT composites
sintered at 1450◦C for 3 hours (Fig. 3c) was approxi-
mately 200 nm.
Fig. 4 illustrates the relationship between the av-

erage particle size and the co-precipitation conditions.
Fig. 4a indicates that the particle size of the co-
precipitates increased markedly with the reaction tem-
perature. The effect of the reaction temperature on
the co-precipitate size can be ascribed to the effect
of the reaction temperature on the precipitation ki-
netics, including the nucleation and growth rates. At
high temperatures, the growth rate is higher than the
nucleation rate, so the particles become larger (Lee et
al., 2009). According to the electric double layer and
DLVO theories, the metallic cations (Na+ in NaOH)
increased the electrostatic interaction of the parti-
cles. Hence, the micrometre-sized particles formed by
NaOH as a co-precipitant are generally larger than
those formed by NH4OH as a co-precipitant while
varying each of the three conditions, temperature, pH
and Al/Ti mole ratio, as shown in Figs. 4a–4c, respec-
tively.
Fig. 4b shows that the particle sizes of co-

precipitates at pH 7 were relatively small. Almost
amorphous Al(OH)3 was formed at pH 5–6, and
some portion of the bayerite (α-Al(OH)3) phase co-
precipitated at pH 8. The differences in particle size
in relation to the precipitation pH of the aluminium
hydroxides was also observed by Du et al. (2009). Fur-
thermore, the isoelectric points of SiO2 (Richmond
et al., 1998), Al(OH)3 (El-Masry et al., 2004) and
TiO2 hydrosol (Wellia et al., 2011) (i.e., TiO(OH)2)
were below the pH ranges of 4, 7.5–8.5 and 4.5–6.8,
respectively. At pH values lower than the isoelectric
points, the positively charged Al-Ti-Si hydroxides are
attracted to the negatively charged particles. The in-
crease in the negative charge on the surface of the col-
loid particles results in a strong surface electrostatic
force which obstructs the agglomeration of hydroxide
particles and produces small floccules. The OH− ions
provided by the NH4OH solution (at pH 7) dissolved
the Al(OH)3 to form AlO2− ions (Pourbaix et al.,
1974), and higher concentrations (at pH 8) resulted
in heterogeneous co-precipitation with median parti-
cle size changes, as shown in Fig. 4b.
Fig. 4c shows that the smallest co-precipitate

formed at the stoichiometric ratio of Al/Ti for
Al2TiO5. Under acidic conditions, hydration of the
OH groups on the surface of the silica particles can
lead to particle agglomeration. In addition, Al(OH)3
reacting with an acid results in the formation of Al3+
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Fig. 3. SEM morphologies of precipitates titrated by NH4OH
precipitants under initial conditions CTi = 1.0 ×
10−2 M and Al : Ti : Si = 2 : 1 : 0.5 at reaction tem-
perature of 25.0◦C and pH 5 (a), EDS of spot (1#) in
Fig. 3a (b) and SEM morphologies of sample A sintered
at 1450◦C for 3 hours (c).

ions, which act as counterions adsorbed on the surface
of the silica particles. This proximity of the Al3+ and
SiO2 particles causes the gel to become more homoge-

Fig. 4. Median particle size (d50) of precipitates titrated by
NH4OH ( ) and NaOH (•) with initial CTi = 1.0 ×
10−2 M Al2(SO4)3–TiOSO4–Na2SiO3 solution which
was dependent on the co-precipitation conditions: reac-
tion temperature (a), co-precipitation pH (b) and Al/Ti
mole ratio (c).

neous. Under acidic conditions, the increasing amount
of OH− leads to condensation reactions between the
Al(OH)3 particles, Al(OH)3 and SiO2 particles, result-
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Fig. 5. Precipitation ratio of Al2(SO4)3–TiOSO4–Na2SiO3 so-
lution with initial CTi = 1.0 × 10−2 M titrated by
NH4OH, as dependent on co-precipitation conditions:
reaction temperature (a), co-precipitation pH (b) and
Al/Ti mole ratio (c).

ing in segregations of the alumina and silica (Huang
et al., 1997).
Fig. 5 displays the relationship between the precip-

itation ratio of Ti, Al and Si (Rp), in which Rp is the

mole ratio of the relative element in the co-precipitates
and the initial element in the stock solution anal-
ysed by ICP under various co-precipitation conditions.
Fig. 5a shows thatRp generally increased with increas-
ing pH. The pH in the solution dictates the extent to
which the water molecules are replaced, depending on
the availability of OH−. Thus, various aluminium hy-
droxide mononuclear species can be formed.
Because it has zero charge and is capable of con-

densing to form the solid phase, Al(OH)3 is formed at
sufficiently high concentrations of OH−. The dimeric,
trimeric and polynuclear hydrolysis products of Al3+

can be formed in high concentrations of OH−; how-
ever, these products are often ignored, especially in
dilute solutions (Duan & Gregory, 2003). Accordingly,
combined with the comprehensive effect of the iso-
electric points of SiO2, Al(OH)3 and TiO(OH)2, Rp
increases with an increase in pH.
However, silica gel was dominant in the silicic-

acid-containing solution at the pH studied (Li & Lu,
2011). Heterogeneous condensation occurred for the
aluminium, silicic and titanium hydroxides to form
aluminium–silicon, titanium–silicon and aluminium–
titanium polymers. This was further confirmed by
FTIR measurements.
Fig. 5b shows that the Rp values of Al, Ti and Si

were influenced by the co-precipitation temperature.
A high temperature often promotes agglomeration and
the growth of aluminium, silicic and titanium hydrox-
ide colloids. Hence, the precipitation ratio increased
with the reaction temperature. Fig. 5c indicates that
the initial Al/Ti mole ratio had no apparent effect on
Rp.
FTIR spectroscopy provides important informa-

tion on the chemical composition and structure of
amorphous materials. Figs. 6a–6c show the ambi-
ent temperature FTIR transmittance spectra of the
co-precipitates prepared under various pHs, reaction
temperatures and Al/Ti mole ratios measured in the
400–4000 cm−1 regions, respectively. The broad bands
at ≈ 3400 cm−1 and ≈ 1636 cm−1 may be due to the
O—H stretching vibration of the TiO(OH)2, Al(OH)3,
Si(OH)4, their complex oxyhydroxy co-precipitates
and the residual water. A slight shift in the higher
wavenumbers in the O—H stretching vibration band
at ≈ 3400 cm−1 indicates bond weakening because of
the increasing Si—O—Al, Ti—O—Al and Ti—O—Si
bond formation with the increasing reaction temper-
ature, co-precipitation pH and Al/Ti mole ratio. The
band at 1135 cm−1 is related to the stretching vi-
bration of Si—O (Schneider & Komarneni, 2005; Li
& Lu, 2011) or the bending vibration of Ti—O—Al
(Di Valentin et al., 2007). The bands at 981 cm−1,
attributed to the bending vibration of Si—O—Al
(Aravind et al., 2006) or the stretching vibration of
Ti—O—Si (Matsuda et al., 2006), are enhanced with
the co-precipitation pH increase, accompanied by the
gradual disappearance of the band at 1135 cm−1. The
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Fig. 6. FTIRspectra of co-precipitates prepared by NH4OH
under various co-precipitation conditions: co-precipita-
tion pH (a), reaction temperature (b) and Al/Ti mole
ratio (c).

increase in the Si—O—Al and Ti—O—Si bonds in the
samples is further confirmed by the increase in Al and
Ti in the co-precipitates with a pH increase. This indi-
cates that Al and Ti existed as segregated amorphous

Fig. 7. TG-DSC (in an air atmosphere) curves of AT precursor
co-precipitated in Al2(SO4)3–TiOSO4–Na2SiO3 solu-
tion and titrated by NH4OH under initial conditions of
CTi = 1.0 × 10−2 M and Al : Ti : Si = 2 : 1 : 0.5 at
25.0◦C.

SiO2 particles and that some fraction of their bond-
ing was Si—O—Si. As expected, the intense band at
606 cm−1was due to the bending vibration of Al—
OH (Farmer, 1974), which increased with the Al/Ti
mole ratio. The variation in the characteristic peaks,
such as for M—OH (M = Ti, Al and Si), Ti—O—Al,
Si—O—Al and Ti—O—Si, is evidence of the com-
plex co-precipitation, including homogeneous and het-
erogeneous condensation reactions between Al(OH)3,
TiO(OH)2 and Si(OH)4 colloidal particles.
Fig. 7 shows that the TG-DSC analyses for the AT

composite precursors exhibited a significant loss of ig-
nition (LOI) from ambient temperature to 320◦C. The
endothermic peak appearing at 176.8◦C was associ-
ated with the vaporisation of the physically absorbed
water and the removal of the surface and structural
hydroxyls, respectively. From 320◦C to 1000◦C, the
mass loss may have been due to the de-hydroxylation
of the TiO(OH)2–Al(OH)3–Si(OH)4 inorganic moi-
eties and the decomposition of ammonia sulphates.
The endothermic peak at 668.2◦C can be attributed to
the conversion of anatase to rutile, in which the addi-
tion of Al2O3 (Jung et al., 2008) and SiO2 (Periyat et
al., 2008) to the TiO2 prevented the phase transforma-
tion. There was a 10 % mass loss from approximately
800◦C to 1000◦C resulting in endothermic peaks at
837.3◦C and 947.2◦C due to the thermal decomposi-
tion of the metallic sulphates. Between 1000◦C and
1400◦C, the smooth changes in mass indicate that all
of the sulphates decomposed. The exothermic peak at
approximately 1100◦C may be attributed to the for-
mation of metastable mullites (Chakravorty & Ghosh,
1988). The endothermic peak at 1430.2◦C can be
clearly assigned as the synthesis of β-Al2TiO5 from
rutile TiO2 and α-Al2O3.
The formation of mullite and AT at low tempera-

tures occurred for the following reasons: the EDS map
of the onset precipitates at pH 3.5 shows a Ti : Al : Si
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mole ratio of 4.8 : 1.0 : 1.1. Together with the FTIR
results, this ratio indicates that a weak van der Waals
interaction formed between the titanium-silica core
and alumina layer (El-Masry et al., 2004) in the co-
precipitation stage. However, during the dehydroxyla-
tion of the TiO(OH)2–Al(OH)3–Si(OH)4 process (be-
low 720◦C), the Ti—O—Al and Si—O—Al linkages
were enhanced. Thus, the mullite and the AT crys-
tallisation evolved more easily.
Okada and Otsuka (1986) noted that M1—O—M2

linkages (M1 = Si, M2 = Al in the case of mullite) are
an important factor for determining the crystallisation
phase. The exothermic peak at 1269.1◦C indicates the
formation of α-Al2O3 from γ-A12O3 at a transforma-
tion temperature that is approximately 95◦C higher
than that from a previous study (Liu et al., 2013).
The thermal stability of γ-Al2O3 was found to im-
prove significantly in the presence of some additives,
such as SiO2 (Belver et al., 2002; Liu et al., 2008) and
TiO2 (Zhou et al., 2007), hence the transformation
of γ-Al2O3 into α-A12O3 was significantly retarded.
A small endothermic peak at 1362.5◦C was attributed
to the solid-state reaction of β-Al2TiO5 between rutile
TiO2 and α-Al2O3.
Fig. 8a displays the XRD pattern of the co-

precipitate prepared under the conditions of initial
CTi = 1.0 × 10−2 M and Al : Ti : Si = 2 : 1 : 0.5
at a reaction temperature of 25.0◦C after washing
and drying. It is evident that the sample is in amor-
phous form, with a minor amount of anatase TiO2.
To determine whether the β-Al2TiO5 was synthe-
sised at a lower temperature, a phase analysis of
the co-precipitates sintered at 1350◦C was conducted.
Fig. 6b clearly shows three crystalline phases: AT,
rutile, and mullite. However, as shown in Table 1,
when the co-precipitate was sintered at 1450◦C, the
metastable mullite vanished, but keatite and stishovite
did not appear. The increase in β-Al2TiO5 and the de-

Fig. 8. XRD patterns of AT composite precursors co-precipita-
ted in Al2(SO4)3–TiOSO4–Na2SiO3 solution titrated
by NH4OH under initial conditions of CTi = 1.0 ×
10−2 M and Al : Ti : Si = 2 : 1 : 0.5 at 25.0◦C (a) and
co-precipitates sintered at 1350◦C for 3 hours (b).

Table 1. Co-precipitation conditions, components of co-precipitates, sintering schedule (3 hours in all) and phase contents of AT
composites

Co-precipitation conditions Al : Ti : Si Phasesa content of AT composites/mass %
mole ratio Sintering T/◦C

T/◦C C/M Al : Ti : Si pH in co-precipitates β-AT Rutile Keatite Stishovite Mullite
mole ratio

10 1.0 × 10−2 2 : 1 : 0.5 5 1.89 : 1 : 0.40 1450 89.9 3.5 6.0 0.6 0

25 1.0 × 10−2 2 : 1 : 0.5 – 2.04 : 1 : 0.43
1450 84.5 1.5 9.2 4.8 0
1350 34.6 16.5 0 0 48.9

40 1.0 × 10−2 2 : 1 : 0.5 5 1.97 : 1 : 0.45 1450 91.2 1.1 7.5 0.2 0
55 1.0 × 10−2 2 : 1 : 0.5 5 1.95 : 1 : 0.45 1450 90.7 0.5 7.0 1.9 0
25 1.0 × 10−2 2 : 1 : 0.5 6 2.00 : 1 : 0.48 1450 91.7 0.7 6.4 1.2 0
25 1.0 × 10−2 2 : 1 : 0.5 7 2.03 : 1 : 0.47 1450 92.4 0.6 6.5 0.5 0
25 1.0 × 10−2 2 : 1 : 0.5 8 2.04 : 1 : 0.48 1450 92.2 1.3 6.2 0.4 0
25 1.0 × 10−2 1.5 : 1 : 0.5 5 1.56 : 1 : 0.43 1450 78.1 13.3 8 0.6 0
25 1.0 × 10−2 2.5 : 1 : 0.5 5 2.40 : 1 : 0.42 1450 73.0 0 11.3 1.5 14.2
25 1.0 × 10−2 3 : 1 : 0.5 5 2.85 : 1 : 0.46 1450 65.9 0 3.9 0.6 29.6

a) The phases of β-AT, rutile, keatite, stishovite and mullite were attributed to the ref. codes of 01-070-1434, 01-072-1148, 01-076-
0912, 01-080-0369 and 01-073-1389 in the Fullprof software, respectively.



H. H. Lü et al./Chemical Papers 70 (12) 1632–1641 (2016) 1639

Fig. 9. XRD patterns of AT composites (sintered at 1450◦C
for 3 h) co-precipitated under various conditions: co-
precipitation pH (a) and Al/Ti mole ratio (b).

crease in rutile were caused by the formation of β-AT
from the solid-phase reaction between rutile TiO2 and
α-Al2O3, as discussed in the TG-DSC analyses for the
AT composite precursors.
Fig. 9 shows the XRD pattern of the AT com-

posites synthesised from co-precipitates under various
conditions, the phase contents of which are also listed
in Table 1. It is evident that β-Al2TiO5 appeared in
the main crystal phase when the co-precipitates sin-
tered at 1450◦C for 3 h, regardless of the pH, temper-
ature or Al/Ti mole ratio. However, mullite formed in
the samples that co-precipitated with an Al/Ti mole
ratio that was higher than the stoichiometric ratio.
In addition, mullite dominated in the sample sintered
at 1350◦C for 3 h without the appearance of keatite
and stishovite. This indicates that the metastable mul-
lite was converted to keatite, stishovite and α-A12O3
at temperatures above 1350◦C. Hence, the specimen
attained the second formation of β-Al2TiO5 by the
solid-state reaction of rutile and α-A12O3 at 1450◦C.
The TG-DSC curves of the AT composites from

Fig. 10. XRD patterns of AT composites (sintered at 1450◦C
for 3 h and annealed at 1200◦C for 4 hours) co-
precipitated in Al2(SO4)3–TiOSO4–Na2SiO3 solution
under initial conditions of CTi = 10.0 mM, Al : Ti :
Si = 2 : 1 : 0.5 titrated by NH4OH at 25.0◦C.

precursors co-precipitated in the Al2(SO4)3–TiOSO4–
Na2SiO3 solution under the initial conditions of CTi =
10.0 mM, Al : Ti : Si = 2 : 1 : 0.5 titrated by NH4OH
at 25.0◦C (a) and the mixture of rutile and α-Al2O3
with the stoichiometric ratio (b) sintered at 1450◦C
for 3 h.
The XRD measurement was used to estimate the

thermal stability of the AT. Fig. 10 presents the XRD
pattern of the AT composites sintered at 1450◦C for
3 h and annealed at 1200◦C for 4 hours. α-A12O3 can-
not be detected, which indicates that the decompo-
sition of β-Al2TiO5 could be ignored. The stability
of β-Al2TiO5 may be attributed to the Si-doped AT
composites precursor.

Conclusions

The co-precipitation behaviour of a simulated
titanium-containing silicate solution leached from Ti-
slag by sulphuric acid was investigated. Ti and Al
were precipitated at 3.5 pH and 5.0 pH, respectively,
followed by Si precipitation. The findings show that
the precipitation ratios of Ti, Al and Si (Rp) gen-
erally increased with higher pH values and temper-
atures, regardless of the Al/Ti mole ratio. The co-
precipitate particle size and the formation of AT
were greatly influenced by the bonds of Si—O—Al,
Ti—O—Al and Ti—O—Si. The bond formation of
Si—O—Al, Ti—O—Al and Ti—O—Si was dependent
on the experimental conditions. Accordingly, two syn-
thesis paths for β-Al2TiO5 were identified, one from
the rutile TiO2 and amorphous Al2O3 at relatively
low temperatures, and the other from the solid-state
reaction between rutile TiO2 and α-Al2O3 at higher
temperatures. The results show that the AT compos-
ites synthesised by co-precipitates demonstrate good
thermal stability from 800◦C to 1300◦C in comparison
with the thermal decomposition and chemically syn-
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thesised, self-recovered AT composites. These results
resolve the key scientific problem of precipitation con-
trol for the target components in titanium-containing
silicates in the basic co-precipitation process. These
findings present a promising approach to preparing
new, high-performance composite materials from Ti-
slag.
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