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a b s t r a c t

In this work, the formation of SiO2 coated TiO2 (SiO2-TiO2) composite from titanium bearing blast 
furnace slag (TBBFS) was carried out by hydrothermal treatment in the acidic solution with the assis-
tance of F–. The basanite and perovskite were two main compositions in TBBFS which provided Si 
and Ti for the SiO2-TiO2 composite formation, respectively. For this purpose, the HCl solution was 
used as leaching agent in the hydrothermal treatment of TBBFS at 180°C, which led to Si and Ti 
leaching for the formations of anatase TiO2 phase and amorphous SiO2 phase. In comparison, the 
leaching process in HF led to the formation of metal fluorides and TiO2 with the dissolution of most 
Si. Accordingly, different amount of HF addition in HCl leaching of TBBFS led to the SiO2/TiO2 mass 
ratio in composite varying from 1.1 to 3.7. Moreover, the various mass ratio of SiO2 to TiO2 in the 
composite resulted in the different photodegradation performance of Rhodamine B, where 95% of 
Rhodamine B was removed on the composite at 1.1–1.2 of SiO2/TiO2 mass ratio. The adsorption of 
positive dye on negative SiO2 and the simultaneous photodegradation on available TiO2 surface were 
responsible for the effective Rhodamine B removal. Therefore, our result provided a facile approach 
to the preparation of photocatalyst candidate from TBBFS for the degradation of organic contaminate 
in the solution.
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1. Introduction

The catalytic degradation of organic contaminates was 
the common technology in water treatment [1–3]. There 
have been many methods developed to achieve the water 
purification [4]. Among these methods, TiO2 photocata-
lytic technology has been attracted much attention as it is 
the most efficient, environmentally benign and promising 
method to remove contaminate [5,6]. To improve the pho-
tocatalytic activity and photodegradation performance 
of TiO2, the TiO2 surface was coated by Al2O3 [7], SiOx [8], 
MgOx [9] particles. Among these development of TiO2 pho-
tocatalyst, amorphous silica, MCM-41 [10] and SBA-15 [11] 
was often coated on TiO2. As the negative surface of SiO2, the 
coating of SiO2 on TiO2 enhanced the adsorption of positive 

contaminates such as Rhodamine B [12–14], which led to the 
increase of its photodegradation kinetics on the composite. 
The other advantage of SiO2 coating was to separate the pho-
togenerated electrons and holes in TiO2, which resulted in 
the improvement of photocatalytic activity for removal of 
organic compounds [15–18]. Many strategies for preparing 
the SiO2 coated TiO2 were proposed [19–21]. However, in 
these methods, the laboratory reagents were always used as 
Si and Ti sources, which cost was high. Thus, an approach to 
the low-cost preparation of the composite is necessary.

Titanium bearing blast furnace slag (TBBFS), from iron 
and steel industry, usually contains 10–20% of Ti, 20–30% of 
Si, 10% of Al, and other metals. In the recovery of TBBFS, 
TiO2 is the common product [22,23]. However, only 50%–
60% of Ti was extracted for TiO2 formation in practical 
industrial process. The residue after the Ti recovery was 
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treated as the additional material in cement, concrete pro-
duction or roadbed [24,25]. In China, there are more than 
three million tons of titanium-bearing blast furnace slag 
industry each year [26,27]. The low recovery efficiency of Ti 
leads to the challenge to the loss of Ti in TBBFS for resource 
recovery. Therefore, a new strategy is proposed to recover 
the elements except Ti in the high-value way of utiliza-
tion. Based on the development of SiO2-TiO2 catalyst, it is 
expected that the SiO2 coated anatase TiO2 can be prepared 
from TBBFS to achieve the recovery of both Ti and Si. 

In TBBFS, perovskite (CaTiO3) is the predominant Ti 
species, which was converted to TiO2 through the acid 
leaching, high-energy ball milling, alkaline-thermal treat-
ment, catalytic applications [28–31]. Among these pro-
cesses, the hydrothermal treatment with acidic solution 
was an important method to prepare TiO2 with high activ-
ity [28]. On the other hand, the formation of SiO2 parti-
cles was also achieved by hydrothermal treatment from 
Si-waste [32]. Accordingly, the formation of SiO2 coated 
TiO2 composite from TBBFS is suggested through hydro-
thermal treatment in acidic solution.

In this work, we aim to develop an approach to the 
preparation of amorphous SiO2 coated anatase TiO2 from 
TBBFS. The hydrothermal treatment of TBBFS in HCl and 
HF solution was performed. After treatment, the composi-
tion in the residue was characterized. Based on these result, 
the mixture with HCl and HF at various [HF]s was used to 
prepare the SiO2 coated TiO2 photocatalyst. Its photocatal-
ysis performance was conducted in the photo-reduction of 
Rhodamine B under UV irradiation.

2. Experimental section

2.1. Leaching of TBBFS

TBBFS was provided by Panzhihua Iron and Steel Cor-
poration of China. The composition of TBBFS is shown in 
Table 1. The TBBFS was ground in a high-energy ball mill 
prior to the treatment.

The leaching of TBBFS was carried out by hydrothermal 
treatment. Typically, 0.5 g of TBBFS powder was added in 40 
mL of 1 mol/L HCl. The mixture was then transferred into a 
50 mL teflon lined stainless steel autoclave. The sealed auto-
clave was heated at 180°C in an oven for 1–10 h. After cooling 
in the atmosphere, the suspension was taken out from the 
autoclave. The solid precipitate was separated by centrifu-
gation, washed by distilled water and dried overnight in an 
oven. The liquid was collected for further determination. 

In similar way, the HF-assisted leaching of TBBFS was 
performed with 0.4–1.0 mol/L of HF added in the HCl leach 
solution above. Accordingly, the as-prepared composite was 
denoted as HF1.0, HF0.8, HF0.6 and HF0.4, respectively.

2.2. Photocatalytic activity evaluation

The photocatalysis of the composite was evaluated by 
the photodegradation of Rhodamine B (RB) under UV irra-
diation. Briefly, 0.040 g of the composite was added in 40 
mL of RB solution with the RB concentration of 25 mg/L. 
The photocatalysis of this suspension was performed in a 
double wall jacket quartz photoreactor (Bi Lon, China) of 
cylindrical shape at 25 ± 1°C. A 125 W medium pressure 
Hg lamp (GGZ, Jiguan, China) emitted predominantly at 
365–366 nm was immersed within the photoreactors as UV 
irradiation source. With continuously magnetic stirring, the 
photo-reaction was carried out for 60 min. For the kinetics 
of the photocatalysis, the reaction above was repeated at 
various time. After reaction, the suspension was separated 
by centrifuge. The solid sample was washed by distilled 
water and dried overnight in an oven. The aqueous solu-
tion was collected for further determination. In the similar 
way, the adsorption of RB on the composite was carried out 
without UV irradiation. 

2.3. Characterization

The X-ray diffraction of the solid sample was carried 
out on a D/MAX-2200 X-ray diffractometer (Rigaku, Japan) 
using Cu Kα radiation (λ = 0.15406 nm) at 40 kV, at a scan-
ning rate of 2° min–1. Powder data file (ICDD-JCPDS) was 
utilized for analysis of the patterns. The surface area of the 
samples was measured by N2 sorption at liquid nitrogen 
temperature in a Quantasorb SI Analyser (Quantachrome 
Co., USA). The morphology of the solid sample powders 
were recorded by a scanning electron microscopy S-3000N 
(HITACHI, Japan) equipped with an energy dispersive 
X-ray spectroscopy (EDXs) analysis unit. 

The composition of TBBFS was measured by X-ray Flu-
orescence Spectrometer (XRF-1800, SHIMADZU LIMITED, 
Japan). The WFZ UV-4802H (UNICO, China) spectropho-
tometer was employed to determine the concentration of Si 
and Rhodamine B in the treated solution by following the 
corresponding methods [33]. Before the Si determination, 1 
ml of HF (0.02 mol/L) was added in the solution to ensure 
the Si dissolution. The concentration of metal in the solu-
tion was determined by Inductively Coupled Plasma-Atom 
Emission Spectrum (ICP-AES, Prodigy, Leeman Co.). 

3. Results and discussion

3.1. Characterization of SiO2-TiO2 composite in TBBFS leaching

Table 1 lists the composition of TBBFS, indicating that 
Ca, Ti, Si were the main elements in TBBFS. The XRD pat-
tern of raw TBBFS is illustrated in Fig. 1, where sharp peaks 
of basanite (PDF = 88-0847) and perovskite (PDF = 77-0182) 
were identified raw TBBFS. Accordingly, it is proposed 
that in the raw TBBFS, Ti was predominant in perovskite 
phase with near 50% (w/w) of Ca while Si in basanite with 

Table 1 
The composition of TBBFS (%, w/w)

Sample TBBFS

Si 11.9
Ti 11.8
Ca 19.2
Al 6.29
Mg 6.98
Fe 1.83
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Ca, Mg, Al, Fe. Moreover, Fig. 1 shows the XRD patterns of 
the collected solid after hydrothermal treatment at 180°C 
in HCl solution with various dosages of HF addition. In 
the case of HCl leaching (HF0), no perovskite and basanite 
phases were identified by XRD, indicating the collapse of 
the TBBFS in hydrothermal treatment. Instead, a series 
of diffraction peaks at 25.3°, 38.0°, 48.1°, 54.1°, and 55.1° 
(2θ) was recorded in the XRD pattern of HF0, which was 
indexed as anatase phase (PDF = 86-1157). This demon-
strates the complete conversion of perovskite to TiO2 in 
the HCl solution, consistent with the result elsewhere [27]. 
Besides, a small portion of rutile phase was formed as the 
peak at 27.2° of rutile-TiO2 in HF0. In comparison, there 
was no Si bearing phase appeared in HF0. This observa-
tion suggests that the amorphous SiO2 was probably the 
fate of basanite conversion. 

The TiO2/SiO2 composite was often prepared by the 
hydrolysis of Ti and Si precursor. In this way, TiO2 was 
formed as its faster deposition than that of SiO2. Accord-
ingly, Si always adsorbed on the TiO2 surface, resulting 
in the formation of SiO2-covered TiO2 composite [34,35]. 
In our case, the HCl leaching treatment of slag was sup-
posed to lead to the formation of TiO2/SiO2 composite as 
the hydrolysis of slag, consistent with that in the previous 
report [36].

With the HF addition, the strong diffraction peaks of 
anatase phase instead of the perovskite and basanite were 
also identified in the XRD pattern of all cases with HF added 
(HF0.4–HF1.0). This demonstrates the similar conversion 
process of TBBFS to that in HF0. The rutile phase was dis-
appeared with HF addition, indicating that F– improves the 
formation of anatase phase. However, with the increase in 
the HF concentration to 1.0 mol/L, the new reflections of 
NaMgAlF5 and CaAlF5 were recorded in the solid samples, 
which resulted in metal fluoride impurity in the leaching 
product. As basanite was composed of Na, Mg, Si in the 
raw slag, the formation of NaMgAlF5 after acid leaching 
suggests Na was leached out and reprecipitated in the new 

phase with F. Therefore, it is proposed that the low [HF] did 
not impact on the product in HCl leaching.

The leaching percentage of main elements in TBBFS 
after treatment was listed in Table 2, with the balance of 
these elements in the solution and solid (Table S1). With 
[HF] increasing to 1.0 mol/L, the leaching percentage of Si 
was increased to 41.8%. In comparison, the leaching per-
centage of Ti was 73.7% at [HF] of 0.8 mol/L and 55.7% 
at [HF] of 1.0 mol/L, much higher than that in the case of 
lower [HF]. This suggests that [HF] at 0.8 mol/L or more 
removed large amount of Ti from TBBFS, which reduced the 
amount of TiO2 formed. Accordingly, the mass ratio of SiO2 
to TiO2 in the composite was 1.1–1.2 at [HF] < 0.6 mmol/L 
while increased to 1.7–3.3 at [HF] > 0.8 mmol/L. Besides, 
Ca, Al, Mg and Fe were also dissolved in the acidic solution. 
With [HF] < 0.8 mol/L, the leaching percentage of Ca and 
Al was about 90–92% and 70–78% respectively, higher than 
that in the case of [HF] > 0.8 mol/L. This indicates most of 
Ca and Al were removed from TBBFS at low [HF].

Fig. 2A shows the aggregates of the particle in the solid 
product after HCl leaching without HF. The EDX-mapping 
reflection of Si (Fig. 2A1) and Ti (Fig. 2A2) was overlapped, 
indicating that the TiO2 substrate was almost covered by 
SiO2. This suggests that the product after acidic leaching 
was the composite of TiO2 and SiO2. However, the photo-
catalytic efficiency of the SiO2-TiO2 composite in this case 
was probably reduced as the poor light penetration of SiO2. 
Fig. 2B illustrates the SEM image and EDX mapping result 
of TBBFS after treatment with 0.6 mol/L of HF as exam-
ple. Compared to that without HF, the reflection of Si was 
collected on partial surface of TiO2 in the composite after 
leaching treatment with HF addition, despite the similar 
morphology in both cases. Taking into account the tunable 
SiO2/TiO2 mass ratio by HF addition, the EDX mapping 
result demonstrates that the addition of HF in HCl hydro-
thermal treatment of TBBFS can improve the exposure of 
TiO2 surface. In consequence, it is suggested that the high 
photocatalysis performance of the composite is probably 
achieved by the decrease in the coverage of SiO2 on TiO2 
surface.

On the other hand, the reduction of SiO2 may lead to 
the decreasing of specific surface area (SSA) on the com-
posite. As shown in Fig. S1, the N2 adsorption-desorption 
curve of HF0.6 exhibited smaller specific surface area (SSA) 
than that of the sample after treatment without HF. This 
means that the adsorption capacity of HF0.6 is probably 
weaker than that of HF0. Despite, the loading of SiO2 on 

10 20 30 40 50 60 70 80

�

�
��

�

�

���
��

�

�

�
����

�

�

�∇

♦
♦

♦
♦

♦

∇∇∇ �����

�
��

���

�

TBBFS

1.0HF

0.8HF

0.6HF

0 HF

0.4HF

R
el

at
iv

e 
in

te
ns

ity
 (a

.u
.)

2θ (Degree)

NaMgAlF6

CaAlF5

∇
�

Anatase�

Perovskite♦

Basanite

Fig. 1. X-ray diffraction patterns of leaching slag with 1 mol/L 
HCl and x mol/L HF (x = 0, 0.4, 0.6, 0.8, 1), S/L = 0.5 g/40 ml, 
time = 7 h, compared with that of pristine slag.

Table 2
Leaching percentage of compositions in TBBFS after 
hydrothermal treatment at 180°C in 1 mol/L HCl solution with 
various HF addition

Treatment Sia Tib Cab Alb Mgb Feb

0.4HF 19.2 11.0 91.9 78.5 96.7 97.9

0.6HF 31.8 21.9 90.1 70.5 86.2 98.2

0.8HF 33.5 73.7 72.2 66.4 86.2 98.3

1.0HF 41.8 55.7 51.6 51.9 79.5 98.1

awas determined by ultraviolet spectrophotometry 
bwere determined by ICP analysis 
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the composite probably still increases the negative charge 
on TiO2 surface, which probably enhances the adsorption 
of positive contaminate on the TiO2 for photodegradation 
[37]. Therefore, it is proposed that the HF treatment can 
improve the photocatalysis performance of the composite 
as more TiO2 surface exposure combined with the adsorp-
tion of contaminate on SiO2.

3.2. Effect of time on TBBFS conversion

In the TBBFS leaching, the time plays an important role 
in the formation of TiO2. Fig. 3A illustrates the evolution of 
TBBFS phase after leaching for various time in HCl leach 
solution. The anatase and perovskite phases were identi-
fied in XRD pattern of the solid sample after 2 h leaching. 
With the increase in leaching time, the diffraction peak of 
perovskite phase became weak in 4 h and vanished in 10 
h. This demonstrates that the complete conversion of per-
ovskite to TiO2 should take over 4 h. Despite, the leaching 
for long time led to the conversion of anatase phase due to 
the diffraction reflection of rutile phase in the sample after 
10 h treatment. As the lower photocatalytic activity of rutile 
than that of anatase, the leaching process should be carried 
out less than 10 h. 

Fig. 3B shows the XRD patterns of TBBFS after HF-as-
sisted leaching process for various time. With 0.6 mol/L of 
HF, the anatase phase with basanite and perovskite phase 
was identified in the solid sample after 1 h treatment. As the 
increase in the leaching time, the basanite and perovskite 
phases were disappeared. There were anatase phase with a 
portion of CaAlF5 observed in the leached sample for 2–10 
h. This indicates that the assistance of HF in the HCl leach-
ing process promoted the conversion of TBBFS to SiO2-TiO2 

composite. It is noting that no rutile phase was recorded in 
long time leaching process, even for 10 h. This inhibition 
of rutile phase is contributed to the improvement of dom-
inated {001} facet of TiO2 by F– [38,39]. Therefore, it is sug-
gested that the SiO2-TiO2 composite can be prepared from 
TBBFS leaching in 2 h with the assistance of HF.

3.3. Effect of temperature on the composite formation

 Fig. 4A shows the XRD pattern of the solid sample after 
hydrothermal treatment in HCl solution at various tempera-
tures. At 100 and 150°C, the diffraction peaks of basanite 
and perovskite were still recorded without that of TiO2. This 
retaining of TBBFS contents indicates that Ti and Si was not 
leached out at low leaching temperature as the disappear-
ing of perovskite and basanite phases in the collected solid 
after treatment at 180°C. Fig. 4B illustrates the XRD reflec-
tions of basanite and perovskite in the treated sample with 
HF at 100 and 150°C, which became weak at 180°C. Corre-
spondingly, the weak peak of anatase was indexed in the case 
of 180°C. This observation indicates that HF did not lead to 
the complete conversion of Ti and Si, even at high tempera-
ture. Moreover, the series of diffraction peaks of CaF2 (PDF 
= 65-0535), NaMgAlF6 (PDF = 25-0841) and Ca2AlF7 (PDF = 
83-1440) was recorded in the XRD pattern of all solid sam-
ples. The formation of these impurities was probably relative 
to the low solubility of metal fluorides. For instance, the solu-
bility product constant of CaF2 is 3.45 × 10–11 [40]. Accordingly, 
the incomplete conversion of Ti and Si was relative to the 
insoluble fluorides that was probably formed on the TBBFS 
surface and prevented Ti and Si from exposing to HF. This 
observation suggests that at high temperature, the formation 
of TiO2 is predominantly improved by the HCl leaching. 

   
 ( A ) Without HF  Si  Ti  

   
 ( B ) 0.6 mol/L HF  Si  Ti  

Fig. 2. SEM image of the solid after hydrothermal treatment in HCl solution without HF (A) and with 0.6 mol/L of HF (B), and the 
corresponding EDX elemental mapping of Si and Ti.
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Table 3 lists the leaching percentage of the compositions 
in TBBFS after hydrothermal treatment at various acidic 
solution. With HCl only, 3.5%–3.71% of Si and 6.36%–8.34% 
of Ti were leached out after hydrothermal treatment at 
100°C and 150°C. This supports that Si and Ti in TBBFS 
kept their pristine species. In comparison, 15.7% of Si was 
leached out at 180°C, indicating the dissolution of basanite. 
Despite, the corresponding leaching percentage of Ti was 
reduced to 3.76%. This demonstrates that most Ti in TBBFS 
was in TiO2 as the fast hydrolysis of dissolved Ti to the solid 
TiO2. Moreover, the leaching percentage of Ca, Al, Fe and 
Mg were increased with temperature increasing, indicat-
ing the TBBFS dissolution. In the case of HF, the leaching 
percentage of Ti was 24.6%–37.1% at 100–150°C while was 
2.98% at 180°C. The lower leaching percentage of Ti at high 
temperature suggests that the hydrolysis of Ti to form ana-
tase TiO2 was achieved in the presence of HF, consistent 
with the previous work [38,39]. In comparison, the leaching 
percentage of Si was increased with temperature increasing. 
Most of Si was leached out by HF at 180°C as 90.7% of Si in 
the HF solution after treatment. On the other hand, 25.3% of 
Ca and 47.6% of Al was leached out, lower than that in the 

case of HCl leaching. This is contributed to the precipitation 
of Ca and Al fluorides as the result of XRD pattern (Fig. 
4B). In addition, most Mg and Fe were leached out at 180°C 
by HF. Thus, the tunable SiO2/TiO2 mass ratio was owned 
to the inhibition of SiO2 conversion from basanite in TBBFS 

 

Fig. 3. XRD of TBBFS in HCl solution (A) without HF and (B) with 0.6 mol/L of HF under hydrothermal conditions.

 

Fig. 4. XRD pattern of Ti-slag after hydrothermal treatment in HCl (A) and HF (B), compared to that of raw TBBFS.

Table 3
Leaching efficiency (%) of elements after leaching in 1 mol/L of 
various acid solution for 5 h

Treatment Sia Tib Cab Alb Mgb Feb

HCl 100°C 3.50 8.34 28.7 34.6 42.9 71.8 
HCl 150°C 3.71 6.36 51.7 53.7 68.3 74.2
HCl 180°C 15.7 3.76 86.0 62.0 93.7 90.1
HF 100°C 32.9 24.6 2.28 0.57 13.4 61.8
HF 150°C 72.2 37.1 3.82 1.01 16.2 60.1
HF 180°C 90.7 2.98 25.3 47.6 90.1 88.1
awas determined by ultraviolet spectrophotometry and bwere 
determined by ICP analysis 
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as HF inhibited SiO2 formation at 180°C, resulting in more 
exposed area of TiO2. 

3.4. Formation of SiO2-TiO2 composite in HCl solution

The conversion of perovskite to TiO2 can be described 
by the following equations [41]:

CaTiO3 + 4HCl = CaCl2 + TiOCl2 + 2H2O (1)

TiOCl2 + H2O = TiO2 + 2HCl (2)

As TiOCl2 is unstable in the solution, the kinetics of TiO2 
formation via Ti hydrolysis was much quicker than that 
of Eq. (1) [42–44]. This means that the formation of TiO2 is 
dependent on the dissolution of perovskite in acidic solution 
[Eq. (1)], which is relative to the hydrothermal temperature. 
Moreover, in the case of SiO2-TiO2 composite formation, the 
kinetics of SiO2 deposition was much lower than those of 
Eq. (1) and Eq. (2) [45]. Accordingly, TiO2 was formed prior 
to SiO2 precipitation in the current case. Taking into account 
the XRD results (Fig. 3), it is obvious that the SiO2-TiO2 com-
posite was formed from TBBFS leaching via dissolution of 
basanite and perovskite, followed by a hydrolysis of Ti and 
Si. At the initial stages of crystallization, the quick kinetics of 
TiO2 in HCl solution led to the wrapping of TiO2 substrate 
with SiO2 that slowly deposited. Thus, the surface of TiO2 
was covered by SiO2 at SiO2/TiO2 mass ratio > 1.7. 

This formation process of composite was controlled by 
HF addition. Fig. 5 illustrates leaching amounts of Ca, Mg, 
Al, Ti and Si from TBBFS along with time in different acid 
solvents. As for Si, its leaching amount balanced at 6% of 
total Si amount in TBBFS after two hours without HF. This 
suggests most of Si formed in amorphous SiO2 as the van-
ishing of basanite without new crystal Si compounds (Fig. 
4B). In comparison, with HF addition, Si leaching amount 
increased to 20%. This was contributed to Si dissolution 
with the possible SiF6

2– formation in HF solution. Conse-
quently, SiO2 deposit was inhibited by the Si dissolution 
and SiO2/TiO2 mass ratio of final product. 

This hypothesis was supported by the kinetic process of 
Ca leaching from CaTiO3. In HCl solution alone, 70% of Ca 
was leached out after two hours and kept increasing until 
12 h (Fig. 5A). In comparison, slag in HCl and HF solvent 
released 70% of Ca in 4 h (Fig. 5B). For investigating the 
mechanism and reaction rate of perovskite leaching pro-
cess, the kinetic of Ca were further fitted by various models 
(Table S2). The result is shown in Fig. S3. The fitting param-
eter is listed in Table 4. Ca leaching kinetics in HCl solvent 
with HF and without HF was fitted well with the pseu-
do-first order model as R2 value over 0.93. It is noting that 
all the parameter k in the case of HCl solvent with HF was 
smaller than that without HF, indicating HF could inhibit 
the Ca leaching from CaTiO3. This is probably attributed 
to the CaF2 formation on the slag surface, which kept HCl 
away from the CaTiO3 to retard its decomposition. Besides, 
there is part of Ca and Al transforming to the Ca2AlF7 in the 
presence of HF (Fig. 4B). Accordingly, the slow decomposi-
tion of CaTiO3 resulted in the slower generation of TiO2 so 
that more TiO2 was synthesized on the surface of SiO2. This 
situation was favorable for generating SiO2-coated TiO2. 

As for Ti, its leaching percentage was up to 5% in 1 h, and 
then dropped to below 1% after 4 h due to the fast hydro-
lysis of titanium with HCl alone. When HF was added, Ti 
leaching amount obviously increased, and rose until 7 h, 
reflecting that the addition of HF slowed the hydrolysis rate 
of titanium. This phenomenon could also slow TiO2 genera-
tion to get more SiO2-coated TiO2. In consequence, we con-
cluded the TiO2 surface was exposed as SiO2 dissolution in 
the HF assistance.

3.5. Performance of the photocatalyst

Fig. 6A illustrates the diffuse reflectance absorption 
spectra of the SiO2-TiO2 composite. All samples exhibited 
the absorbance at 200–380 nm, indicating the photore-
sponding of TiO2 under UV light. Despite, the photodeg-
radation performance of Rhodamine B (RB) was relative to 
the hydrothermal treatment process with various [HF]. As 
shown in Fig. 6B, 5% or less of RB was removed without 

 

Fig. 5. Percentage of leaching elements of TBBFS in HCl solution (A) without HF and (B) with 0.6 mol/L of HF under hydrothermal 
conditions.
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UV light in 40 min (Dark). In comparison, the kinetics of 
RB removal was increased sharply under UV light. In 60 
min, 35% of RB was removed without photocatalyst while 
more than 75% of RB was removed on the composites. This 
observation demonstrated that the photodegradation of RB 
can be achieved on the composite. Moreover, the kinetics of 
RB photodegradation on the composite was relative to the 
concentration of HF in the treatment process of TBBFS. For 
instance, in 50 min, the maximum removal percentage of RB 
was achieved on the sample HF0.4 and HF0.6. 

Accordingly, this performance of RB photodegradation 
on the treated samples was relative to the SiO2/TiO2 mass 
ratio. As the mass ratio of SiO2/TiO2 was 1.1–1.2 at [HF] of 
0.4–0.6 mol/L, it is proposed that the composite with SiO2/
TiO2 ratio at 1.1–1.2 was probably a candidate for the photo-
degradation of contaminate in the solution. This is contrib-
uted to more surface of TiO2 exposing for photocatalysis via 
the dissolution of Si in HF. On the other hand, in the case of 
HF0.6, the composite did not provide high SSA (Fig. S2), it is 
proposed that the effect of SiO2 on the improvement of dye 
removal is to increase the negative change on the surface of 
the composite, which facilitates adsorbing organic dye on 
TiO2 [46]. In addition, the low SiO2/TiO2 mass ratio in the 
composite was also obtained in the case of HF1.0. However, 
the fluoride formed at high [HF] probably covered the TiO2 
surface, which led to the poor photocatalysis performance. 
In addition, Ti, Si, and other metals were not detected in the 
solution after reaction, as their concentrations were lower 
than the detective limitation of ICP instrument. This pro-
posed the stable composition and structure of the slag-de-

rived photocatalyst. Therefore, the high performance of RB 
decomposition was contributed to the synergetic effect of 
TiO2 and SiO2 in the composite.

4. Conclusions

In this work, the hydrothermal treatment of TBBFS with 
HCl and HF mixture solution was performed. At 180°C, 
the SiO2 coated TiO2 composite was formed by the conver-
sion of basanite and perovskite in TBBFS. The XRD char-
acterization of the product showed the anatase phase with 
amorphous SiO2 was formed in the composite, Moreover, 
the photocatalysis was also impacted by the mass ratio of 
SiO2 to TiO2. Accordingly, the SiO2/TiO2 mass ratio was 
reduced to 1.1–1.2 on the product by decreasing the concen-
tration of HF in mixture solution, which removed 95% or 
more Rhodamine B under UV light irradiation. Our results 
proposed that the hydrothermal treatment of TBBFS in the 
mixture solution with HCl and HF was a promising way to 
provide a photocatalyst candidate from TBBFS for the effec-
tive degradation of organic contaminate in the solution.
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Supplemental information

Table S1
The composition of the TBBFS after hydrothermal treatment at 
180°C in 1 mol/L HCl solution with various HF addition. (%, 
w/w)

Treatment Sia Tia Caa Ala Mga Fea

0.4HF 9.4 10.3 1.6 1.3 0.3 0
0.6HF 8.2 9.1 2.1 2.1 1.1 0
0.8HF 7.8 2.9 5.5 2.3 0.9 0
1.0HF 6.7 4.9 9.1 2.8 1.2 0
awas determined by XRF (XRF-1800)

Table S2
Different kinetic models used to study the Ca leaching from 
TFFBS with and without HF

Kinetic model Equation

Surface chemical reaction 1-(1-)1/3=k1t (3)
Diffusion control 1-3(1-)2/3+2(1-)=k2t (4)
Pseudo-first order kinetic model (5)

where k1 to k4 (min–1) are rate constant for corresponding kinetic 
models, Qe1 and Qe2 (%) are equilibrium leaching percentage 
of first and secondary order kinetics respectively, t (min) is 
time, Qt is the total leaching percentage at time t. Eq. (3) and 
Eq. (4) called shrinking core model (SCM) are based on surface 
chemical reactions and diffusion severally in a liquid/solid 
reaction system. The pseudo-first order kinetic model which was 
used for solid–liquid heterogeneous systems commonly gave 
expression to the law of Ca leaching from TFFBS over time.

Fig. S1. N2 adsorption-desorption curve of the sample after hy-
drothermal treatment without HF and with 0.6 mol/L HF.
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Fig. S2. The kinetic fitting plots of Ca leaching with and without 
HF by (A) Eq. (3) and Eq. (4); (B) by Eq. (5) and Eq. (6).


