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Abstract: Sulfate-modified titanium dioxide-bearing blast furnace slag (STBBFS) photocatalysts were prepared by the high energy
ball milling method with (NH,4),SO,4 and titanium dioxide-bearing blast furnace slag (TBBFS) as raw materials. X-ray photoelectron
spectroscopy(XPS), X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA), UV-visible
diffuse reflectance absorption spectra (UV-Vis), adsorption experiment and photocatalytic degradation measurement were conducted
to characterize the structure, surface status, light absorption capacity, adsorption capacity and photocatalytic activity of the obtained
photocatalysts. The adsorption equilibrium was described by the Langmuir isotherm model with a maximum adsorption capacity of
8.25 mg/g of Cr(VI) ions onto the STBBFS photocatalysts. As a result, sulfation of TBBFS improved the photocatalytic activities of
STBBFS, photocatalysts. At a low calcination temperature, the photocatalytic activity of STBBFS;, photocatalyst was markedly
higher compared with TBBFS, prepared at high calcination temperature, indicating that the photocatalytic activity of STBBFS,
photocatalyst was determined by the balanced result between adsorption capacity and perovskite content.
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1 Introduction

A new series of photocatalysts containing complex
ABOs-type perovskite structure have been studied
recently [1,2]. These perovskite compounds as
photocatalysts are particularly attractive because of their
higher activities which can be easily excited under
visible light or UV light irradiation. However, it is an
expensive photocatalyst for application in large scale.
Consequently, there is a need to search for more
economical and effective photocatalyst for application in
catalysis and separations.

Currently, the utilization of TBBFS is classified into
two parts: partial and overall utilizations. The former
uses TBBFS as raw material to refine titanium resources
[3]. Although the technique is valid with a clean, low
cost and high productivity, the difficulty in purifying
products and the low economic value of acquired

perovskite material should not be ignored. The latter
overall one is indeed to consider TBBFS the whole not
only used for constructional materials but also for
ecological utilization. In order to efficiently utilize
titanium resources and diminish influence of those solid
deterioration, ecological
utilization methods have been proposed in this respect
[4]. As illustrated by our recent works, our groups have
reported that the TBBFS as photocatalysts shows UV
light photocatalytic activity to some extent [5—9]. XUE
et al [6] adopted high-energy ball milling technique and
high temperature to get TBBFS;y photocatalysts and
concluded that the photocatalytic activity of TBBFS;
photocatalyst reaches 88% that of P25 TiO, after 6 h.
The obvious advantages of TBBFS as photocatalysts are
the low costs involved and easy to be isolated. However,
in the case of unmodified TBBFS photocatalysts, the
photocatalytic activity of TBBFS;y photocatalyst is still
lower and photo-reduction process of Cr(VI) is

wastes on environment
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time-consuming.

Here, a simple surface modification was utilized to
synthesize a UV-visible light responsive STBBFS
photocatalyst. It was well known that the sulfation of
TiO, improved the photocatalytic activity of catalyst
[10,11]. In this study, a sulfate-modified TBBFS
photocatalyst was synthesized with (NH,),SO4 and
TBBFS as raw materials. The photocatalytic activity of
sulfate-modified TBBFS photocatalyst was evaluated by
reducing Cr(VI) under UV-Vis light and visible-light
irradiation.

2 Experimental

2.1 Preparation of photocatalysts

TBBFS from Panzhihua Iron and Steel Corporation
was used in this study. In a typical synthetic procedure,
massive TBBFS was broken into pieces; the resulting
shatters were then comminuted by disintegrator;
subsequently, the powder was mixed with (NH,),SO, in
the high-energy ball mill for 80 h. One TBBFS without
SO4* was also prepared in the same manner in order to
use it as a reference. The mass ratio of TBBFS to
(NH4),SO,4 was 20:1. After pulverizing, STBBFS and
TBBFS powders were calcined in air at a heating rate of
10 °C/min up to 300, 400, 500 and 600 °C and held for
2 h, then cooled down by natural; the resulting catalysts
were labeled as STBBFS, and TBBFS, where x denoted
the calcination temperature. The XPS survey spectrum of
STBBFS;( catalyst is shown in Fig. 1. Titanium dioxide
Degussa P25 was wused as a reference without
pre-treatment or modification before use
experiments.
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Fig. 1 XPS survey spectrum of STBBFS; catalyst

2.2 Characterization of photocatalysts

X-ray photoelectron spectroscopy (XPS) measure-
ments were done with a Kratos XSAM800 XPS system
with Mg K, source and a charge neutralizer; all the

binding energies were referenced to the C 1s peak at
284.8 eV of the surface adventitious carbon. The crystal
identification of STBBFS, catalyst was
obtained by using Philips X’pert X-ray diffractometer
with Cu K, radiation. Morphology of STBBFS, catalyst
was recorded with a scanning electron microscope.
Average particle diameter of STBBFS, catalyst was got
by using a BT—1600 image analyzer. UV-Vis diffuse
reflectance spectra were obtained by employing a
UV-2550 spectrophotometer. BaSO, was used as a
reflectance standard in a UV-Vis diffuse reflectance
experiment. The thermogravimetric analysis (TGA) was
carried out using SDT 2960 Simultaneous DSC—TGA
instrument, with a heating rate of 10 °C/min from room
temperature to 800 °C under air atmosphere.

structure

2.3 Photocatalytic testing

Photocatalytic irradiations were carried out in a
multi-tube mixing reaction apparatus equipped with a
quartz immersion well, where a 500 W xenon lamp or a
500 W mercury lamp was placed as a radiation source.
For all photocatalytic runs, a fresh solution (50 mL)
containing 20 mg/L Cr(VI) was simultaneously
maintained in suspension by a magnetic stirrer. In each
experiment, the catalyst was suspended with a load of 0.5
g/L, solution pH was adjusted to 1.5 with H,SO,
solutions. Prior to irradiation, suspensions were
magnetically stirred for 30 min in the dark to ensure the
adsorption/desorption equilibrium until the concentration
of suspensions was constant. The concentration of
suspensions after equilibration was taken as the initial
concentration, to discount changes in the dark. At regular
intervals in the photocatalytic experiments, 10.0 mL
aliquot of the suspensions was withdrawn. Subsequently,
the upper transparent solution obtained by centrifugation
was collected for UV-Vis absorption spectra
measurement. Cr(VI) concentration in the resulting
solution was determined colorimetrically at 540 nm
using diphenylcarbazide as a color agent. The
photocatalytic activity was evaluated by the reduction
efficiency (1) of Cr(VI) after experiment:

’

77:(%}100% (1)
0

where p; is the initial concentration of Cr(VI) after
adsorption equilibrium, and p, is the concentration of
Cr(VI) at any time ¢, and # is the reduction efficiency of
Cr (VD).

3 Results and discussion

3.1 Photocatalysts characterization
The XRD patterns of STBBFS, photocatalysts
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calcined at different temperatures are shown in Fig. 2. It
can be observed that the similar patterns were obtained
for all STBBEFS, photocatalysts, which were identified to
be a mixture of perovskite, diopside, akermanite-
gehlenite and TiO, (=500 °C). The maximum deviation
of the observed peak value corresponding to 33.11°
denotes the formation of perovskite. It was obviously
observed that the XRD pattern of STBBFS, was different
from that of TBBFS, [6], indicating that the surface
inorganic modification to TBBFS had some effects on
the crystalline phase. Through comparing XRD patterns
of TBBEFS, and STBBEFS, photocatalysts, we find that
there is a new crystalline phase (TiO,) in STBBFS,
photocatalysts calcined at high temperatures (=500 °C).
It can be observed from Fig. 2(b) that the calcination
temperature influences perovskite content in STBBFS;,
photocatalysts. As the calcination temperature increases,
perovskite content in STBBFS, photocatalysts shows
fluctuation. Such a change in phase content may be due
to the influence of activation temperature. With
increasing the calcination temperature above the
activation temperature the periodic circulation of the
crystalline phases and surface species of catalysts were
promoted, which accounted for the fluctuation of
perovskite content in STBBFS, photocatalysts [5].
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Fig. 2 XRD patterns of STBBFS, photocatalysts calcined at
different temperatures (a) and perovskite content of different
photocatalysts (b)

SEM of TBBFS, and STBBFS,
photocatalysts are shown in Fig. 3. It is seen from the
figures that all the prepared photocatalysts (TBBFS, and
STBBFS,) consist of micro-sized particles with concave

images

and convex surface morphology. The particle size is seen
to be distributed in the range of 0.10—20 um. It is also
seen that more than 50% of the particles are distributed
in the 0.10-0.30 um range. A certain fraction of
photocatalysts is also seen to consist of micro-sized
agglomerates. No significant differences were detected in
of TBBFS,

the  morphologies
photocatalysts.

and STBBFS,

Fig. 3 SEM images of TBBFS4y, (a), STBBFS;y (b) and
STBBFSéOQ (C)

Figure 4 shows the TGA curves of TBBFS and
STBBFS photocatalysts. From Fig.4, the major mass loss
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of 1.5% between 35 and 500°C was due to the
dehydration of physically
crystallization in TBBFS photocatalysts. As seen from
Fig. 4, STBBFS sample shows the mass loss mainly in

absorbed water and

the range of 200—500 °C, aside from the evaporation of
water, an additional mass loss occurred corresponding to
the decomposition/desorption of SO,* species on the
surface of STBBFS, photocatalysts at high temperature
[11]. In addition, the content of undecomposed SO4*
was 3.87% for STBBFS;y, 3.21% for STBBFSy,
3.16% for STBBFSsqy and 3.12% for STBBF S¢y.

100
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Fig. 4 TGA curves of TBBFS and STBBFS photocatalysts

The light absorbance characteristics of P25 TiO,
and STBBFS, photocatalysts calcined at different
temperatures are depicted in Fig. 5. It is demonstrated in
the UV-visible diffuse reflectance absorption spectra that
STBBFS, photocatalysts have higher absorbance in the
UV-visible region. The absorption edge of STBBFS,
photocatalysts appeared at about 500 nm. It is evident
from the figure that UV-absorption edge of prepared
photocatalysts extended to longer wavelength (towards
visible region), which is beneficial for improving the
photoabsorption and photocatalytic performance of
STBBFS, photocatalysts under visible light. Since
prepared photocatalysts absorb light over a wider range
of wavelength and utilize more light energy, it follows
that they have higher photocatalytic activity under
sunlight radiation. Generally, the red-shift means the
decrease of electron-transfer energy, which is decided
mainly by chemical structure [12]. Additionally, the fact
that visible absorption capacity (>470 nm) of STBBFS;,
photocatalysts

strengthens with the decrease of

calcination temperature indicates that there exist
moderate SO4> species on the surface of STBBFS,
photocatalysts calcined at lower temperature (see Fig. 3),
which can slightly improve the visible light absorption of

STBBFS, photocatalysts.
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Fig. 5 UV-Vis diffuse reflectance absorption spectra of P25
TiO, and STBBFS, photocatalysts calcined at different

temperatures

3.2 Cr(VI) adsorption isotherms

Analysis of the information about the adsorption of
reactants on the surface of catalyst is very important for
understanding the photocatalytic activity of catalyst. The
two most popular isotherm theories are the Langmuir and
the Freundlich theories.

The parameters of Cr(VI) adsorption on the
catalysts, obtained by fitting the experimental data using
the Langmuir and Freundlich adsorption models, are
listed in Table 1. The Langmuir adsorption model fitted
better the experimental results than the Freundlich model
for all the materials, which suggests that Cr(VI)
adsorption by calcined TBBFS, or STBBFS,
photocatalysts was apparently with monolayer coverage
of adsorbed molecules. In addition, it can be seen from
Table 1, the maximum adsorption capacity of STBBFS,
photocatalysts was slightly higher than that of TBBFS;,
photocatalysts, suggesting that the presence of SO,* on
catalyst surface increases the adsorption capacity of
STBBFS, photocatalysts. Moreover, it was generally
accepted that the surface acid sites of the sulfated
catalysts are involved in the process of Cr(VI) reduction
and the acid environment of the catalyst surface may
markedly facilitate the Cr(VI) adsorption [13].
Considering that marked desorption/decomposition of
surface SO,” was observed at calcination temperature
higher than 200 °C (see Fig. 4), the lower adsorption
capacity of STBBFS,; calcined at higher temperature may
also be ascribed to the decrease of surface acidity.
Therefore, sulfation of TBBFS improved surface acidity
of catalysts and therefore increased the adsorption
capacity of STBBFS,.

3.3 Comparison of photocatalytic activities of TBBFS,
and STBBFS, photocatalysts

The photocatalytic performance of photocatalysts

(TBBFS,, STBBFS,) were evaluated by the photo-
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Table 1 Langmuir and Freundlich constants for adsorption of Cr(VI) onto TBBFS, and STBBFS, photocatalysts

Langmuir constant

Freundlich constant

Photocatalyst
Oy/(mg-g ) K/(L'mg™) R ko/(mg-g ) n R
TBBFS;, 7.729 2.706 0.9962 7.52 31.29 0.9194
TBBFS,, 7.155 2.010 0.9984 6.65 11.61 0.9238
TBBFSsg, 5.647 1.645 0.9992 4.67 10.07 0.9110
TBBFSg 3.103 0.173 0.9799 0.16 1.20 0.9223
STBBFS; 8.250 0.7012 0.9983 3.40 4.69 0.9750
STBBFS,q 7.611 5.629 0.9967 5.36 6.52 0.8786
STBBFSsg 5.807 2.598 0.9933 5.37 16.35 0.9841
STBBFSg 4331 0.739 0.9848 1.13 2.52 0.9232

reduction efficiency of Cr(VI) after 2 h irradiation under
UV-visible light. To clearly compare the photocatalytic
performance of various photocatalysts, the photo-
reduction efficiency of Cr(VI) in different photocatalysts
is shown in Fig. 6. It is found that TBBFS, showed very
poor photocatalytic activity, but STBBFS; photocatalysts
(calcination temperature << 500 °C) exhibited notably

high reactivity.
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Fig. 6 Dependence of reduction efficiency of photocatalysts on
calcinations temperature

It is generally thought that the photocatalytic
performance depended on the absorbance, the phase
structure, and the adsorption capacity of photocatalyst
[14,15]. In our experiments, the absorbance of all
photocatalysts was almost the same in UV-visible region,
so the different photocatalytic activities should depend
on the latter two factors. In addition, another important
founding from Fig. 6 is that with the increase of
calcination temperature from 300 to 600 °C, the
photocatalytic performance of STBBFS, photocatalysts
firstly decreased and then increased. On the whole, the
change trend of photocatalytic performance of STBBFS,
photocatalysts was in agreement with that of perovskite
content (see Fig. 2(b)), indicating that the photocatalytic

activities of STBBFS, photocatalysts were affected by
their perovskite content. This result agrees with that of
TBBFS, photocatalysts [6]. However, the decreasing
trend shown in Fig. 6 was different with that of Fig. 2(b)
at calcination temperature below 500 °C. The perovskite
content from 300 to 500 °C had a slow decline, and the
photocatalytic activity decreased rapidly. This difference
should be attributed to the adsorption capacity. When
calcination temperature increased from 300 to 500 °C,
the adsorption capacity quickly reduced (as listed in
Table 1). So, the photocatalytic performance of
STBBFS, photocatalysts exhibited a rapid decline with
calcination temperature (<500 °C). As a result, sulfation
of TBBFS improved the photocatalytic activities of
STBBFS, photocatalysts. At a low calcination
temperature, the photocatalytic activity of STBBFS;
photocatalyst was markedly higher than that of TBBFS
prepared at high calcination temperature, indicating that
the photocatalytic activities of STBBFS, photocatalysts
were determined by the balanced result between
adsorption capacity and perovskite content.

Figure 7 shows photocatalytic reduction results of
Cr(VI) conducted with P25 TiO, and STBBFS;
photocatalysts under visible-light and UV-Vis light
irradiation, respectively. Overall, it is obvious that the
UV-Vis and visible-light photocatalytic activities of
STBBFS;¢, photocatalyst are higher than those of P25
TiO,. We also find that the visible-light photocatalytic
activities of both STBBFS;3y and P25 TiO, are lower
than under UV-Vis light irradiation, which means that
the irradiation light is a key factor for photocatalysis.
The different activities between P25 TiO, and
STBBFS;p0 under UV-Vis light and visible-light
irradiation may have multiple origins. Firstly, bare TiO,
had no visible absorption capability (absorbing mainly in
the range of 240—300 nm), but STBBFS;(, photocatalyst
had a broad light absorption capability (240—800 nm).
The broad light absorption capability of STBBFS;
photocatalyst might be favorable to photocatalysis under



1776 LEI Xue-fei, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1771-1777

UV-visible light irradiation. Secondly, the surface
sulfation on STBBFS, photocatalysts could strongly
enhance surface acidity, which was also able to improve
the adsorption efficiency of Cr(VI) (see Fig.7(b)) on
STBBFS;( and hence the photocatalytic performance of
STBBFS;¢ photocatalyst. Moreover, as shown in
Fig. 2(b), the phase content of perovskite is less than
40% in STBBFS;q, suggesting that the photocatalytic
activity of the perovskite phase formed in STBBFS; is
higher than that of P25 TiO,. Consequently, STBBFS;,
photocatalyst is Cr(VI)
photoreduction with high photocatalytic activity.

promising candidate for
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Fig. 7 Photocatalytic reduction efficiency (a) and adsorption
efficiency of Cr(VI) with STBBFS; and P25 TiO, (b)

4 Conclusions

1) Perovskite types STBBFS, photocatalysts were
prepared by a simple but powerful approach through the
high energy ball milling method at different calcination
temperatures.

2) The adsorption equilibrium was described by the
Langmuir isotherm model with a maximum adsorption
capacity of 8.25 mg/g of Cr(VI) ions onto the STBBFS;
photocatalyst.

3) The photocatalytic activity of STBBFS;g

photocatalyst was markedly higher than that of others,
indicating that the photocatalytic activities of STBBFS,
photocatalysts were determined by the balanced result
between adsorption capacity and perovskite content.
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