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a  b  s  t  r  a  c  t

A  novel  spherical  activated  carbon  (SAC)  supported  and Er3+:YFeO3-doped  TiO2 visible-light  respon-
sive  photocatalyst  (Er3+:YFeO3/TiO2-SAC)  was  synthesized  by  a  modified  sol–gel  method  with  ultrasonic
dispersion.  It  was  characterized  by  scanning  electron  microscope  (SEM),  energy  dispersive  X-ray  spec-
troscope  (EDS),  powder  X-ray  diffractometer  (XRD)  and  UV–vis  diffuse  reflectance  spectrophotometer
(DRS).  The  photocatalytic  activity  of  Er3+:YFeO3/TiO2-SAC  was  evaluated  for degradation  of methyl  orange
(MO) under  visible  light  irradiation.  The  effects  of  calcination  temperature  and  irradiation  time  on  its
photocatalytic  activity  were  examined.  The  experimental  results  indicated  that  Er3+:YFeO3 could  func-
tion  as  an  upconversion  luminescence  agent,  enabling  photocatalytic  degradation  of  MO  by TiO2 under
visible  light.  The  Er3+:YFeO3/TiO2 calcinated  at 700 ◦C showed  the  highest  photocatalytic  capability  com-
alcination temperature
atalyst regeneration

pared  to  those  calcinated  at other  temperatures.  The  photocatalytic  degradation  of  MO  followed  the
Langmuir–Hinshelwood  kinetic  model.  Although  the  photocatalyst  showed  a  good  physical  stability  and
could tolerate  a shear  force  up  to 25 × 10−3 N/g, its  photocatalytic  activity  decreased  over  a  four-cycle  of
reuse  in  concentrated  MO  solution,  indicating  that  the  decreased  activity  was  ascribed  to  the fouling  of
catalyst  surface  by MO  during  the  degradation  process.  However,  the fouled  Er3+:YFeO3/TiO2-SAC  could
be  regenerated  through  water  rinsing-calcination  or  acid rinsing-calcination  treatment.
. Introduction

Effluents from textile industry were usually treated with biolog-
cal or conventional physicochemical techniques before discharged
nto surface water bodies [1].  However, it was difficult to degrade
he dye pollutants completely via these techniques. TiO2 was  firstly
eported by Fujishima and Honda in 1972 to be able to generate
arious reactive oxygen species in water such as hydroxyl radi-
als, hydrogen peroxide, superoxide radical anions, etc., under UV
rradiation [2]. Since then, TiO2 has widely been investigated for
hotocatalytic degradation of organic dyes because of its strong
hotoactive ability, high stability, non-toxicity and low cost [3,4].

t is necessary to supply the photons with energy higher than the
iO2 band gap energy (Eg) in order to initiate actinic reactions.
or the two crystal structures of TiO2, namely anatase (Eg = 3.2 eV)
nd rutile (Eg = 3.02 eV), their absorption thresholds correspond to

80 and 410 nm [4,5]. However, the solar energy of above 3.0 eV
� < 410 nm)  is less than 5% [6].  Consequently, the solar light uti-
ization efficiency of the virgin TiO2 is less than 5%, which limits

∗ Corresponding author. Tel.: +86 13604431853.
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its commercial application. In order to extend the light-responsive
region of the photocatalyst, previous researchers [7–10] have
developed upconversion luminescence agents such as Er3+:YAlO3
and Er3+:Y3Al5O12 which can transform the visible light into UV,
and thus enable photogeneration of e−/h+ in TiO2. Iron dopant has
been found as a promoter to photocatalysis, and the anatase TiO2
doped with iron has shown a good performance for the photocat-
alytic reaction of Congo red [11] and methyl orange [12].

In order to recover the TiO2 nanoparticles from the treated
water, TiO2 can be immobilized on various particulate supports
[3]. Since activated carbon is a highly porous material with high
affinity for various organic pollutants, it can promote mass transfer
in the heterogeneous photocatalysis. Thus, TiO2 supported on acti-
vated carbon could enhance photocatalytic degradation of various
organic pollutants [13–16].

The underlying hypothesis of this study is that the compound
Er3+:YFeO3 combining iron, erbium and yttrium could function
as an upconversion luminescence for photoexciting TiO2 under
visible light. The Er3+:YFeO3-doped TiO2 immobilized on the spher-

ical activated carbon particles (Er3+:YFeO3/TiO2-SAC) could be a
novel photocatalyst that would exhibit a synergistic adsorption-
photocatalytic degradation of organic pollutants under visible-light
irradiation. The other advantage of the prepared photocatalyst

dx.doi.org/10.1016/j.jhazmat.2011.11.011
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dongshuangshi@gmail.com
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s that it is much easier to recover for reuse or regeneration. In
his study, the Er3+:YFeO3/TiO2-SAC composite was  prepared and

ethyl orange (MO) was used as the model pollutant for evalua-
ion of its performance. The effect of calcination temperature on MO
ecomposition rate and the degradation kinetics, were investigated
nder visible light irradiation at room temperature. The physical
tability of the composite photocatalyst and its reusability were
lso investigated.

. Experimental and methods

.1. Catalyst preparation

.1.1. Synthesis of Er3+:YFeO3
The synthesis method of Er3+:YFeO3 was based on the synthe-

is of Er3+:YAlO3 [8,9] and YFeO3 [17]. Stoichiometric amounts of
(NO3)3·6H2O and Er(NO3)3·6H2O were dissolved in the deionized
ater. Then, Fe(NO3)3 was mixed into the above solution under

igorous agitation for 1 h at room temperature. The molar ratio of
r:Y:Fe was controlled at 0.01:0.99:1.00. After that, certain molar
olid citric acid was added (molar ratio of citric acid:metal ion of
:1). The final solution was  evaporated at 85 ◦C in a water bath until

 tawny, translucent and viscous gel appeared, which was dried at
30 ◦C for 24 h followed by ultrasonic dispersion to obtain dry pow-
ers. The dry sample was calcinated at 800 ◦C in a muffle furnace
or 2 h, followed by grinding and ultrasonic treatment, to obtain the
anocrystalline Er3+:YFeO3 powder.

.1.2. Preparation of Er3+:YFeO3/TiO2-SAC
The Er3+:YFeO3/TiO2-SAC was prepared through the sol–gel

echnique. Solution A, which comprised 106.33 ml  Ti(OC4H9)4 and
43.08 ml  C2H5OH (95%), was stirred for 30 min  at room temper-
ture. Solution B comprising 1.0 g Er3+:YFeO3, 17.90 ml  CH3COOH,
1.28 ml  H2O, and 121.54 ml  C2H5OH (95%) was mixed rigorously.

 ml  HCl (0.1 M)  was added to the solution B for controlling its pH
alue at around 4.0. Afterwards, the solution B was added drop-wise
nto the solution A with vigorous stirring and ultrasonic dispersion.
hen 50 g of spherical activated carbon (SAC) particles (0.6 mm in
iameter, Kureha Corp, Japan) were added into the resultant mix-
ure during ultrasonic treatment. After curing for 24 h, the particles
oated with Er3+:YFeO3/TiO2 were separated from the solution, rig-
rously rinsed with ethanol followed by deionized water, and dried
t 130 ◦C for 2 h. The dry sample was then calcinated at various tem-
eratures (400, 500, 600, 700 and 800 ◦C) in a muffle furnace for 2 h,
ith a heating rate of 5 ◦C/min. For comparison, Er3+:YFeO3/TiO2

amples calcinated at similar temperatures were also prepared.

.2. Photocatalytic degradation of MO

The photocatalytic activity of Er3+:YFeO3/TiO2-SAC was  evalu-
ted by investigating MO degradation. 1.00 g of photocatalyst was
dded to 50 ml  of 500 mg/L MO solution. The experiment was con-
ucted at room temperature and the pH was maintained at its
atural value of 5.9 throughout. The suspension was irradiated
y a 18 W-LED lamp with aeration by air flow of 0.6 L/min to
btain a uniform concentration distribution within MO  solution.
ig. 1 shows the emission spectrum of the LED, which indicates
ajor peaks at 455.0 nm and 552.9 nm,  while UV was not detected
with TN-2234UVC, TAINA, Taiwan). The MO  concentration was
etermined by an UV–vis spectrophotometer at 464 nm. All the
xperiments were carried out in a dark chamber to avoid inter-
erence of ambient light on the photoreaction.
Fig. 1. Light spectrum of the LED lamp.

2.3. Durability and regeneration of photocatalyst

A series of experiments were conducted to evaluate the physi-
cal stability of Er3+:YFeO3/TiO2-SAC and its ability for regeneration.
In the physical stability experiment, 0.4, 1.0, 2.0 and 4.0 g of
Er3+:YFeO3/TiO2-SAC was added to varying amounts of the deion-
ized water at a constant solid-to-liquid ratio of 1 g to 50 ml, into
100, 250, 500, 1000 ml  beakers, respectively. Then the beakers were
placed in a rotary shaker for 2 h at agitation speeds of 130 rpm and
180 rpm, respectively, to examine the effect of shear force on the
physical stability of the composite photocatalyst. In addition, to
evaluate the effects of shaking time, five of the same 500 ml  beakers
with 2.0 g photocatalyst and 100 ml  deionized water, was placed on
the rotary shaker for 1, 2, 3, 4 and 5 h at 130 rpm, respectively. The
measurement method of the TiO2 content in Er3+:YFeO3/TiO2-SAC
was estimated according to method adopted by Wang et al. [18].

To evaluate the photocatalytic life-time of Er3+:YFeO3/TiO2-SAC,
the used photocatalyst was recovered from the previous solution by
a pipette, oven-dried at 105 ◦C, and then added to the next batch of
fresh MO  solution. The experiment was  repeated up to four cycles.
Another experiment was carried out to evaluate the regenerabil-
ity of the Er3+:YFeO3/TiO2-SAC. In this experiment, the recovered
Er3+:YFeO3/TiO2-SAC was treated with three different regenera-
tion methods, namely, deionized water rinsing, deionized water
rinsing-calcination (300 ◦C), acid rinsing (0.5 M HCl)-calcination
(300 ◦C).

3. Results and discussion

3.1. Photocatalyst characterization

SEM and EDS analyses were performed by a scanning elec-
tron microscope (Quanta 200 ESEM, FEI, USA) in order to examine
the morphology and elemental contents of the samples. The SEM
image of the Er3+:YFeO3/TiO2 (Fig. 2a) reveals the bulk form of the
Er3+:YFeO3/TiO2 with particle sizes of 200–400 nm.  Fig. 2b shows
the distribution of Er3+:YFeO3/TiO2 (calcinated at 700 ◦C) on the
surface of SAC. It appeared that Er3+:YFeO3/TiO2 was not washed off
by the ultrasonic treatment, which indicated a strong attachment
of the Er3+:YFeO3/TiO2 particles onto SAC. Fig. 3 shows the EDS
spectra corresponding to the two points (points A and B) in Fig. 2b
as well as the spectra for the virgin SAC and the Er3+:YFeO3/TiO2.

Compared with the EDS of the virgin SAC (Fig. 3a), the presence
of additional peaks associated with Er, Y, Fe, and Ti indicated the
successful syntheses of Er3+:YFeO3/TiO2 and Er3+:YFeO3/TiO2-SAC
(Fig. 3b–d). Table 1 indicates that there was only a slight difference
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Fig. 2. SEM images of (a) Er3+:YFeO3/TiO2 and (b) Er3+:YFeO3/TiO2-SAC which were
calcinated at 700 ◦C.

Table 1
Elemental contents on Er3+:YFeO3/TiO2-SAC surface.

Elements Point

A (wt%) B (wt%)

Y 1.21 1.47
Ti  36.55 21.66
Fe 1.03 2.78

Fig. 3. EDS patterns of (a) SAC, (b) Er3+:YFeO3/TiO2 calcinated at 700 ◦C, (c) poin
Er 1.79 1.28

in the elemental contents at point A and point B of Fig. 2b for the
Er3+:YFeO3/TiO2-SAC sample.

The crystal phases of the samples were confirmed by powder
X-ray diffractometer (RINT 2500, Rigaku Corporation, Japan) using
Ni filtered Cu K  ̨ radiation in the range of 2� from 10◦ to 90◦. Fig. 4a
shows the XRD pattern of 1.0 mol% Er3+-doped YFeO3 prepared
through the sol–gel route and calcinated at 800 ◦C. The pattern pos-
sesses similar spectrum to that of the JCPDS data of YFeO3, which
indicated that YFeO3-based crystal was  formed. Fig. 4b presents
the XRD patterns of Er3+:YFeO3/TiO2 calcinated at various temper-
atures, in comparison with that of a commercial pure TiO2 (Beijing
Chemical Works). All Er3+:YFeO3/TiO2 samples, except the one cal-
cinated at 800 ◦C, showed the strong peak at 25.4◦, which belongs
to anatase TiO2. The XRD pattern of Er3+:YFeO3/TiO2 calcinated at
700 ◦C showed the highest peaks at 25.4◦ with a low peak at 27.4◦,
indicating the dominance of anatase phase over rutile phase. As
the calcination temperature increased to 800 ◦C, a stronger peak at
2� = 27.4◦ appears while the peak at 25.4◦ becomes much weaker
(Fig. 4b), implying the transformation of anatase to rutile phase at
this temperature.

The weight percent of anatase/rutile phase ratio could be deter-
mined by Spurr–Myers equation [19]. In addition, the mean size of
a single crystallite can be estimated from full-width at half-maxima
(FWHM) of XRD peak by using Scherrer’s equation [20],
D = K�

 ̌ cos �
(1)

t A and (d) point B in Er3+:YFeO3/TiO2-SAC calcinated at 700 ◦C (Fig. 2b).
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ig. 4. XRD patterns of (a) Er3+:YFeO3 and (b) Er3+:YFeO3/TiO2 calcinated at different
emperatures as compared to the commercial TiO2.

here � is the wavelength of the X-ray radiation (0.154 nm), K is
he Scherrer constant (0.9), � is the Bragg angle (12.7◦) and  ̌ is
he FWHM of the diffraction line broadening. The average sizes of
he crystallites of the commercial TiO2 powder and the synthe-
ized catalysts calcinated at different temperatures are listed in
able 2. The results show that the crystal size of the commercial
iO2 was larger than those loaded on the synthesized composite
hotocatalysts. The crystal size of TiO2 in the composites increased
ith increasing calcination temperature suggesting that the high

emperature treatment led to TiO2 crystal growth, while the trans-
ormation of crystal phase occurred at calcination temperatures of
00 ◦C or higher.

3+
Fig. 5 compares the absorption spectra for Er :YFeO3, com-
ercial TiO2, and the pure Er3+:YFeO3/TiO2 (calcinated at various

emperatures) measured with a UV–vis diffuse reflectance spec-
rophotometer (UV-3600, Shimadzu) using BaSO4 as the reference.

able 2
verage crystallite sizes and ratio of anatase-rutile in the photocatalyst samples.

Photocatalyst Crystallite size
(nm)

Crystalline phase

% Anatase % Rutile

Commercial TiO2 32.2 94.53 5.47
Er3+:YFeO3 14.5 – –
Er3+:YFeO3/TiO2-SAC 400 ◦C 13.5 100 0
Er3+:YFeO3/TiO2-SAC 500 ◦C 16.0 100 0
Er3+:YFeO3/TiO2-SAC 600 ◦C 18.2 100 0
Er3+:YFeO3/TiO2-SAC 700 ◦C 20.7 91.02 8.98
Er3+:YFeO3/TiO2-SAC 800 ◦C 28.6 3.69 96.31
Fig. 5. UV–vis DRS spectra of Er3+:YFeO3/TiO2 calcinated at different temperatures
as compared to those of commercial TiO2 and Er3+:YFeO3.

For this analysis, the Er3+:YFeO3/TiO2/SAC was not analyzed
because the sample with SAC support would absorb all the UV–vis
light and not showing any absorption edge [21]. From the figure, the
characteristic absorption edge for Er3+:YFeO3 is apparent at about
� = 640 nm,  indicating the potential upconversion luminescence
activity. The characteristic absorption edges for Er3+:YFeO3/TiO2
calcinated at various temperatures were around 600 nm, compared
to that for the pure TiO2 (at around 400 nm), which indicated that
Er3+:YFeO3/TiO2 still possessed the ability of visible light absorp-
tion. The difference in the spectral patterns should be ascribed to
the difference in the crystallinity and crystal phase ratio presented
in the samples (as reflected in Table 2). The rutile phase showed a
higher light absorption than anatase phase in the visible light range
of 400–500 nm.

3.2. Effect of calcination temperature

Fig. 6a shows a comparison between MO adsorption and MO
photocatalytic degradation by Er3+:YFeO3/TiO2-SAC with and with-
out visible light irradiation. Without the visible light irradiation,
the reduction of MO could be only attributed to its adsorption
by SAC and the removal efficiency was around 36% in 80 min.
When the Er3+:YFeO3/TiO2-SAC calcinated at 400 ◦C, 500 ◦C, 600 ◦C,
700 ◦C and 800 ◦C were irradiated by the LED, the MO reduction
percentages after 80 min  reached 47.6%, 70.6%, 87.9%, 92.0% and
91.2%, respectively. It was  evident that when the photocatalysts
were irradiated by the visible light, the decreasing rates of MO
concentration were much higher than that without visible light
irradiation, indicating that MO was  rapidly decomposed by the
irradiated Er3+:YFeO3/TiO2-SAC photocatalytically. In addition, the
adsorption rate of MO  on Er3+:YFeO3/TiO2-SAC was much lower
than that with the pure SAC, since some pores of the SAC in the
former were blocked by the catalysts.

Fig. 6b shows the effect of calcination temperature on pho-
tocatalytic activity of Er3+:YFeO3/TiO2-SAC for the degradation
of MO under visible light irradiation. Apparently, the photocat-
alytic activity of Er3+:YFeO3/TiO2-SAC could be enhanced with
increasing calcination temperature from 400 ◦C to 700 ◦C. The MO
degradation was  the most rapid with the composite photocata-
lyst calcinated at 700 ◦C. However, the calcination temperature at
800 ◦C appeared to result in a slight decrease in the photocatalytic
activity of the composite. The calcination at lower temperature

◦
(lower than 500 C) led to a lower crystallinity of anatase TiO2 phase
and the Er3+:YFeO3/TiO2 was  not well formed, which resulted in a
lower photocatalytic activity of the Er3+:YFeO3/TiO2-SAC. Gener-
ally, anatase is more photoactive than rutile [22], since anatase is
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ig. 6. (a) Decreases in MO concentration as a function of time by SAC and
r3+:YFeO3/TiO2-SAC calcinated at different temperatures, (b) linear plots of the
eaction kinetics for Er3+:YFeO3/TiO2-SAC.

ble to substantially ionosorb oxygen species, which are principally
nvolved in electron capture in the aqueous phase reactions. Thus,
t was predicted that that Er3+:YFeO3/TiO2-SAC calcinated at 600 ◦C
hould possess the highest photocatalytic capability. However, the
xperimental finding was that Er3+:YFeO3/TiO2-SAC with 700 ◦C
eat-treatment appeared to be more photocatalytic under the vis-

ble light irradiation. The possible explanation is that the sample
alcinated at 700 ◦C contained both anatase and rutile. As reported
y Bickley et al. [23], for TiO2 particle having an anatase core and

 thin outlayer of rutile, the holes photogenerated by anatase core
an be efficiently transferred to the rutile layer, thus enhancing
hotonic efficiency of the mixed TiO2 phase. However, when the
alcination temperature was raised to 800 ◦C, excessive dominance
f rutile TiO2 formed would reduce the photocatalytic activity of
r3+:YFeO3/TiO2-SAC composite.

.3. Effect of MO  initial concentration and reaction kinetics

Four initial MO concentrations of 59, 226, 363 and 698 mg/L,
chieved after 24 h of MO adsorption in dark, were evaluated for
he effect of its initial concentration on its removal kinetics by
r3+:YFeO3/TiO2-SAC calcinated at 700 ◦C. Fig. 7a shows contin-
al decreases in MO  concentrations with irradiation time from its

nitial concentrations, while Fig. 7b shows the linear plot of the
orresponding photocatalytic degradation kinetics. In general, the

O  degradation followed the pseudo-first-order kinetics for each

f the given initial concentrations:

dC

dt
= k1C (2)
Fig. 7. (a) Effect of initial MO concentration on MO  removal efficiency after adsorp-
tion  equilibrium by Er3+:YFeO3/TiO2-SAC calcinated at 700 ◦C, (b) linear plots of the
reaction kinetics.

where k1 is the apparent pseudo-first-order reaction rate constant
and C is the MO concentration. The derived k1 values corresponding
to their respective initial MO concentrations are indicated in Fig. 7b.
To analyze the influence of initial MO concentration on the reaction
rate, Langmuir–Hinshelwood model is adopted:

1
r0

= 1
�K ′

1
C0

+ 1
�

(3)

where r0 is the initial reaction rate (mg/L min), � the
Langmuir–Hinshelwood reaction rate constant (mg/L min),
and K′ the Langmuir adsorption constant (L/mg). Fig. 8 shows the
linear plot of 1/r0 versus 1/C0 and the derived values of Langmuir–
Hinshelwood reaction rate constant and Langmuir adsorption
constant.

3.4. Durability and regeneration of composite catalyst

3.4.1. Effect of hydraulic conditions on the physical stability of
Er3+:YFeO3/TiO2-SAC

In the experiment investigating the physical stability of
Er3+:YFeO3/TiO2-SAC in suspension, the shear force (in N/g particle)
exerted on Er3+:YFeO3/TiO2-SAC particles was calculated accord-
ing to the Chern’s model [24] and the Ergun equations [25] (as
detailed in Appendix A). The relationship between the remain-
ing TiO2 loading on Er3+:YFeO3/TiO2-SAC and the applied shear

force is plotted in Fig. 9a. The TiO2 loading decreased marginally
from 1.81 mg/g to 1.67 mg/g when the shear force was increased
to 25 × 10−3 N/g. When the shear force was  increased further to
48 × 10−3 N/g, TiO2 loading decreased more drastically. Fig. 9b
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ig. 8. Linear plot of 1/r0 versus 1/C0 based on Langmuir–Hinshelwood kinetic
odel.

hows the remaining TiO2 loading on Er3+:YFeO3/TiO2-SAC as a
unction of stirring time, when the shear force was maintained at
5 × 10−3 N/g. It was evident that, in the first 4 h, the TiO2 loading
n Er3+:YFeO3/TiO2-SAC decreased from 1.81 mg/g to 1.44 mg/g,
hich was equivalent to 20.0% reduction. However, in the fifth
our, the TiO2 loading declined more significantly, corresponding
o 32.6% reduction. Therefore, to maintain a robust physical stability

f the Er3+:YFeO3/TiO2-SAC composite for its practical application
n suspension form, prolonged continual application in a single
ycle or excessive hydrodynamic mixing should be avoided.

ig. 9. Effects of (a) shear force on the TiO2 loading on Er3+:YFeO3/TiO2-SAC with
 stirring time of 2 h, (b) stirring time on the TiO2 loading on Er3+:YFeO3/TiO2-SAC
hen shear force was  maintained at 25 × 10−3 N/g.

Fig. 10. (a) The effect of recycle time on the photocatalytic activity of

Er3+:YFeO3/TiO2-SAC calcinated at 700 ◦C, (b) photocatalyst regeneration (80 min
in  each cycle).

3.4.2. Reusability of Er3+:YFeO3/TiO2-SAC and regeneration
Reuse of photocatalyst is very important in practical context. In

order to evaluate the reusability of Er3+:YFeO3/TiO2-SAC, the recy-
cling of the composite catalyst for MO  degradation was  carried out.
The results are shown in Fig. 10a. In the first cycle of 80 min  under
visible light irradiation, 74.3% MO was removed by the composite.
After four cycles of use, the MO removal efficiency by the compos-
ite decreased to 28.1%. For comparison, a four-cycle removal of MO
from solution in dark was  performed, and the MO  removal effi-
ciency was  found to decrease from 48.3% to 20.3% (Fig. 10a). The
decrease of photocatalytic MO removal efficiency with increasing
number of reuse could be attributed to the following reasons: (1)
with the increase of number of use, MO  accumulation on SAC could
reduce its adsorption capacity, which to some extent, decreased its
promotional effect on MO  photocatalytic degradation; and (2) pho-
tocatalyst deactivation or fouling by the deposited MO  molecules
or its degradation by-products.

To evaluate possibility of regenerating the deactivated or fouled
Er3+:YFeO3/TiO2-SAC composite, water rinsing, water rinsing-
calcination and acid rinsing-calcination treatments were adopted
for regenerating the used composite. The acid rinsing was per-
formed by mixing with 0.5 M HCl solution at a solid-to-liquid ratio
of 1 g to 50 ml.  During water rinsing and acid rinsing, the shear

force was  controlled at 25 × 10−3 N/g for 30 min, in order to avoid
loss of photocatalyst deposited on SAC. The calcination treatment
was performed at 300 ◦C for 2 h.
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in diameter (0.6 mm),  Rel is the liquid Reynolds number, �l is the
ig. 11. Proposed mechanism for MO  adsorption and degradation by the
r3+:YFeO3/TiO2-SAC under visible light irradiation.

As shown in Fig. 10b, the water rinsing treatment appeared to
xhibit similar decreasing trend of MO  removal with respect to
umber of use without regeneration (Fig. 10a), indicating that a
imple water rinsing could not regenerate the Er3+:YFeO3/TiO2-
AC. On the other hand, the regeneration techniques of water
insing-calcination and acid rinsing-calcination could almost com-
letely regenerate the photocatalyst, whereby the photocatalytic
O removal efficiencies only decreased slightly from 52% to

0% and 56% to 50%, respectively, over the first three cycles
Fig. 10b). With these two techniques of regeneration, the regen-
rated Er3+:YFeO3/TiO2-SAC was not found to be inactive at the
ourth cycle of reuse. This implied that the loss of photocatalytic
ctivity could be primarily attributed to the accumulation of MO
nd its by-products on the photocatalyst rather than the photocat-
lyst poisoning, and the photocatalytic activity could be effectively
ecovered by calcination.

.5. Proposed mechanism for MO  degradation by
r3+:YFeO3/TiO2-SAC

Fig. 11 shows the possible mechanism for MO  degradation by
r3+:YFeO3/TiO2-SAC under visible light irradiation. The respective
oles of SAC, Er3+:YFeO3 and TiO2 are illustrated. In general, the
hotocatalytic reaction could proceed via two major steps:

1) The activated carbon support is a highly porous material with
a high affinity for various organic pollutants including dyes. It
was able to adsorb MO from the suspension and promote its
mass transfer to the surface of the SAC-supported TiO2 whereby
various reactive oxidizing species were produced, resulting in
the enhanced photocatalytic degradation of MO  [13–15].

2) The upconversion luminescence agent (Er3+:YFeO3) at first
absorbs the incident pump visible light and then continu-
ously emits ultraviolet (UV), as shown in Fig. 11.  The UV can
effectively excite the TiO2 nanoparticles and result in the forma-
tion of photo-generated electron–hole pairs [7–10]. The highly
oxidative holes on valence band not only could directly decom-
pose MO,  but also oxidize H2O or OH− to form hydroxyl radicals
(OH•). In addition, the photo-generated electrons at conduction
band could be accepted by the dissolved oxygen in water, trig-

gering a successive one-electron reductions of O2 to form O2

•−,
HO2

•, H2O2, and OH•. These radicals or reactive oxygen species
are highly reactive with the surrounding organic pollutants
terials 199– 200 (2012) 301– 308 307

(e.g., MO), leading to formation of degradation by-products and
mineral acids or complete mineralization into CO2 and H2O.

4. Conclusion

In this study, Er3+:YFeO3/TiO2-SAC, a novel activated carbon-
supported visible-light responsive photocatalyst, was  prepared by
means of a modified ultrasonic dispersion and sol–gel method. The
composite photocatalyst calcinated at 700 ◦C, in which the TiO2
predominantly existed as anatase along with a small fraction of
rutile, exhibited the highest photocatalytic activity under the white
LED irradiation. In the composite photocatalyst, the Er3+:YFeO3
functioned as an upconversion luminescence agent to convert
visible light into UV for photoexcitation of the TiO2, while the acti-
vated carbon functioned as pollutant-concentrating photocatalyst
support. This dual-functionality could synergistically enhance MO
removal from water by the Er3+:YFeO3/TiO2-SAC composite. The
photocatalytic reaction followed Langmuir–Hinshelwood kinetic
model. The Er3+:YFeO3/TiO2 particles deposited on SAC could resist
a shear force of up to 25 × 10−3 N/g without significant dislodge-
ment. The reduced photocatalytic activity of Er3+:YFeO3/TiO2-SAC
could be attributed to accumulation of MO or its degradation by-
products on the surface of the composite rather than photocatalyst
poisoning. The calcination treatment would be an effective regen-
eration technique for the fouled composite.
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Appendix A. Calculation for shear force on photocatalyst

Assuming that the solid particles are completely soaked and
immersed in suspension, and the friction occurs only between the
solid phase and liquid phase, under the same hydraulic condition,
the value of friction factor fc equals the friction factor fl−s in a
fluid–solid system, and is calculated by Ergun equation [25]. The
shear force on each gram spherical activated carbon (N/g) used in
Fig. 8 of the main text was  obtained from Chern et al. [24] and is
given by

fr = 4fc

(
1

De

)[
1
2

�l

(
Ulr

(1 − ˛) εlr

)2
]

(A.1)

fl−s = 0.583 + 33.3
Rel

(A.2)

De = 2(1 − εsr)
3εsr

[
1 − √

˛
]

�dp (A.3)

Ulr = Rel�lεlr

De�l
(A.4)

Rel = ωr2

2

(A.5)

where fc is friction factor, De is the effective diameter of liquid flow
(mm),  Ulr is the liquid circulation velocity (cm/s), εlr is liquid volume
fraction, �l is the liquid density (0.9982 g/cm3),  ̨ is the gas–fluid
volume ratio, and equals to εgr/(εgr + εlr), in which εgr is the gas
volume fraction, � is the particle sphericity, dp is the particle size
liquid dynamic viscosity (1.0050 mg/cm s), 
 is the liquid kinematic
viscosity (0.01 cm2 s), ω is the liquid angular velocity (rad/s), and r
is the rotating liquid flow radius (mm).
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