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Preparation of spherical activated carbon-supported and Er’":YAIOs-doped TiO,
photocatalyst for methyl orange degradation under visible light
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Abstract: In order to develop the high photocatalytic activity of TiO, under visible light as that under ultraviolet light and make it
easy to be separated from treated liquor, a visible light response and spherical activated carbon (SAC) supported photocatalyst doped
with upconversion luminescence agent Er’':YAIO; was prepared by immobilizing Er’*:YAIOy/TiO,, which was obtained by
combination of Er**:YAIO; and TiO, using sol-gel method, on the surface of SAC. The crystal phase composition, surface structure
and element distribution, and light absorption of the new photocatalysts were examined by X-ray diffraction (XRD), energy
dispersive X-ray spectra (EDS) analysis, scanning electron microscopy (SEM) and fluorescence spectra analysis (FSA). The
photocatalytic oxidation activity of the photocatalysts was also evaluated by the photodegradation of methyl orange (MO) in aqueous
solution under visible light irradiation from a LED lamp (1>400 nm). The results showed that Er’":YAIO, could perform as the
upconversion luminescence agent which converts the visible light up to ultraviolet light. The Er**:YAIO4/TiO, calcinated at 700 °C
revealed the highest photocatalytic activity. The apparent reaction rate constant could reach 0.0197 min" under visible light

irradiation.
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1 Introduction

TiO, was firstly reported by Fujishima and Honda
in 1972 to be able to generate various reactive oxygen
species in water such as hydroxyl radicals, hydrogen
peroxide, superoxide radical anions, under UV
irradiation [1]. Since then, TiO, has widely been
investigated for photocatalytic degradation of organic
pollutants because of its strong photoactive ability, high
stability, non-toxicity and low cost [2,3]. Although the
technique is gradually near the stage of preindustrial
application, there are still fundamental problems
concerning the efficiency of photocatalysis that need to
be solved. TiO; is a high band gap (£,~3.2 ¢V) material
that can only be excited by high energy UV radiation
with a wavelength of no longer than 387.5 nm [4]. But
the content of UV in sunlight is only 3%—4%.
Consequently, it limits the use of sunlight as an energy
source. Although some investigations have reported that
TiO, doped with non-metallic and metallic elements can
achieve photocatalytic capacity under visible light [2,5,6],

a low rate of electron transfer to oxygen and a high rate
of recombination between electron/hole pairs result in a
low quantum yield rate and also a limited photooxidation
rate [7].

The upconversion luminescence agents such as
Er’*:YAIO; can transform the visible light into UV [8,9].
Thus, some researchers prepared TiO, doped with
upconversion luminescence agents, and this sample can
absorb visible light and excite ultraviolet. As a result, the
photocatalytic activity of TiO, is improved under visible
light [10,11].

TiO, powder has high catalytic activity, however,
some limitations are discovered for the tiny powder in
the sewage treatment, such as, easy to harden, difficult to
settle, and difficult to recycle. The technology loaded
TiO, to other material (quartz glass [12], ceramic [13]
and activated carbon (AC) [14]) can well solve this
problem. The presence of AC helps TiO, in contact with
high concentration of pollutants because of its strong
adsorption capacity, and improve the transfer rate of the
interfacial charge and reduce the recombination rate
of holes and electrons. Therefore, the photocatalytic
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efficiency of TiO, is improved [15].

In this study, a visible light response and spherical
activated carbon (SAC) supported photocatalyst doped
with Er’*:YAIO; (Er’":YAIO;/TiO,-SAC) was prepared.
The compound Er’*:YAIO;, combining erbium, yttrium
and aluminum, could function as an upconversion
luminescence for photo-exciting TiO, under visible light.
The Er3+:YAlO3-doped TiO, loaded on the spherical
activated carbon particles could be a photocatalyst that
would provide dramatically photocatalytic degradation of
organic pollutants under visible-light irradiation, and
could be easy to settle out of the treated liquor. The
prepared photocatalyst was also characterized and
evaluated by surface analysis and photocatalytic activity
tests, respectively.

2 Experimental

2.1 Catalyst preparation
2.1.1 Preparation of Er’*:YAIO; by nitrate-citric acid
method

The Er'":YAIO; sample was prepared by nitrate-
citric acid method following the steps described
elsewhere [16,17]. AI(NO;); was dissolved into distilled
water in a beaker and stirred for 1 h at room temperature.
Then, Y(NOs); and Er(NOs); were completely dissolved
in distilled water and added to the above solution under
constant stirring. The molar ratio of Er, Y to Al was
controlled at 0.01:0.99:1.00. Both solutions were mixed
together and solid citric acid was added (molar ratio of
citric acid metal ion 3:1). The final solution was
evaporated at 85 °C on a water bath until a pale,
translucent and viscous gel was formed. The obtained gel
was dried at 130 °C for 24 h followed by dispersion to
obtain a powder. The sample was calcinated at 1200 °C
in a muffle furnace for 2 h. After grinding, the
nanocrystalline Er’ :YAIO; powder was obtained.
2.1.2 Preparation of Er’":YAIO,/TiO, by sol-gel method

The Er’:YAIOy/TiO, was prepared via the sol-gel
method. The molar ratio of Ti(OC4Hy),:C,HsOH:H,O:
CH;COOH was controlled at 1:10:2:1 and the final
quality ratio of (Er’*:YAIO;):TiO, was controlled at 1:10.
Ti(OC4Hy), was added dropwise into half of the total
amount of C,HsOH and then the solution was stirred for
30 min at room temperature. The obtained solution was
named as solution A. Subsequently, Er’':YAIO;,
CH;COOH, H,O and another half of the C;HsOH were
mixed together and stirred for 30 min. Then, solution B
was obtained. Afterwards, the solution B was added
dropwise into the solution A with vigorous stirring and
the final solution was continuously stirred at 40 °C for 2
h. After aging for 48 h, titania gel was formed on the
surface of the Er’":YAIO; particles, followed by drying
at 110 °C for 24 h. The obtained dry sample was ground

and calcinated at 500, 600, 700 and 800 °C for 2 h, with
a heating rate of 5 °C /min.
2.1.3 Preparation of Er3+:YAlO3/TiOz-SAC

The mass ratio of (Er3+:YAlO3/TiOz) to SAC was
1:4. Er'":YAIOs/TiO, was dispersed in the appropriate
anhydrous ethanol with ultrasonic treatment for 30 min.
The spherical activated carbon (SAC, 0.6 mm in
diameter, Kureha Corp, Japan) was added into the above
mixture and stirred for 1 h. The sample was dried at 70
°C after standing for 24 h, and then, the dry sample was
heat-treated at 300 °C for 1 h. The final sample of
Er’*:YAIOs/TiO,-SAC was the photocatalyst used for
characterization and  photocatalytic ~ performance
examination.

2.2 Photocatalytic degradation of methyl orange

Methyl orange (MO) was selected as the model
pollutant to examine the photocatalytic activity of
Er’*:YAIOs/TiO,-SAC. 1 g of photocatalyst was added to
50 mL of 1000 mg/LL. MO solution. MO adsorption by
catalyst particles for 24 h was conducted before
photocatalytic degradation, and the residual MO
concentration was (136+8) mg/L. The solution was
irradiated by an 18 W-LED lamp from top with surface
aeration by air flow of 0.6 L/min to obtain a uniform
distribution of MO concentration. Figure 1 shows the
emission spectrum of the lamp, with two strong peaks at
455.0 nm and 552.9 nm. UV was not detected, verified
by a UV meter (TN-2234UVC, TAINA, Taiwan, China).
The MO concentration was determined by an UV-vis
spectrophotometer at 460 nm. All the experiments were
carried out in a dark chamber to avoid interference of
ambient light on the photoreaction.

455.0

552.9

400 500 600 700 800
Wavelength/nm

Fig. 1 Light spectrum of LED lamp

3 Results and discussion

3.1 Photocatalyst characterization
3.1.1 SEM and EDS analyses
SEM and EDS analyses were performed by a
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scanning electron microscope (Quanta 200 ESEM, FEI,
USA) in order to examine the morphology and elemental
contents of the samples. The SEM image of the
Er’":YAIO,/TiO,-SAC showed the fairly uniform
distribution of Er’":YAIOs/TiO, (calcinated at 700 °C) on
the surface of SAC. This indicated a strong attachment of
the Er’":YAIO,/TiO, particles onto SAC. According to
the EDS element mapping, it was evident that all the
dopant elements, including Er, Y and Al, were observed

on the surface of SAC. Additionally, the distribution of
Ti corresponded to the white clouds in the SEM image
and the distribution of C to the black clouds, respectively.
The detected molar ratios (Fig. 3) showed that C
occupied more than 96% of the total amount and the
result suggested that immobilized Er’*:YAIOy/TiO,
would not cover all the surface of SAC, which was
helpful to MO adsorption onto the SAC surface and TiO,
photocatalytic destruction.

Fig. 2 SEM image of Er'":YAIOy/
TiO,-SAC calcinated at 700 °C
with element distribution maps of
Ti, C, Er, Y, Al and O
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C
Element Mass fraction/% Mole fraction/%
C 94.09 96.13
(0] 4.79 3.67
Al 0.02 0.01
Y 0.07 0.01
Ti 0.56 0.14
Er 0.47 0.03
Q Al _
L By Ti Er
0.8 1.6 2.4 3.2 40 48 56 64 7.2 8.0
E/keV

Fig. 3 EDS spectrum on surface of Er3+:YAlO3/Ti02-SAC

3.1.2 XRD analysis

The XRD patterns of the samples were determined
by powder X-ray diffractometer (RINT 2500, Rigaku
Corporation, Japan) using Ni filtered Cu K, radiation
with the 26 range from 10° to 90° at the scanning speed
of 1 (°y/min. Figure 4 presents the XRD patterns of
Er’":YAIO,/TiO, calcinated at various temperatures. All
Er’":YAIOs/TiO, samples showed the strong peak at
25.4° corresponding to anatase TiO,. In addition, the
characteristic peak at 27.4° corresponding to the rutile
phase was observed with the calcination temperature up
to 800 °C, suggesting the transformation of anatase to
rutile phase at this temperature.

600 °C

500 °C

1
10 20 30 40 50 60 70 80
26/(%)

Fig. 4 XRD patterns of Er*":YAIO,/TiO, calcinated at different
temperatures

The mass fraction of anatase and rutile phases and
the mean size of a single crystallite could be determined
by Spurr-Myers equation [18] and Scherrer equation [19],
respectively. The average crystallite sizes and the content
of anatase and rutile phases of the synthesized catalysts
calcinated at different temperatures are listed in Table 1.
The crystallite size of TiO, in the composites slightly
increased with the increase of calcination temperature,

indicating that the heat treatment resulted in TiO, crystal
growth and the presence of activated carbon baffles TiO,
growth for the composite formation, as compared to the
case of bare TiO, [20].

Table 1 Average crystallite size and contents of anatase and
rutile in photocatalyst samples

Calcining Average Crystallite phase content/%
temperature/°C crysmlhte Anatase Rutile
size/nm
500 13.37 100 0
600 13.67 100 0
700 13.56 100 0
800 15.73 97.26 2.74

3.1.3 Fluorescence spectra analysis

The fluorescence spectra (Fig. 5) of Er’":YAIO;
were obtained by a fluorescence spectrophotometer
(Varian Cary Eclipse, USA). Two excitation wavelengths
were selected according to the light spectrum of the LED
lamp. Regarding to the 455 nm and 553 nm excitation,
there were the upconversion emission wavelength of 360
nm and 320 nm as well as 362 nm, respectively, which
were all shorter than 387 nm and could excite TiO, to
generate ¢ /h". On the other hand, the emission intensity

(@) Slit width/nm
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310 320 330 340 350 360 370
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Fig. 5 Fluorescence spectra of Er'':YAIO,; with excitation
wavelength of 455 nm (a) and 553 nm (b)
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increased with the increase of the slit width where
excitation beam passed in the spectrophotometer,
implying a two-step upconverted process taking place
under the two photons excitations [9].

3.2 Photocatalytic activity of Er’ *:YAIO5/TiO,-SAC
Figure 6(a) shows a comparison between MO
adsorption and MO photocatalytic degradation by
Er’":YFeO,/TiO,-SAC with and without 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
43.7% after 120 min. When the Er’":YAlOy/TiO,-SAC
calcinated at 500, 600, 700 and 800 °C were irradiated
by the LED, the MO removal efficiencies after 120 min
reached 75.1%, 82.1%, 90.8%, and 85.1%, 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 Er’":YAIOy/TiO,-SAC
photocatalytically. Figure 6(b) presents the effect of
calcination temperature on photocatalytic activity of
Er’*:YAIOs/TiO,-SAC for the degradation of MO under
visible light irradiation. Compared to the sample in dark
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Fig. 6 Decrease in MO concentration (a) and linear plots of
reaction kinetics (b) for Er*":YAIOy/TiO,-SAC calcinated at
different temperatures

condition with the apparent reaction rate constant of
0.0052 min "', all the prepared photocatalysts irradiated
by LED possessed much higher apparent reaction rate
constant. The photocatalytic activity of Er’":YAIOs/
TiO,-SAC could be enhanced by increasing calcination
temperature from 500 °C to 700 °C. The apparent
reaction rate constant increased from 0.0122 min' to
0.0197 min'. The -calcination at relatively low
temperature led to a lower crystallinity of anatase TiO,
phase and the Er’":YAIO,/TiO, was not well formed,
which resulted in a lower photocatalytic activity of the
Er’":YAIO,/TiO,-SAC. Meanwhile, previous  study
showed that anatase was more active than rutile in
photocatalytic capacity [21], due to the fact that anatase
was able to substantially ionosorb oxygen species, which
were principally involved in electron capture in the
aqueous phase reactions. Thus, the Er":YAIOy/
TiO,-SAC prepared at the calcination temperature of
800 'C showed a slight decrease in the photocatalytic
activity due to the presence of rutile (Table 1).
3.3 UV-vis spectra of MO solution
photocatalytic degradation

From the UV-vis absorption spectra of MO (Fig. 7),
there was a large absorption peak at wavelength of 460
nm. Studies indicated that, this absorption peak was
derived from the chromophore which was produced by
the conjugated system composed of the azo bond and
benzene ring [22], as seen in the inset of Fig. 7. The azo
bond was attacked by photo-generated holes and/or free
radicals which came from the photocatalytic degradation
process, and the photocatalytic destruction of the C—N
bond and the N—N bonds led to fading of the MO.

during

0 min
10 min
20 min
30 min
40 min
50 min
60 min
90 min
120 min
150 min

300 400 500 600 700 800

Fig. 7 Chemical structure and UV-vis spectra of MO in
aqueous solution

3.4 Mechanism for MO degradation under visible
light
As illustrated in Fig. 8, the activated carbon
adsorbs MO from the solution and promotes its mass
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Fig. 8 Proposed photocatalytic mechanisms over Er’*:YAIO,/TiO, under visible light irradiation

transfer to the surface of the SAC-supported TiO,
whereby various reactive oxidizing species were
produced, resulting in the enhancement of photocatalytic
degradation of MO. The crystallized Er’":YAIO; as
upconversion luminescence agent firstly absorbs the
incident pump visible light and then continuously emits
UV by a two-step upconverted process. The UV can
effectively excite the TiO, nanoparticles and result in the
formation of photo-generated electron-hole pairs. In the
similar way as general photocatalytic degradation, these
holes not only directly decompose MO, but also oxidize
water molecule to form highly oxidative radicals with
high activity and indirectly degrade the MO in aqueous
solution, resulting in destruction of the C—N bond and
the N—N bond of the MO and formation of degradation
by-products and mineral acids or complete
mineralization into CO, and H,O.

4 Conclusions

1) Er:YAIOyTiO,-SAC, an activated carbon-
supported visible-light responsive photocatalyst, was
prepared by means of ultrasonic dispersion and sol-gel
method. The photocatalyst calcinated at 700 °C,
exhibited the highest photocatalytic activity under visible
light irradiation.

2) In the composite photocatalyst, the Er'*:YAIO;
acted as an upconversion luminescence agent to convert
visible light into UV for photoexcitation of the TiO,,
while the activated carbon acted as pollutant-
concentrating photocatalyst support. This combined
functionality could enhance MO removal from liquid
phase. The destruction of C—N bond and N—N bond by
photocatalytic oxidation led to the destruction of MO.
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