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Photocatalytic improvement of Y>* modified TiO,
prepared by a ball milling method and application
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Semiconductor photocatalysis is an advanced oxidation process driven by solar energy which has
widespread applications in the treatment of organic pollutants in liquid and gas phases. In this work,
titanium dioxide nanoparticles modified with yttrium ions (Y>*) were prepared by a ball milling method.
The effects of Y** mole fraction, ball-to-powder weight ratio, milling time and milling rate on the
photocatalytic activities were evaluated by the degradation of methylene blue (MB) under UV light. Then
Y3/TiO, photocatalysts prepared at the optimized ball milling conditions were applied to treat shrimp
wastewater under UV and visible light. Chemical oxygen demand (CODc¢,), 3D fluorescence
spectroscopy and total organic carbon (TOC) were used to detect the water samples taken from the
photocatalytic experiments. Experimental results showed that when the mole fraction was 2%, the ball-
to-powder weight ratio was 4 : 1, milling time was 4 h and milling rate was 500 rpm, the reaction rate
constant of MB degradation can reach up to 0.1112 min~! which was 4.2 times as fast as pure TiO.. All
Y3*/TiO, samples showed a red shift of absorption compared to pure TiO, and it led to a visible light

R 4 26th March 2019 absorption response. The content of surface oxygen vacancies has significantly increased and the BET
eceive th Marc L . > 1 ’ o
Accepted 29th April 2019 specific area increased to 104 m“ g~ . The COD¢, removal rates of shrimp wastewater were 43.8% and

37.5% for 2% Y**/TiO, under UV and visible light, respectively. Besides, the TOC removal rates were
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1. Introduction

In recent years, with the rapid development of marine aqua-
culture, the increasing amount of discharge wastewater from
coastal farms has led to an ecosystem imbalance in offshore
areas and the environment of the coastal water has been
severely damaged." Compared with industrial wastewater and
domestic sewage, marine aquaculture wastewater may include
dissolved metabolic waste, drug residues, antimicrobial agents,
nutrients, solid waste, etc.> Therefore, when it is discharged in
large quantities, it can result in offshore water pollution and
eutrophication. Generally, many conventional physical, chem-
ical and biological methods can be applied to aquaculture

wastewater treatment.®* Physical technologies such as
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67.5% and 38.8%, respectively. Humic-like substances and fulvic-like substances in shrimp wastewater
can be mineralized after 90 minutes irradiation.

precipitation, filtration, adsorption, and so on, have been
widely used due to their low equipment and operating costs.*
The major suspended solids and partial chemical oxygen
demand (COD) can be removed using these techniques.
However, the poor removal of dissolved organic matter, total
nitrogen (TN) and total phosphorus (TP) has restricted the
application of physical methods.”> In addition, the traditional
biological methods have mainly utilized mixed strains derived
from natural or artificial environments. Nevertheless, the scarce
nitrifying bacteria and salt effect in seawater can bring about
low effective microorganism proportion and low processing
load per volume.® Nowadays, chemical methods are regarded as
some of the most promising technologies because the organic
matter and pathogens in wastewater can be quickly and effi-
ciently removed and eliminated.”

Much attention has been paid to semiconductor photo-
catalysis for the ability to degrade organic contaminants in
water or air.® Recently, Bi-based photocatalysts such as BiPO,
and BiOCI with different facets have been designed and inves-
tigated in NO, removal and toluene oxidation, respectively.>*
More interestingly, the new mechanisms have been discussed
in detail by experimental results and theoretical calculation. In
addition, other photocatalysts such as g-C;N4,™* Fe;0,4,"> MnO*
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and Cu,0" with excellent photocatalytic activities have also
been prepared and used in environmental treatment. Photo-
catalytic technology has shown better COD removal and steril-
ization performance in water treatment compared to other
techniques.” TiO, has become one of the most commonly used
photocatalysts due to its high efficiency, chemical stability and
low cost.*® However, there are two major drawbacks which the
band gap of TiO, is relatively wide and visible light can't be
absorbed." In order to improve its photocatalytic activity and
practical applications, many efforts have been made, such as
element doping, semiconductor coupling and noble metal
deposition.*® Lots of researches suggest that the TiO, photo-
catalysts doping with nonmetal or metal exhibit visible light
response and excellent photocatalytic activity.” A growing
number of experimental and theoretical researches have been
concentrated on rare earth metal doped TiO, photocatalysts
recently. Due to the unique electronic structure of rare earth
metals, it is beneficial for improving the photocatalytic activity
of TiO, by introducing 4f electron orbital acted as electron
traps.?

Ball milling method makes use of the violent collision,
extrusion, and friction among the grinding medium and
powder so that the mechanical energy can be transferred to the
powders.”* The plastic deformation of the powders has taken
place during the circular crushing-compression process.*” The
following mechanochemical process may be the result of one or
several of these effects. Firstly, the instantaneous high
temperature and collision force can be generated at local
collision sites between materials and grinding medium that
may result in crystal defects diffusion and partial atomic rear-
rangement and cause nanoscale thermochemical reaction.*
Secondly, the release of local stress is often accompanied with
the generation of structural defects and the transformation of
thermal energy.** Besides, the powders can be destroyed by
severe collision, leading to structural cracking and lattice
distortion. As a result, a new surface with high activity is
produced. The composite materials, alloys, and other materials
which are difficult to obtain by conventional methods usually
can be synthesized by ball milling method.>® Therefore, it has
been extensively applied to industrial production due to its
simple process, low cost and high efficiency. In this research,
a series of Y*" modified TiO, nanoparticles with different mole
fraction of Y*" have been successfully synthesized by ball
milling method. The ball milling conditions were optimized by
the degradation of MB under UV light. The highest photo-
catalytic activity of Y** modified TiO, sample was used to
shrimp wastewater treatment.

2. Experimental section
2.1 Chemicals

Titanium dioxide (99.5%, anatase) was purchased from TAN-
SAIL, Nanjing. Yttrium oxide (Y03, 99.5%) was purchased from
Hunan Rare Earth Metal Material Research Institution. Hydro-
chloric acid (HCl, 36.0-38.0%), sulfuric acid (H,SO,, 95.0-
98.0%), potassium dichromate (K,Cr,O,, 99.8%), silver(i)
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nitrate (AgNOj3, 99.8%) and mercury(n) sulfate (HgSO,, 98.5%)
were purchased from Shanghai Fusheng Industry Co., Ltd.

2.2 Preparation of Y** modified TiO, photocatalysts

The Y**/TiO, photocatalysts was synthesized by ball milling
from TiO,, Y** solution and grinding balls with QM-3SP04
planetary mill (made in Nanjing, China). The experimental
steps were as shown in Fig. 1: firstly, different amounts of Y,03
were dissolved by HCI to obtain Y**, and then the above Y**
solutions were added with TiO, powders and agate balls in the
grinding jars. The mole fractions (nys/ny;) were ranged from
0.5% to 3%. The ball-to-powder weight ratios were ranged from
1:1 to 10 : 1. Next, the mixtures were ball-milled for different
hours at room temperature. The milling times were changed
from 1 to 10 hours and the ball milling rates were set from
300 rpm to 550 rpm. After this process, the mixtures were
washed and dried at 90 °C for 4 hours and grinded into powders
with a mortar. Pure TiO, without adding any Y** was prepared
under the optimized ball milling conditions.

2.3 Characterization

UV-vis absorption spectra were detected by LAMBDA 750 spec-
trophotometer (PerkinElmer, America) in the range of 200 to
800 nm. The X-ray photoelectron spectroscopy (XPS) was
measured to analyze surface elements and chemical composi-
tions of the as-prepared samples using a PHI 5000 Versa probe
II scanning spectrometer (ULVAC-PHI, Japan). X-ray diffraction
(XRD) was measured with Ultima IV (Rigaku, Japan) X-ray
diffractometer to obtain the crystal phase and lattice param-
eter of the photocatalysts. The diffraction angle was set up from
10° to 80° and the scanning speed was 5° min . The BET
specific surface areas were measured by the N, adsorption-
desorption isotherms at 77.35 K with an Autosorb iQ sorption
analyzer (Quantochrome, America). A JSM-7100F field-emission
scanning electron microscopy (JEOL, Japan) was used to deter-
mine the morphology of the samples and the accelerating
voltage was 5 KkV. High-resolution transmission electron
microscope (HRTEM) images were performed with a JEM-2100F
field-emission transmission electron microscopy.

2.4 Photocatalytic experiments

As shown in Fig. 2, the photocatalytic activities of Y**/TiO, were
determined by the degradation of 25 mg L™ MB solutions
under a 300 W medium pressure mercury lamp (1 = 365 nm).
Accurately 0.1 g Y**/TiO, powders were added into 500 mL MB

0.5mol%Y>"
Ti0,

Imol%Y?3*
TiO,

1.5mol%y >
TiO,

HCI + H,0 ITlsl TiO, |

2mol%Y3*
TiO,

r = /4«»\\5
@ J Rotate

Fig. 1 Schematic diagram of preparation of Y**/TiO, and pure TiO»
photocatalysts.

3mol%Y3*
TiO,

2.5mol%Y 3"
TiO,
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Fig. 2 Schematic diagram of photocatalytic degradation of MB solu-
tion and shrimp wastewater.

solutions for each reaction. Before the illumination, the
mixtures were stirred in dark for 30 minutes to reach adsorp-
tion-desorption equilibrium. A cold trap was used to provide
recirculating cooling water to control lamp temperature and an
air pump was installed to provide continuous air into reaction
vessel, respectively. Then, 5 mL reaction solution was taken out
at certain time and centrifuged to remove the Y**/TiO, powders.
The absorbance of MB was measured at 664 nm using a UV 2700
(Shimadzu, Japan) spectrophotometer. The effects of ball
milling conditions on the photocatalytic activity of Y**/TiO,
were determined by the reaction rate constant of MB
degradation.

According to the above experiments, the highest photo-
catalytic efficiency of Y*>*/TiO, sample under the optimized ball
milling condition was used to shrimp wastewater treatment.
The wastewater was taken from the high level ponds in the
offshore area of Haikou City (China) during July 2018. Similarly,
1.5 g Y**/TiO, powders and 750 mL shrimp wastewater were
added into a 1 L reaction vessel. After magnetic stirred, the
recirculating cooling water and air pump were turned on. A
300 W medium pressure mercury lamp and a 300 W Xe-lamp
were used as light source to provide UV and visible light,
respectively. The photocatalytic reaction time was 4 hours and
20 mL suspensions were taken out every 15 minutes. Then the
centrifuged water samples were used to measure chemical
oxygen demand (CODc;,) with a DRB 200 thermostat (HACH
America). Generally, the concentration of chloride ions in dis-
charged wastewater is higher than 1000 mg L™ because
seawater is the water source of shrimp farming. Therefore,
HgSO, was added to the water sample before digestion to react
with chloride ions and form complex. The typical steps were as
follows. First of all, precisely 0.05 g HgSO, and 4 mL COD
digestion solution were added into each HACH chemistry vials.
Then 2 mL centrifuged water samples were taken out and well
mixed with the reagents in the vials. Vials were digested for 2
hours at 150 °C. After the vial was cooled down to room

This journal is © The Royal Society of Chemistry 2019
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temperature, the CODc, value was measured by a DR/2800
(HACH, America) spectrophotometer.

3. Results and discussion

The UV-vis absorption spectra of Y*" modified TiO, and pure
TiO, samples were detected in the range of 200-800 nm which
were shown in Fig. 3. A sharp absorption rise can be seen from
400 nm in each Y**/TiO, sample, which can be ascribed to the
electron transfer in TiO,.>* The Y*' modified TiO, samples
absorb the UV light much more than pure TiO,. In the range of
400-750 nm, Y** modification leads to visible light response. As
a result, compared to pure TiO,, all Y**/TiO, samples exhibit
a redshift of the absorption. Tauc plot method was employed to
calculate the band gap of Y**/TiO,. The equation was as
mentioned below:

A(hy — Ey) = (ahw)'™

where A stands for proportional constant, 4 is Planck's constant,
v represents the frequency of vibration, E, is band gap, n = 2 is
appropriate for indirect allowed transition and « is the
absorption coefficient.”” The band gap of Y** modified TiO, and
pure TiO, samples were shown in Table 1. The band gap value of
2% Y** modified TiO, was 3.04 eV which was less than pure

0.8 ——pure TiOy
——0.5% Y3*mio, .
— 1% Y3*rmio, §
06 ——1.5% Y3*Tio,) i
2% Y3*mio,
- 3+
5 ——25% Y3*mioy
8 W —3%v**mo,
o 04
o
c
I
2
2
8
9 02
<
0.0

1 ¥ T ¥ T ¥ T ¥ T ¥ T J
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 3 UV-vis absorption spectra of Y3*/TiO, and pure TiO»
photocatalysts.

Tablel BET surface area and band gap of Y3*/TiO,, pure TiO, and raw
TiO, photocatalysts

Sample label Ny /Ny Sger (m* g7) Band gap (eV)
Raw TiO, None 65 3.20
Pure TiO, None 68 3.20
Y*'/TiO, 0.5% 77 3.11
Y3*/Tio, 1.0% 80 3.10
Y**/TiO, 1.5% 86 3.07
Y**/TiO, 2.0% 104 3.04
Y*'/TiO, 2.5% 81 3.09
Y**/TiO, 3.0% 77 3.08

RSC Adv., 2019, 9, 14609-14620 | 14611
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TiO,. A new 3d electronic energy level appeared above the
valence band and the electrons can be transferred from the O 2p
states to the Y 3d states firstly. The distance between valence
band and conduction band was reduced indirectly and the
electron-hole recombination rate was delayed.”®

As shown in Fig. 4, XPS was used to detect the surface
elements and chemical characters of pure TiO, and 2% Y**/TiO,
photocatalysts prepared under optimized ball milling condi-
tions. The high resolution (HR) XPS spectra of Ti 2p and O 1s
recorded the chemical composition of titanium and oxygen,
respectively. The Ti 2p XPS spectrum of pure TiO, (a) can be
separated into two chemical states at the binding energy (BE) of
458.3 eV and 463.9 eV, which can be attributed to Ti 2p;/, and Ti
2p1/2, respectively. The difference of 5.6 eV confirms the typical
BE of Ti*" in TiO,. The Ti 2p XPS spectrum of 2% Y**/TiO, (c)
can be separated into four chemical states at BE of 458.4 eV
(9.91%), 460.2 €V (56.75%), 463.9 eV (4.96%) and 465.8 eV
(28.38%), respectively. The Ti 2ps/, and Ti 2p;/, peaks at the BE
of 458.4 eV and 463.9 €V can be identified as Ti**. Similarly, the
Ti 2p3/, and Ti 2p,,, peaks at the BE of 460.2 eV and 465.8 eV can
be assigned to Ti*". This indicated that Y*" ions existed either in
the interstitial sites of TiO, matrix or adsorbed on the surface of
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Fig. 4 XPS spectra of pure TiO, (a and b) and 2% Y**/TiO, (c and d).
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TiO, during ball milling process.?® This small amount of Ti**
(14.87%) was observed due to charge imbalance, lattice distor-
tion and oxygen defects in TiO,.** The O 1s XPS spectrum of
pure TiO, (b) can be separated into two peaks at BE of 529.4 eV
and 531.6 eV, which can be related to lattice oxygen (Oy) and
chemisorbed oxygen (Oy).** The amounts of Oy, and Oy in pure
TiO, were 56% and 44%, respectively. The O 1s XPS spectrum of
2% Y*'/TiO, (d) can be separated into three peaks at BE of
529.4 eV (6.62%), 531.6 eV (61.88%) and 533.5 eV (31.50%),
which can be related to lattice oxygen (TiO,), bridging hydroxyl
oxygen (Ti-OH-Ti) and terminal hydroxyl oxygen (Ti-OH),
respectively. It is known that the interactions among surface
hydroxyl groups and organic pollutants had a significant
influence on the photocatalytic activity of TiO,. The results were
in line with Jiang's research.*> Compared to pure TiO,, an
increase content of surface oxygen vacancy and a decrease
content of lattice oxygen in 2% Y>*/TiO, photocatalysts were the
reasons of higher photocatalytic activity.

The crystal phase composition, atomic and molecular
structure and lattice parameter were determined by XRD. The
XRD patterns of pure TiO, and Y**/TiO, photocatalysts prepared
under optimized ball milling conditions were shown in Fig. 5.
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Fig. 5 X-ray diffraction patterns of Y3*/TiO, and pure TiO, samples.

Each of the patterns turned out that the single anatase phase
TiO, was formed. The diffraction peaks at 26 values of 25.4°,
37.0°,37.8°, 38.6°,48.1°, 53.9°, 55.1° and 62.1° can be related to
(101), (103), (004), (112), (200), (105), (211) and (213) planes in
JCPDS no. 21-1272 standard card. The 26 value of (101) plane in
pure TiO, was 25.4°. By contrast, the 26 values of (101) plane in
Y3*'/TiO, were 25.44°, 25.48°, 25.52°, 25.54°, 25.54° and 25.56°,
respectively. With the Y>" content increases, the position of
(101) plane moved toward a large angle. According to Bragg's
law, the interplanar spacing became smaller. The shift of the
diffraction peak can be associated with lattice parameter
changes. The factors that affect the lattice parameters were the
lattice distortion caused by solute elements in interstitial sites
and the dislocation caused by mutual replacements of
elements.*® Furthermore, the characteristic peaks of Y,0; were
not found in each of Y*/TiO, samples. Y** ions existed in
interstitial sites of TiO, lattice or a highly dispersed amorphous
phase adsorbed on the TiO, surface. This result was in accor-
dance with literature reports.** Compared with pure TiO,, the
diffraction peak intensity decreased and full width at half
maximum (FWHM) increased slight in all Y**/TiO, samples.
The crystallinity of Y*>"/TiO, decreased and Y*' modification
could induce lattice distortion. This distortion can cause lattice
defects and an increase of surface oxygen vacancies which are
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beneficial for the migration of photo-generated carriers.*
Therefore, the photocatalytic activity of TiO, can be improved
and this result was in agreement with XPS result.

As shown in Table 1, the BET surface areas of Y**/TiO, and
pure TiO, photocatalysts prepared under optimized ball milling
conditions were similar. The specific surface area of all Y**/TiO,
samples was in the range of 77-104 m? ¢~ ' and higher than that
of pure TiO, sample (68 m> g™ ). In Fig. 6, the N, adsorption/
desorption isotherms of raw TiO,, pure TiO, and 2%Y>"/TiO,
samples are type IV isotherms with a distinct hysteresis loop
occurring at relative pressure ranges of 0.7-0.95 P/P,. Compared
with pure TiO,, rare earth metal ions (Y**) modification is
beneficial to increase the specific surface area of TiO,. In the
range of 0.5% to 2%, the specific surface area of TiO, can be
increased with the increase of Y>* mole fraction. The highest
BET surface area was obtained for 2% Y*'/TiO, sample which
can reach to 104 m*> g~ '. The Y** radius (0.0893 nm) is larger
than the Ti*" radius (0.068 nm), so Y>* could hardly enter TiO,
lattice to replace Ti*" but exist in interstitial sites of TiO, or
adsorbed on the TiO, surface.*® Moreover, lattice distortion and
charge imbalance can be induced. As a result, more surface
oxygen defects are generated and particle dispersion can be
improved. It indicated that Y** modification could decrease the
agglomeration and the specific surface area can be improved.
These results are coincidence with the results from XPS, XRD
and SEM. Higher specific surface area can improve the
adsorption capacity of TiO, nanoparticles and migration of the
interface charges.”” Better adsorption of organic pollutant
determined higher photocatalytic activity.

As it can be seen from Fig. 7, the HRTEM images of pure TiO,
(a and b) and 2% Y>"/TiO, (c and d) samples present obvious
agglomeration and the particle sizes are about 20 nm which is
in good agreement with the XRD results. The calculated
distances between lattice planes of pure TiO, and 2% Y>*/TiO,
are 0.351 nm and 0.354 nm, respectively. The results coincide
with the crystal plane spacing of anatase TiO, (101) plane. The
morphologies of pure TiO, (a) and 2% Y** modified TiO, (b)
prepared under optimized ball milling conditions were
observed by scanning electron microscopy which was shown in
Fig. 8. The raw TiO, nanoparticles were ball milled to get pure
TiO, photocatalysts which were arranged closely and the
agglomeration phenomenon was serious. Compared with pure
TiO,, adding Y** during the ball milling process can hinder the
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Fig. 7 The HRTEM images of pure TiO; (a and b) and Y**/TiO, (c and d).

Fig. 8 SEM images of pure TiO, (a) and 2% Y>*/TiO, (b) samples prepared under optimized ball milling conditions.

agglomeration and make TiO, particles more dispersible.*® The
2% Y*' modified TiO, sample possessed more uniform particle
distribution and best dispersion. The highest BET surface area
was in good consistent with this result. The instantaneous
energy produced by violent collision that made Y** interacted
on the surface of TiO,.** As a result, charge imbalance can be
induced and more surface oxygen vacancies were generated,
which was in accord with XPS result.

In order to study the effect of Y** mole fraction and ball
milling conditions on the photocatalytic activity of TiO,,
a comprehensive experiment was carried out. The results were
shown in Fig. 9. The Y** content was from 0.5% to 3%, the ball-
to-powder weight ratio was from 1 : 1 to 10 : 1, the milling time
was from 1 to 10 hours and the milling rate was from 300 to
550 rpm, respectively. There was a significant trend of linear
correlation between In(C;/Cy) and reaction time ¢, which was
consistent with first-order reaction kinetic model.** The
apparent first-order reaction rate constants of the degradation
of MB solution were calculated as followed:

14614 | RSC Adv., 2019, 9, 14609-14620

~In(C/Cy) = kt

where C, is the concentration of MB at the beginning of the
reaction and C, is the concentration of MB at reaction time ¢,
and k stands for the first-order kinetic reaction constant,
respectively.* The kinetic equations and reaction rate constants
for different mole fractions, ball-to-powder weight ratios,
milling times and milling rates were shown in Tables 2-5,
respectively.

It can be seen from Fig. 9(a) that in the range of 0.5-2%, k
increased from 0.0606 min~* to 0.1112 min " with the increase
of Y**/Ti mole fraction. Then k decreased to 0.0881 min " in the
range of 2-3%. The best loading amount of Y** is 2% and the
photocatalytic efficiency was 4.2 times that of pure TiO,. As
shown in (b), when the ball-to-powder weight ratio was
increased from 1:1 to 4 : 1, k increased from 0.0758 min™" to
0.1112 min~". An appropriate ball-to-powder weight ratio was
good for the collision, shearing and grinding interactions
among raw materials and grinding balls. If the ratio was too

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Effects of mole fraction (a), ball-to-powder weight ratio (b), milling time (c) and milling rate (d) on photocatalytic activities of Y**/TiO,

photocatalysts.

large, it caused great energy losses because parts of grinding
balls are in the “idle” state. On the contrary, the buffer function
was too large and interactions among grinding balls and
powders were reduced.*”” The optimized ball-to-powder weight
ratio was 4 : 1 in the experiment. The effect of milling time on
photocatalytic activity of Y**/TiO, was shown in Fig. 9(c). The
first-order reaction rate constant k increased steadily with the
increase of milling time in the range of 1-4 hours. When the

Table 2 Kinetic equation and reaction rate constants (k) for different
mole fraction of Y3*/TiO,

Mole fraction Reaction rate

(ny»/nr) Kinetic equation constant k (min ") R®

0 C, = Cye 002621 0.0262 0.991
0.5% C, = Coe 00006t 0.0606 0.986
1.0% C, = Cpe 00725t 0.0725 0.988
1.5% C, = Coe 00893 0.0893 0.990
2.0% C, = Cpe 011121 0.1112 0.993
2.5% C, = Coe 00971 0.0971 0.982
3.0% C, = Cpe 00881 0.0881 0.989

This journal is © The Royal Society of Chemistry 2019

milling time was too long, the reaction rate constant k
decreased to 0.0725 min~'. The surface active sites of TiO, can
be reduced to a certain degree for milling too long, so the best
milling time was 4 hour. The relationship of milling rate and &
was displayed in Fig. 9(d). In the range of 300 to 500 rpm, k
increased from 0.0693 min~' to 0.1112 min~'. When the
milling rate was increased to 550 rpm, k decreased to
0.1073 min~'. Considering the service life time of planetary

Table 3 Kinetic equation and reaction rate constants (k) for different
b-t-p weight ratio of Y>*/TiO,

Ball-to-powder Reaction rate

weight ratio Kinetic equation constant k (min ") R

1:1 C, = Coe 00758t 0.0758 0.980
2:1 C, = Cpe 00936t 0.0936 0.985
4:1 C, = Coe 01112t 0.1112 0.993
6:1 C, = Coe 010131 0.1015 0.988
8:1 C, = Coe 00021 0.0921 0.983
10:1 C, = Cpe 00832t 0.0832 0.996
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Table 4 Kinetic equation and reaction rate constants (k) for different
milling time of Y**/TiO,

Milling Reaction rate

time (h) Kinetic equation constant k (min~") R

1 C, = Coe 00795 0.0795 0.972
2 C, = Coe 00898t 0.0898 0.980
4 C, = Cpe 01112 0.1112 0.993
6 C, = Cye 01046t 0.1046 0.988
8 C, = Coe 00836t 0.0836 0.975
10 C; = Cpe~ 20725 0.0725 0.987

Table 5 Kinetic equation and reaction rate constants (k) for different
milling rate of Y3*/TiO,

Milling rate Reaction rate

(rpm) Kinetic equation constant k (min~") R?
300 C, = Cpe ™ 00093t 0.0693 0.974
350 C, = Coe 00816t 0.0816 0.986
400 C, = Coe 00937 0.0937 0.980
450 C, = Cye~ 01020t 0.1020 0.982
500 C, = Coe~ 011121 0.1112 0.993
550 C, = Coe 01073t 0.1073 0.989

mill, the milling rate should not be set too fast. The optimum
milling rate was 500 rpm.

The 2% Y**/TiO, photocatalysts showed excellent photo-
catalytic performance under the optimized ball milling condi-
tions in the above experiments. Photocatalytic efficiencies of 2%
Y**/TiO, and pure TiO, for shrimp wastewater treatment under
UV and visible light irradiation were also investigated. As shown
in Fig. 10(a), photocatalytic performances of 2% Y>*/TiO, and
pure TiO, were estimated by measuring the CODc, changes of
shrimp wastewater in 240 minutes under a 300 W medium
pressure mercury lamp. The CODc, value of shrimp wastewater
was about 1340 mg L™ " at the beginning of the reaction. It can
be seen that the values of CODc, has not been unchanged
obviously on the whole under UV light irradiation without any

1400
(a) —&— Only UV light
1 —&— Pure TiO,
1300 S —A—2% Y™'[TiO,
1200
3 1100
[=2]
E
DG 1000
o]
8]
900 4
800 +
700 T T T T
0 50 100 150 200 250
time (min)

View Article Online

Paper

photocatalysts. The COD¢, removal rates measured in the
presence of 2% Y**/TiO, and pure TiO, photocatalysts are 43.8%
and 32.7%, respectively. It can be noticed that CODc, values
declined obviously in the first 15 minutes of the reaction.
Because these organic compounds which can be easily oxidized
in shrimp wastewater were photodegraded at an early stage. The
COD; values increased evidently from 45 to 75 minutes. As the
reaction continued, the CODc; values decreased gradually after
150 minutes irradiation. The types of organic matters in shrimp
wastewater are very complicated. There are numerous organic
compounds that are difficult to be oxidized or degraded.*
Therefore, the easily degradable organic pollutions are contin-
uously removed in the first period of the photocatalytic reaction.
These complexed organic compounds can be destroyed by
hydroxyl radicals and superoxide radicals and transformed into
small substances.* Then a large number of small substances
can be oxidized and this leads to the rise of COD; value. It can
be seen in Fig. 10(b), the CODc, removal rates of Y**/TiO, and
pure TiO, under simulated visible light are 37.5% and 25.4%,
respectively.

As it can be seen from Fig. 11, 3D fluorescence spectroscopy
was used to analyze the shrimp wastewater samples during the
photocatalytic experiment. According to the distribution of
various substances in the 3D fluorescence spectra, three typical
fluorescence peaks can be confirmed. Peak A at (Ex/Em) = 240/
420 nm and peak B at (Ex/Em) = 310/420 nm can be related to
microbial and terrestrial fulvic-like substances and humic-like
substances which are in accordance with H. Liang's study.*
The fulvic-like substances and humic-like substances are these
organic polymer compounds which are mainly derived from the
microbial decomposition of animals and plants residue.*® In the
shrimp wastewater, these organic pollutants are mainly caused
by the residual baits and untreated metabolites and residues of
shrimp and fish.*” As illustrated in Fig. 11(a), the fulvic-like
substances and humic-like substances cover the relatively
large proportions at the beginning of the photocatalytic reac-
tion. As the reaction continues, the fluorescence intensities of
peak A and B are significantly reduced and the two peaks

disappear completely after 90 minutes irradiation.
= B
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Fig. 10 CODc, changes under UV light (a) or visible light (b) in the presence of 2% Y**/TiO,, pure TiO, photocatalysts.
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Fig.11 Excitation—emission-matrix fluorescence spectra of 0 min (a), 15 min (b), 45 min (c), 90 min (d), 240 min (e), pure water (f) samples during
the photocatalytic experiment.

Photocatalytic treatment achieves a remarkable fluorescent strong oxidative species in water can play a role in degrading
intensity reduction of peak A and B. The molecular structure of complex organic matters.*®

fluorescent substances in shrimp wastewater can be effectively As a key measurement indicator of the degradation degree
destroyed by hydroxyl radicals and superoxide radicals. These of the organics polluting, TOC can be utilized to reflect the
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Fig. 12 TOC changes measured during photocatalytic reaction of 2% Y**/TiO, and pure TiO, under UV light (a) or visible light (b).

mineralization of organic matters.* As shown in Fig. 12,
photocatalytic performances of 2% Y**/TiO, and pure TiO,
were evaluated by measuring the TOC changes of shrimp
wastewater in 240 minutes under UV light (a) and visible light
(b), respectively. For comparison, only UV or visible light are
provided without adding photocatalysts. The TOC value of
shrimp wastewater is about 13.7 mg L' at the beginning of
the reaction. It can be seen from Fig. 12(a), the TOC values are
significantly reduced in the first 15 minutes of the reaction,
which is consistent with the changes of COD¢,. The main
reason is that these easily oxidized organic matters in shrimp
wastewater are complete photodegraded in the beginning. As
the reaction continues, TOC values have not been changed
significantly only under UV light irradiation. The TOC removal
rates of 2% Y**/TiO, and pure TiO, reaction systems are 67.5%
and 49.8% after 240 minutes UV light irradiation, respectively.
A maximum TOC removal rate of 67.5% is obtained and 2%
Y**/TiO, sample exhibits the excellent photocatalytic perfor-
mance. As shown in Fig. 12(b), the TOC removal rates of 2%
Y**/Ti0, and pure TiO, reaction systems are 38.8% and 25.7%
after 240 minutes visible light irradiation, respectively.
Combined with COD(, and 3D fluorescence results, the humic-
like and fulvic-like substances in shrimp wastewater can be
mineralized by using 2% Y**/TiO, samples as photocatalysts.
The remaining organic substances in water need further irra-
diation time to get totally mineralized.

The photocatalytic mechanism diagram of Y**/TiO, sample
is shown in Fig. 13. The electron transition occurs between the
O 2p orbit at the top of the valence band and the Ti 3d orbit at
the bottom of the conduction band.*® A new energy level is
introduced above the top of the valence band due to Y**
modification. When the light is illuminated on the surface of
TiO,, the electrons in the valence band are excited and transited
to the above energy level. Then the electrons can be excited by
the higher wavelength light and transited to the conduction
band.* It leads to red-shifted light absorption and visible light
response compared with pure TiO,. The Y 3d energy level acts as
a bridge of electron transition to promote the separation

14618 | RSC Adv., 2019, 9, 14609-14620

efficiency of photo-generated electron-hole pairs, so the pho-
tocatalytic activity can be improved.*

Y*/TiOs + v — h* + e~
H,O +h* - -OH + H'
O, +e — -0,
organic pollutant + -O,~ — products
organic pollutant + -OH — products

In addition, the large radius Y*>* ions exist in the interstitial
sites of TiO, matrix or absorb on the surface of TiO,. It leads to
lattice distortion and surface charge imbalance in TiO,.”
Compared to pure TiO,, the surface oxygen vacancies in Y**/
TiO, are greatly increased. Electrons can be trapped by oxygen
vacancies and migrated to the surface of TiO,. Other present
oxygen species can be transferred by the trapped electrons to
form superoxide radicals. Similarly, more hydroxide species can
be converted by photo-generated holes into hydroxyl radicals.

Oxygen vacancy

0,

Anatase

Organic TiO,

Products

Fig.13 Schematic of the photocatalytic reaction by Y>* modified TiO,»
photocatalysts.
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Thereby, the organic pollutants in the wastewater can be
transferred into other products with the high oxidative
radicals.>*

4. Conclusions

A ball milling method was employed to prepare Y** modified
TiO, photocatalysts. UV-vis absorption results revealed that all
Y**/TiO, photocatalysts showed a redshift of absorption
compared to pure TiO, and it led to visible light absorption
response. XPS and XRD analysis indicated that Y** ions existed
either in the interstitial sites of TiO, matrix or adsorbed on the
surface of TiO,. The increase of surface oxygen vacancy and the
lattice distortion and dislocation generated by Y** modification
were the result of better photocatalytic activity. Combined with
SEM and BET, it can be concluded that Y** modification can
inhibit the agglomeration of TiO, nanoparticles and increase
the BET specific surface area. The 2% Y**/TiO, samples
exhibited the best photocatalytic activity under the optimized
ball milling conditions. The humic-like substances and fulvic-
like substances in shrimp wastewater can be effectively
degraded in the presence of 2% Y**/TiO, under UV irradiation.
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