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NaYF4;:Yb, Tm@TiO, core@shell structures for
optimal photocatalytic degradation of
ciprofloxacin in the aquatic environment+

Yongmei Ma“® and Siyue Li

The removal of antibiotic residues in the aquatic environment is still a big challenge in environmental
protection. Here, we developed NaYF4:Yb, Tm@TiO, as a highly efficient photocatalyst for photocatalytic
degradation of ciprofloxacin (CIP), a representative antibiotic in water under simulated solar irradiation.
NaYF4:Yb, Tm@TiO, can efficiently utilize a broad spectrum of solar energy to improve the efficiency of
ciprofloxacin removal from an aquatic environment. The optimum operation conditions of photocatalyst
dosage, pH value, and initial concentrations of CIP were determined by a series of contrast experiments.
The dynamic process of CIP removal was monitored by UV-vis spectrophotometry, and can be well
predicted by a pseudo first order model. The optimal conditions of photocatalyst dosage, initial
concentration of CIP and pH value for CIP photocatalytic degradation were 1 g L™, 107> M and 8,
respectively. This study provides an efficient method for antibiotic removal and enables a promising
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Introduction

The widespread use of antibiotics in humans, animals and
aquaculture results in vast residuals in aquatic environments."*
The persistence of antibiotic residues may cause a series of
problems in ecosystems and public health because of the poor
biodegradability of antibiotics.®* Therefore, the removal of
antibiotic residues in aquatic environments is of great concern
in environmental protection. In this case, many methods have
been developed to deal with antibiotic residues, such as
advanced oxidation treatment, membrane treatments,’
adsorption technology® and photoelectron-Fenton reactions.”
However, most of these methods are costly and time-
consuming. Also, some technologies need professionals to
operate them. Therefore, it is still a challenge to develop an
environmentally friendly, simple and efficient approach to
remove antibiotic residues from aquatic environments.
Photocatalytic degradation technology has been considered
as an effective and promising technology to remove antibiotic
residues from water. Among the most photocatalysts, titanium
dioxide (TiO,) has aroused the increasing concern due to the
extraordinary chemical stability, high photocatalytic activity,
biocompatible features, low cost, wide application and envi-
ronmental friendliness.*'* However, the photons absorption
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strategy for other organic water pollutant treatments.

capacity of TiO, is poor due to the broad band gap of ca. 3.2 eV,
which requires ultraviolet (UV) light activation." UV light
accounts for only 5% of sunlight,"> which limits the application
of TiO, in environment restoration. Effort therefore have been
focused on extending the range of absorption wavelength of
TiO, to the visible or even NIR region for improving the pho-
tocatalytic efficiency.’*** The TiO, absorption wavelength rang
can be extended by numerous reformative methods, such as
metals and nonmetallic ions doping, cationic substitutions,
anionic doping, and so on.'**®* However, most of these methods
suffer from expensive requirement, complex treated process
and overall catalytic capability decreasing.>*® Therefore, it
remains an urgent problem to improve the photons absorption
and photocatalytic capacity of TiO, at the same time.

Different from the traditional methods to extend the
absorption of TiO,, a promising strategy is transferring visible
and near infrared lights into UV lights, which can activate TiO,
particles better and improve photocatalytic efficiency. Upcon-
version (UC) materials have attracted much attention due to the
special property of transferring NIR light into visible and UV
light.**** It is an effective method to introduce UC materials to
photocatalysts, which can improve the photocatalytic efficiency
and utilization efficiency of sunlight. The hybrid structure of UC
and UV-active photocatalysts had been synthesized, and used
for environmental conservation.?®™* In our earlier work, we have
prepared composite photocatalyst (NaYF,:Yb,Tm@TiO,/Ag)
which has the good photocatalytic function for organic pollut-
ants degradation under Xe lamp irradiation.*® However, that
report did not research the optimization conditions of the
composite photocatalyst to remove organic pollutants, such as
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the concentration of organic pollutants, photocatalyst dosage
and pH value. It is essential to optimize these parameters,
which would affect the organic pollutants removal in practical
application. May For example, (i) the concentration of organic
pollutants in water can influence their contact with photo-
catalysts; (ii) the light penetration can be influenced by photo-
catalyst dosage;*” (iii) the pH value of solution can also
influence the contact between organic pollutants and
photocatalyst.”®*®

In this study, ciprofloxacin (CIP), a common fluoroquinolone
antibiotic, was employed to explore the optimum operation
conditions of NaYF,:Yb,Tm®@TiO, for antibiotic residues
removal and its photocatalytic degradation mechanism. The
optimized operation conditions of photocatalyst dosage, pH
value, and initial concentrations of CIP were determined by
a series of contrast experiments. The dynamic process of CIP
removal by NaYF,:Yb,Tm@TiO, under Xe lamp was monitored
by UV-vis spectrophotometer to evaluate its photocatalytic effi-
ciency. These results indicated that this photocatalytic platform
can efficiently remove various organic pollutants in aquatic
environments. The original contribution of this study was that
we obtained the optimum operation conditions to effectively
remove the CIP by NaYF,:Yb,Tm@TiO, under Xe lamp and the
possible mechanism of this reaction.

Experimental section
Chemicals and materials

Titanium n-butoxide (Ti(OBu),), sodium citrate, TmCl;, NaF,
YbCl;-6H,0, and YCl;-6H,0 were purchased from Shanghai
Reagent Co., all the chemicals were analytical reagents grade
and directly used without further treatment. The solutions were
prepared by distilled water and no pH regulation. All experi-
ments were conducted under room temperature (25 °C) in water
systems.

Synthesis of NaYF,:Yb,Tm@TiO,

The NaYF,:Yb, Tm@TiO, core@shell structures were prepared
according to our earlier work.>®

Photocatalytic experiments

CIP was used to evaluate the photocatalytic activities of the
NaYF,:Yb,Tm@TiO, under the irradiation of a Xe lamp (set at
200 W). In a typical process, the NaYF,:Yb,Tm@TiO, particles
were dispersed into CIP solution in a 100 mL quartz tube under
different conditions, such as pH value, NaYF,:Yb,Tm@TiO,
dosage and the concentrations of CIP. 1 M HCIl or NaOH solu-
tion was used to adjust the initial pH of CIP solution during the
photocatalytic degradation process. To obtain the real initial of
CIP solution before the photocatalytic degradation, the solution
was stirred for 2 h in the dark to reach an adsorption-desorp-
tion equilibrium between NaYF,:Yb,Tm@TiO, and CIP solu-
tion. Subsequently, the quartz tube was exposed to irradiation
from a Xe lamp, 3 mL of CIP aqueous solution was intermit-
tently collected at given time intervals for centrifugation. The
filtrate was measured by UV-vis spectroscopy.
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Apparatus

The scanning electron microscopy (SEM) images were recorded
by a Sirion 200 field-emission scanning electron microscope. X-
ray scattering patterns were taken by analyzing the powder
samples on a Philips X-Pert Pro X-ray diffractometer (XRD) with
Cu Ko radiation. A JEOL 2010 high resolution transmission
electron microscope with X-ray energy dispersive spectroscopy
capabilities was used to record transmission electron micros-
copy (TEM) images, and operated at an acceleration voltage of
200 kv. The UV-vis absorbance spectra of the CIP solution were
measured by Lambda 35 UV-vis spectrometer (PerkinElmer,
Waltham, MA, USA).

Results and discussion

Hexagonal prisms of NaYF,:Yb,Tm with average side length
about 400 nm were successfully synthesized (Fig. 1A-C). A
straightforward method was developed to decorate TiO, on the
surface of NaYF,:Yb,Tm. Fig. 1D-F showed that all elements of
Yb, Tm and Ti were distributed throughout the entire particle.
More importantly, after coating TiO,, the core@shell structure
of NaYF,:Yb,Tm®@TiO, was clearly observed from SEM and TEM
images (Fig. 1B and C).

The XRD pattern of NaYF,:Yb,Tm (Fig. 2) was consistent with
the standard values of hexagonal phase NaYF, crystals (JCPDS
files no. 28-1192). The new peaks at 26 = 25.3°, 38°, 48.1°, 55.4°,
62.9°, 68.9°, 75.2°, 83.2° in the curve of NaYF,:Yb,Tm@TiO,
were consistent with the standard values of anatase-phase TiO,
(JcpDS files no. 21-1272). This result further evidenced the
successful decorating of TiO, on the surface of NaYF,:Yb,Tm.

In our previous work, we have proved that NaYF,:Yb,Tm can
convert NIR light into UV light to activate TiO, and induce the
photocatalytic activity of NaYF,:Yb,Tm@TiO, under NIR irra-
diation. This compound photocatalyst can efficiently utilize
different bands of the solar spectrum, which enables a prom-
ising application in photocatalytic degradation of organic
pollutant in water. For example, the capacity of TiO, for pho-
tocatalytic degradation antibiotic can be improved after intro-
ducing NaYF,:Yb,Tm under Xe lamp irradiation (Fig. S17). In

Fig. 1 (A) SEM image of NaYF4:Yb,Tm. (B) SEM and (C) TEM images of
NaYF4:Yb, Tm@TiO,. (D-F) Elemental mapping of NaYF4:Yb, Tm@TiO,
particles, including Yb Lal, Tm Lal and Ti Kal.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD patterns of NaYF4:Yb,Tm, NaYF4:Yb, Tm@TiO, and stan-
dard XRD patterns of NaYF, (JCPDS 28-1192) and anatase-phase TiO,
(21-1272).

order to maximize the photocatalytic efficiency of the photo-
catalyst under Xe lamp irradiation, CIP was used to study the
optimization conditions of the composite photocatalyst for
organic pollutants removal, including pH value, NaYF:-
Yb,Tm@TiO, dosage and the concentrations of CIP.

3 mL of CIP solution was taken out and centrifuged after
irradiation a designated time by Xe lamp, and the supernatant
was measured by UV-vis spectroscopy. The influence of
NaYF,:Yb,Tm@TiO, dosage on the efficiency of CIP removal has
been shown in Fig. 3. Fig. 3A displayed the absorbance spectra
of CIP (1 x 10> M) photocatalytic degraded by 1 g L'
NaYF,;:Yb,Tm®@TiO, under Xe lamp irradiation as a function of
the irradiation time. As expected, the absorption intensity of
CIP at 274 nm decreased with irradiation time increase, indi-
cating the photocatalytic degradation of CIP under current
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Fig. 3 (A) Time-course UV-vis absorbance spectra of CIP (107> M)
photocatalyzed by 1 g L™ NaYF4:Yb, Tm@TiO, under Xe lamp. (B-D)
The calculated time-dependent ratios of C/Cy, first-order degradation
rates, and reaction rate constants under Xe lamp with different
NaYF4:Yb,Tm@TiO, dosage.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

condition. The photocatalytic degradation activity of NaYF,:-
Yb,Tm@TiO, was evaluated by comparing the filtrate concen-
tration at each designated irradiation time to that at time zero.
The photocatalytic degradation degree of CIP can be revealed by
the plots of the time-dependent curves of the C,/C, ratio
(Fig. 3B). C, represent the initial concentration of CIP and C;
was the measured concentration of CIP at designated irradia-
tion time t. C; was obtained from comparing 274 nm absor-
bance intensity of CIP with that of standard CIP solution. After
2 hirradiation, about 75%, 89%, 96%, 99% and 97% of CIP were
photocatalytic degraded under the NaYF,:Yb,Tm@TiO, dosage
of 0.4, 0.6, 0.8, 1 and 1.2 g L™ ', respectively. In order to further
evaluate the influence of NaYF,:Yb,Tm@TiO, dosage on the
efficiency of CIP removal, Fig. 3C showed the kinetics of the
photocatalytic degradation reactions, which can be described as
pseudo first order by eqn (1).>°

In— = —kt (1)

The rate constants (k, min ") were evaluated from plots of
In(C,/Cy) vs. irradiation time ¢. The calculated rate constants of
0.4, 0.6,0.8,1and 1.2 g L™ * of NaYF,:Yb,Tm@TiO, dosage were
0.015, 0.018, 0.026, 0.034 and 0.028, respectively (Fig. 3D and
Table S17). As the increasing of photocatalyst dosage, the best
reaction rate constant can be obtained when NaYF,:-
Yb,Tm@TiO, dosage was 1 g L™". After that, the reaction rate
constant was decreased with increasing NaYF,:Yb,Tm@TiO,
dosage up to 1.2 g L™ . The turbidity induced by more photo-
catalyst dosage lead to light scattering, which can reduce the
capacity of light penetration into the solution and counteract
the effect of photocatalyst surface area. Both of these caused the
efficiency of photocatalyst decrease for CIP removal.*® The R* of
pseudo first order kinetic model for CIP removal with NaYF,:-
Yb,Tm@TiO, dosage of 0.4, 0.6, 0.8, 1 and 1.2 g L™ " were 0.989,
0.991, 0.991, 0.978 and 0.991, respectively (Table S17). The high
R values demonstrated the reasonable photocatalytic degra-
dation kinetic experimental data handling based on the pseudo
first order kinetic model.**

To further investigate the photocatalytic degradation
capacity of the photocatalyst, different CIP concentrations were
photocatalyzed with 1 g L™' NaYF,:Yb,Tm@TiO, under Xe lamp
irradiation (Fig. 4). Fig. 4A showed the absorbance spectra of
CIP (1 x 10~° M) photocatalyzed by 1 g L™ NaYF,:Yb,Tm@TiO,
under Xe lamp irradiation as a function of the reaction time.
The time-dependent curves of C,/C, ratio was shown in Fig. 4B.
After 2 h irradiation, the concentrations of 10> and 5 x 10" °*M
CIP had been almost photocatalytic degraded. Meanwhile, only
66% and 50% CIP solution were photocatalytic degraded when
the concentrations were 2.5 x 107> and 5 x 10> M, respec-
tively. The kinetics of the photocatalytic degradation reactions
also can be described as pseudo first order according to eqn (1)
(Fig. 4C). The evaluated rate constants with the CIP concentra-
tions of 5 x 107°, 2.5 x 107>, 10 ° and 5 x 10~°® M were 0.006,
0.009, 0.034 and 0.034, respectively (Fig. 4D and Table S2%).
These results showed that the rate constant didn't increase
when the concentration of CIP exceed 10> M under current

RSC Adv., 2019, 9, 33519-33524 | 33521
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Fig. 4 (A) Time-course UV-vis absorbance spectra of CIP (107> M)
photocatalyzed by 1 g L™ NaYF4:Yb, Tm@TiO, under Xe lamp. (B-D)
The calculated time-dependent ratios of C/Co, first-order degradation
rates, and reaction rate constants for different concentration of CIP
photocatalyzed by 1 g L™ NaYF4:Yb, Tm@TiO, under Xe lamp.

conditions. Generally speaking, the reaction rate constant will
increase with the pollutants concentration decrease. However,
the capacity of the photocatalyst may not show efficiently when
less pollutants reached to photocatalyst surface due to the low
concentration. Thus, the choosing concentration of CIP in next
experiments was 10> M. The R> of pseudo first order kinetic
model for CIP removal with the concentrations of 5 x 10>, 2.5
x 103,10 % and 5 x 10~° M were 0.969, 0.978, 0.963 and 0.937,
respectively (Table S2+). The high R* values also demonstrated
the reasonable photocatalytic degradation kinetic experimental
data handling based on the pseudo first order kinetic model.
The solubility and lipophilicity of CIP are pH-dependent,
because it has carboxylic acid group (pK,; = 6.1) and an
amine group in the piperazine moiety (pK,, = 8.7).*> Therefore,
the initial pH of the aqueous solution is a significant parameter
in photocatalytic degradation process, which influences the
activity and stability of photocatalyst and further influence the
efficiency of CIP removal.*® Fig. 5 showed the actual influence of
PH on the efficiency of CIP removal by NaYF,:Yb,Tm®@TiO,
under Xe lamp irradiation. Fig. 5A displayed the absorbance
spectra of CIP (1 x 10~° M) photocatalyzed by 1 g L™" NaYF,:-
Yb,Tm@TiO, at pH = 8 under Xe lamp irradiation as a function
of the reaction time. Fig. 5B showed the time-dependent curves
of C/C, ratio and indicate the photocatalytic activity of
NaYF,:Yb,Tm@TiO,. After 2 h irradiation, about 51%, 88%,
90% and 85% of CIP solution was photocatalytic degraded at pH
= 4, 6, 8 and 10, respectively. According to eqn (1), the reaction
rate constants were derived from the linearly fitted slope
(Fig. 5C). The calculated values of rate constants at pH = 4, 6, 8
and 10 were 0.006, 0.018, 0.019 and 0.016, respectively (Fig. 5D
and Table S3t). The results indicated that the biggest value of
reaction rate constant was obtained at pH = 8. Under acidic
conditions, the CIP molecule has positive charge because of
protonization of the pyrazine ring. Under alkaline conditions,
the CIP molecule exists as a monovalent anion (CIP-COO")

33522 | RSC Adv,, 2019, 9, 33519-33524
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Fig. 5 (A) Time-course UV-vis absorbance spectra of CIP (107> M)
photocatalyzed by 1 g L™ NaYF4:Yb, Tm@TiO, under Xe lamp at pH =
8. (B=D) The calculated time-dependent ratios of C/Cy, first-order
degradation rates and reaction rate constants for CIP (10~> M) pho-
tocatalyzed 1 g L™* NaYF4:Yb, Tm@TiO, with different pH values.

because of deprotonation of a carboxyl group. CIP and photo-
catalyst surface have the same charge both acidic and alkaline
conditions, and the electrostatic repulsion force will hinder CIP
molecule to the surface of photocatalyst.>*** Therefore, in this
study, when pH value is less than 8, rate constants increased
with pH increase; however, when pH value is more than 8, rate
constants decreased with pH increase. Under neutral condi-
tions, the CIP molecule exists as the zwitterion, showing the
lowest solubility and the highest hydrophobicity. And the
hydrophobic interactions can promote more and more CIP
molecule to reach the surface of photocatalyst.*> The photo-
catalytic degradation capacities of CIP peaked at pH = 8 in the
research data. Actually, the neutral conditions were a better
choice for this reaction. The R*> of pseudo first order kinetic
model for CIP removal at pH = 4, 6, 8 and 10 were 0.997, 0.995,
0.981 and 0.946, respectively (Table S3t). The high R* values
also demonstrated the reasonable photocatalytic degradation
kinetic experimental data handling based on the pseudo first
order kinetic model.

In view of the fact that NaYF,:Yb,Tm can convert NIR light to
UV light and further activate TiO, particles, the mechanism of
CIP photocatalytic degradation by NaYF,:Yb,Tm@TiO, under
Xe lamp irradiation was elucidated and shown in Scheme 1.
Under the irradiation of Xe lamp, TiO, absorbed UV light con-
verted by NaYF,:Yb,Tm, and excited electrons from valence
band (CB) to conduction band (VB), creating electron-hole
pairs.*® The electron-hole pairs will migrate to the surface of
photocatalyst and take part in photocatalytic reactions. The
excited electrons can react with the oxygen to form superoxide
"0*” radical anions, and then react with H* to form hydroxyl
radicals ("OH) at last. At the same time, holes can react with H,O
to form "OH.*”*® The organic pollutant molecules will react with
these oxidizing agents and then photocatalytic degraded by the
oxidizing agents. Because of the strong oxidizing power of "OH,
most of the organics will be oxidized finally to CO, and H,O.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Illustrated mechanism of photocatalytic degradation of CIP
on NaYF4:Yb,Tm@TiO, under Xe lamp irradiation.

Conclusions

In summary, NaYF,:Yb,Tm@TiO, has been used as a highly
efficient photocatalyst for photocatalytic degradation of cipro-
floxacin in wastewater under Xe lamp irradiation. The kinetics
of photocatalytic degradation reaction was monitored by UV
spectroscopy, and simulated by pseudo first order model with
suitable degrees of fitting. The influences of photocatalyst
dosage, concentration of MG and pH values to the efficiency of
CIP removal were investigated by analyzing the kinetics of
photocatalytic reaction. 1 g L™%, 10> M and 8 were the optimal
value of photocatalyst dosage, initial concentrations of CIP and
PH, respectively to obtained the maximum efficiency of CIP
degradation. This photocatalyst can efficiently utilize different
range of solar energy, which improves its application in the field
of water treatment, and enables a promising strategy to inves-
tigate the photocatalytic degradation of antibiotic.
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