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a b s t r a c t
A ternary photocatalytic composite NaYF4:Yb,Tm/TiO2/RGO was synthesized by hydrothermal 
method, and it was characterized by scanning electron microscopy, X-ray diffraction, UV-Vis dif-
fuse reflectance spectroscopy, Fourier-transform infrared spectroscopy and photoluminescence 
spectroscopy. The effect of pH, dosage of catalyst, and initial concentration of nitenpyram on 
degradation efficiency were tested. The best results were occurred on pH 9, and dosage 1.0  g/L. 
Higher concentration of nitenpyram was not favorable for photocatalysis due to the inhibition 
of UV penetration. The obtained ternary composite exhibited a significant enhancement in pho-
tocatalytic efficiency, and about 76.08% of nitenpyram was degraded within 60  min under UV 
irradiation. Furthermore, NaYF4:Yb,Tm/TiO2/RGO can be reused for 6  times without significant 
catalysis loss. During nitenpyram photocatalytic degradation, photo-induced holes and hydroxyl 
radicals may be the two main active species according to trapping experiments. The possible 
intermediate product was put forwarded.
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1. Introduction

China is one of the largest agricultural countries, and it 
consumes plenty of pesticides in the world. Pesticides usu-
ally are not absorbed by weeds and pests fully, thus this 
widely use of them has lead to high level of residues in 
the environment. Nitenpyram has been extensively used 
in agricultural industry by virtue of its high insecticidal 
activity, wide spectrum, low toxic and low residue. More 
importantly, it acts selectively on the insect central nervous 
system [1]. However, the widely use of nitenpyram may 
contribute to the declined biodiversity of non-target terres-
trial insects [2], and takes a risk to soil ecosystems [3] and 
human health [4]. In addition, there is a high possibility 
of it entering aquatic ecosystems through runoff, and thus 

potentially may pose threat to aquatic organisms [5,6]. 
Nitenpyram has been detected in some surface rivers in 
China [7–10], Spain [11], India [12], USA [13] and UK [14], so 
it is necessary to remove them from aqueous environment.

Many works have confirmed that adsorption [15], 
advanced oxidation processes [16] and microbial bio-
degradation [17], can be effectively used for nitenpyram 
removal. Compared with those methods, photocatalysis has 
intrigued much attention due to its environmental benig-
nity and high-efficiency [18–20]. Ag@AgCl [21], Ag3PO4 [22], 
g-C3N4 [23], BiVO4 [24], and other photo catalysts have effi-
cient function on nitenpyram elimination. Up conversion 
nanoparticles (UCNPs) are an interesting class that have 
been currently investigated due to their concerted recom-
bination of dual or multi lower-energy photons, resulting 
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in the luminescence of higher-energy (lower wavelength) 
photons. However, the inherently low UC emission effi-
ciency of the newly synthesized UCNPs is a major chal-
lenge for their direct practical use. The above-mentioned 
defect can be solved by doping UCNPs with metal ion or 
metallic oxide. Ren et al found that NaYF4:Yb,Tm combined 
with Ce3+ ions could promote the efficient energy transfer 
between core-shell structure [25]. Photocatalytic hydrogen 
evolution would be promoted by synergistic effect between 
NaYF4:Yb,Er and CdS composites [26]. TiO2 is a kind of 
widely used photocatalyst to degrade organic pollutants, 
due to its good stability and low price [27–29]. Reduced 
graphene oxide (RGO) also attracts immense attention 
due to its high activity and large surface area with excel-
lent electron mobility and thermal stability, thus always 
acts as electron acceptor in photocatalytic reactions to 
increase the separation rate of photo-generated electrons 
and holes [30]. It has been already proven that by intro-
ducing RGO into TiO2 can effectively promote the trans-
fer of photo-induced electron–hole pairs to generate more 
hydroxyl radicals and superoxide anions [31].

In this work, a ternary composite NaYF4:Yb,Tm/TiO2/
RGO was fabricated via hydrothermal method, and fur-
ther used for nitenpyram removal. The as-prepared pho-
tocatalyst showed a good photo stability during recycling 
experiments. Based on experimental results, the main 
active species was confirmed.

2. Materials and methods

2.1. Chemicals and materials

Graphite, Y2O3, Tm2O3, Yb2O3, NH4F, polyvinylpyrroli-
done (PVP), TBOT and anhydrous ethanol were purchased 
from Sinopharm Chemical Reagent Co., Ltd., (Shanghai, 
China). All the reagents were used without further purifica-
tion. Deionized water (DW) was used throughout this work.

2.2. Synthesis of NaYF4:Yb,Tm/TiO2/RGO

NaYF4:Yb,Tm and graphene oxide (GO) were prepared 
following the Huangs’ [32] and the modified Hummers’ 
method [33]. TBOT (8.5  mL) was dissolved in 50  mL of 
ethanol and stirred for 30  min, then 5  mL of DW dropped 
into it. NaYF4:Yb,Tm (0.05 g) and 0.012 g of GO were added 
into the solution. Until blending thoroughly, the mixture 
was transferred to a 100  mL of Teflon reactor, followed by 
reacting at 180°C for 12  h. The solution was washed with 
anhydrous ethanol and centrifuged, and the obtained 
precipitate was washed with DW for 3  times. The syn-
thesized products was labeled as NaYF4:Yb,Tm/TiO2/RGO.

2.3. Characterization of NaYF4:Yb,Tm/TiO2/RGO

The catalyst was coated with gold to form a thin layer, 
and imaged by scanning electron microscopy (SEM; JSM-
7800F, Prime, Japan) under vacuum at 15  kV. The crystal-
line structure was detected by X-ray diffraction (XRD; D/
max 2500, Rigaku, Japan) in a range of 2θ = 5°~90° with Cu 
Kα radiation (λ  =  1.5406  Å, 40  kV, 200  mA). UV-Vis spec-
trum was tested by UV-Vis spectrophotometer (UV-3600, 
Shimadzu, Japan). The photoluminescence property (PL) 

was operated by the photoluminescence detector (F4500, 
Hitachi, Japan) with an excitation wavelength at 525  nm. 
Fourier-transform infrared spectroscopy (FTIR) spectrum 
was detected (Cary 660, Agilent, USA) after grinding the 
sample into powder and mixing well with KBr.

2.4. Photodegradation and its mechanism

The degradation efficiency of nitenpyram was used 
to evaluate the photocatalytic performance of the pre-
pared composites. The simulated UV irradiation was 
achieved by a UV lamp (40  W). Specially, 50  mg of pho-
tocatalyst was added into nitenpyram solution (V = 50 mL, 
Cnitenpyram  =  50  mg/L, pH  =  9) with continuous stirring for 
30  min. Before light irradiation, the solution was stirred 
in a darkroom for 30  min to reach adsorption equilib-
rium. The concentration of nitenpyram was tested by UV 
spectrophotometry at 269 nm.

3. Results and discussions

3.1. Characterization of NaYF4:Yb,Tm/TiO2/RGO

Fig. 1a shows that NaYF4:Yb,Tm was spherical with 
a particle size of about 50  nm, while TiO2 was also spher-
ical with a particle size of about 100  nm (Fig. 1b). When 
NaYF4:Yb,Tm and TiO2 loaded in RGO (Fig. 1c), the ternary 
composite showed plate structure due to RGO. Energy-
dispersive X-ray spectroscopy (EDX) mapping proved that 
C, Ti, Yb, Y and Tm were presented in NaYF4:Yb,Tm/TiO2/
RGO, indicating that all the raw materials were combined 
together.

Fig. 2a shows that XRD pattern of TiO2 exhibited a 
strong diffraction peak around 2θ = 25.2°, 38.0°, 48.1°, 54.1°, 
62.7° and 71.7°, corresponding to crystalline phases of (101), 
(004), (200), (105), (204) and (220), respectively, which was 
in good according with TiO2 standard card well (JCPDS 
No. 65-2448). The ternary composite NaYF4:Yb,Tm/TiO2/
RGO shows the similar pattern with TiO2 due to smaller 
proportion of NaYF4:Yb,Tm and RGO in the composite 
material. Fig. 2b shows various chemical bonds in ternary 
composite, much are similar with TiO2. And some bands 
respective of NaYF4:Yb,Tm also presented in ternary com-
posite, such as F (1,385 cm−1), indicating that NaYF4:Yb,Tm 
was successfully doped in TiO2. In Fig. 2c TiO2 displays a 
strong absorption in UV regions, especially in 406.7  nm. 
After doping with NaYF4:Yb,Tm, the absorption band 
edge was close to 387.5  nm, indicating that blue-shift was 
occurred, and composite material increased the inten-
sity of spectral response. As we known, the fuorescence 
intensity of photocatalyst is positively correlated with 
the recombination rate of electrons and holes pairs. As 
shown in Fig. 2d, TiO2 showed a strong peak at 1,052 nm, 
and it decreased significantly in the ternary composites, 
indicating that the faster charge separation efficiency.

3.2. Photocatalytic studies

3.2.1. Photocatalytic influence factors

Fig. 3a shows that pH had a significant impact on pho-
tocatalytic activity, and the photodegradation efficiency of 
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Fig. 1. SEM of (a) NaYF4:Yb,Tm, (b) TiO2, and (c) NaYF4:Yb,Tm/TiO2/RGO. (d) EDX mapping of NaYF4:Yb,Tm/TiO2/RGO.
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Fig. 2. (a) XRD pattern, (b) FTIR spectra, (c) UV-Vis diffuse reflectance spectra and (d) PL spectrum of the prepared composites.



M. Piao et al. / Desalination and Water Treatment 282 (2023) 155–162158

nitenpyram was 49.90%, 50.98%, 58.30%, 61.83%, 76.08% 
and 36.70%, corresponding to pH 3.0, 5.0, 7.0, 8.0, 9.0 and 
10.0, respectively. On the surface of the composite catalyst, 
a charge interference layer may be formed in acidic condi-
tion, which prevented the contact between nitenpyram and 
the catalyst, resulting in a decrease in the degradation effi-
ciency. According to the fitting curve as shown in Fig. 3b, 
based on –ln(Ct/C0) vs. t, the correlation coefficients (R2) 
were all bigger than 0.9 showing that photocatalytic deg-
radation of nitenpyram fitted well with first-order kinetic. 
The maximum rate constant was 0.024 which occurred at 
pH 9.0. Fig. 3c illustrates the influence of catalyst dosage on 
degradation efficiency. With the increase of catalyst amount, 
the removal efficiency increased first and then decreased. 
The best removal efficiency (76.08%) was obtained when 
the dosage was 1.0 g/L. This indicated that a small amount 
of catalyst would favorable for its dispersing in the pollut-
ants system, whereas excessive catalyst was not conducive 
to light penetration, preventing UV light from entering the 
reaction system, and decreasing the photocatalytic effi-
ciency. Fig. 3d shows the changes of removal efficiency vs. 
the initial concentration of nitenpyram, and the removal effi-
ciencies were 83.88%, 83.46%, 76.08%, 61.20% and 60.10%, 
respectively, decreased significantly with the increase of the 

initial concentration of nitenpyram. This can be explained 
that too many pesticide molecules in simulated wastewater 
prolonged the path of photons into the solution, resulting in 
the reduced photocatalytic efficiency. In addition, when the 
concentration of insecticide was increased, the intermediate 
products generated in the reaction would also accumulate, 
which would further compete •OH with nitenpyram in the  
aqueous solution.

Other photocatalysts for degradation of nitenpyram 
were compared to this catalyst as given in Table 1, and 
NaYF4:Yb,Tm/TiO2/RGO showed average performance 
among these photocatalysts.

3.2.2. Reusability of NaYF4:Yb,Tm/TiO2/RGO

Reusability is an important factor for catalyst appli-
cation. After one cycle, fresh nitenpyram solution was 
reacted with the same catalyst, and the cycle test was 
conducted 6  times. As shown in Fig. 4, the photocata-
lytic activity of NaYF4:Yb,Tm/TiO2/RGO towards niten-
pyram was relatively stable after 6  times reuse, and the 
relative degradation efficiency was about 99% compared 
with the first experiment, indicating that the catalyst had 
favourable stability.
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Fig. 3. Effect of (a) pH on photodegradation efficiency and (b) its degradation kinetics. Effect of (c) catalyst dosage and 
(d) initial concentration of nitenpyram on photodegradation efficiency.
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Fig. 6. Total ion flow diagram of HPLC when nitenpyram was degraded for (a) 60 min or (b) 120 min.

Table 1
Photocatalytic degradation efficiencies of nitenpyram by different photocatalysts

Photocatalyst Nitenpyram concentration (mg/L) Time (min) Efficiency (%) References

WO3/ZnIn2S4 3 40 74.1 [34]
Bi2WO6/Ag3PO4/Zn-Al LDH 50 90 100 [35]
Ag/Ag3PO4/Zn-Al LDH 50 60 100 [36]
Ag@AgCl/ZnAl-LDH 40 45 100 [22]
g-C3N4/WO3 — 30 68 [37]
NaYF4:Yb,Tm/TiO2/RGO 50 60 76.08 This work
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Fig. 5. Active species trapping experiments over NaYF4:Y-
b,Tm/TiO2/RGO.



M. Piao et al. / Desalination and Water Treatment 282 (2023) 155–162160

3.2.3. Trapping experiments

Different trapping agent was added during the catalytic 
process in order to investigate the photocatalytic oxida-
tion mechanism. As shown in Fig. 5, the photodegradation 
of nitenpyram by NaYF4:Yb,Tm/TiO2/RGO was not influ-
enced by addition of 100 mg/L of BQ (a quencher of super-
oxide anion), but it decreased to 67.76% or 53.20% from 
76.08% (blank) by adding 100  mg/L of BuOH (a quencher 
of hydroxyl radicals) or 100  mg/L of EDTA (a quencher of 
holes). In that case, we can concluded that photo-induced 
holes were the primary active species and hydroxyl rad-
icals were the second active species in the nitenpyram 
photodegradation process by NaYF4:Yb,Tm/TiO2/RGO.

3.2.4. Possible pathway of nitenpyram degradation

Fig. 6 shows the total ion flow diagram of HPLC-MS 
when nitenpyram photodegraded by NaYF4:Yb,Tm/TiO2/
RGO after 60 min and 120 min. It can be seen that during 
the degradation process, nitenpyram (retention time at 
10.9~12.0 min) was gradually degraded and products (reten-
tion time at 10.4~10.7  min) appeared. The integral area of 
the characteristic peak of nitenpyram decreased, and the 
characteristic peak of the product increased when the reac-
tion time increased from 60  min to 120  min. The relative 
molecular weight of the main substances in the solution 
changed from 271 to 212  mol/z (Fig. 7). The pyridine ring 
in the molecular structure of nitenpyram was composed of 
five carbon atoms and one nitrogen atom. •OH first attacked 
the sites with high electron density in nitenpyram, and the 
N atoms on the ring fallen off to form NO2– or NO3–, and 

the remaining hydrogen atoms and N atoms were com-
bined with the C atoms on both sides. Moreover, the C–Cl 
bond in the nitenpyram molecule was easy to break off 
due to the difference in the relative atomic mass between 
atoms, and the produced intermediate may be C10H18N3O2 
(M  =  212). Finally, nitenpyram molecules were disap-
peared and transferred to carbon and nitrogen-containing  
inorganic substances.

4. Conclusions

The photocatalyst NaYF4:Yb,Tm/TiO2/RGO was pre-
pared by hydrothermal process. The photocatalytic pro-
cess was affected by pH of solution, dosage of catalyst and 
initial concentration of nitenpyram. Cycle experiments 
revealed a prominent reusability of the composites, which 
give a way for practical application. Under UV illumina-
tion, about 73% of nitenpyram was degraded within 60 min 
by NaYF4:Yb,Tm/TiO2/RGO. In the photodegradation pro-
cess, photo-induced holes and hydroxyl radicals may be 
the major active species. During nitenpyram degradation, 
intermediate product C10H18N3O2 may be produced.
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