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egradation of tetracycline
hydrochloride by lanthanum doped TiO2@g-C3N4

activated persulfate under visible light irradiation†

Yan Wang, * Jingyu Xiu, Tao Gan, Haiming Zou and Feiyue Li

In this work, a visible light-driven La/TiO2@g-C3N4 photocatalyst was synthesized for the photodegradation

of tetracycline hydrochloride (TCH) in the presence of peroxydisulfate (PDS) in an internal loop-lift reactor.

The surface morphology and structure of La/TiO2@g-C3N4 have been characterized by XRD, SEM-EDS,

FTIR, XPS, and UV/vis DRS. La/TiO2@g-C3N4 displays outstanding photocatalytic performance and

reusability. After four reuse cycles of the vis/La/TiO2@g-C3N4/PDS system, the TCH degradation rate and

efficiency still reached 0.083 min−1 and 97.68%, respectively. Reactive species in this system included

free radicals SO4c
−, cOH, and cO2

−, as well as non-radicals e−, and h+, as established from the results of

chemical quenching experiments. Moreover, a mechanism of action of the vis/La/TiO2@g-C3N4/PDS

system for TCH degradation was proposed. The acute toxicity of the reaction solution towards

Photobacterium phosphoreum T3 spp. in the vis/La/TiO2@g-C3N4/PDS process increased during the first

60 min and then decreased, illustrating that vis/La/TiO2@g-C3N4/PDS provided an effective and safe

method for the removal of TCH.
1. Introduction

Over the past few decades, the widespread and excessive utili-
zation of antibiotics has caused severe serious environmental
pollution,1–3 which has been of wide concern due to its risks to
human health. Tetracycline hydrochloride (TCH), as one of the
extensively used antibiotics for disease prevention and disease
cures, has been frequently detected in water environments,
such as groundwater, surface water, and even drinking water.4–6

Because TCH is difficult to completely metabolize in the body of
humans and animals, most of the antibiotics may enter the
aquatic environment with fecal and urine excretion due to the
untreated or incomplete processing of feces.5 The problem of
antibiotics pollution has seriously threatened the security of
human health and living organisms. Thus, it is urgent to rapidly
and effectively eliminate TCH.

Traditional water treatment technologies (such as
membrane ltration and adsorption) cannot effectively destroy
TCH from aqueous solution and they just transfer pollutants
from one phase to another.7,8 Moreover, the sludge also needs to
be further treated. Compared to conventional water treatment
methods, photocatalysis and sulfate radical-based advanced
oxidation process (SR-AOP) have been demonstrated to be
ngineering, Anhui Science and Technology
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the Royal Society of Chemistry
viable, eco-friendly and ideal technology for the degradation of
refractory organic pollutants in aquatic environments.9–11

Moreover, photocatalysis and SR-AOP demonstrated the posi-
tive synergetic interaction because persulfate (PS) could accept
photogenerated electrons (e−) to produce reactive oxygen
species, which decreased the recombination of the photo-
generated e−–hole (h+) pairs.12

Therefore, the development of the cost-effective photo-
catalyst during photocatalytic oxidation process is crucial.13

Among the photocatalytic materials, TiO2 has attracted
increasing attention due to its excellent photocatalytic activity,
suitable, good stability, and nontoxicity.14,15 However, the
widespread application of TiO2 was limited by its crucial
disadvantages. Due to its large energy bandgap (3.2 eV), TiO2

only could be induced in the ultraviolet (UV) light region, not
the visible light.16 The e− and h+ could be prone to rapid
recombination, which further reduces the photocatalytic
activity.17 To overcome these shortcomings, TiO2 may be sub-
jected to modications at ESI materials.† 14,16,18 As an excellent
support candidate, graphite carbon nitride (g-C3N4) not only
has good chemical stability, non-toxicity, and low cost,14,15,19 but
also has a small bandgap of 2.7 eV to absorb wide visible light
(<460 nm) from the solar spectrum and improve photo-
degradation performance of pollutants.15,20,21 Moreover, g-C3N4

has been successfully employed as co-catalyst to effectively
increase the photocatalytic performances of TiO2 due to
enhancing the light harvesting and decreasing the recombina-
tion of electron–hole pairs.22–24
RSC Adv., 2023, 13, 8383–8393 | 8383
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However, TiO2 in TiO2/g-C3N4 could not absorb visible light
(>3.2 eV) to produce more the photogenerated e−–h+ pairs for
the degradation of pollutants, and it merely accepted the
transferred e− from the conduction band (CB) of g-C3N4.
Therefore, the researchers used conductive materials (such as
Fe, Al, Mg, Ni, Cu, La, and Ag) to prepare a novel all-solid-state Z-
scheme photocatalysts.16,25–27 Lanthanum (La), as one of the
rare-earth metal elements, has been investigated widely and
could effectively improve the photocatalytic activity as well as
suppress the recombination of the photogenerated e−–h+ pairs
due to their special 4f electronic conguration.13,28,29

In this study, La/TiO2@g-C3N4 was synthesized and its
characteristics were evaluated. The photocatalytic performance
of as-prepared La/TiO2@g-C3N4 in present of PS was investi-
gated through the degradation of TCH under visible light irra-
diation. Meanwhile, the degradation mechanism was also
discussed.
2. Experimental
2.1. Material

Tetracycline hydrochloride (TCH) were purchased from
Shanghai Macklin Biochemical Co., Ltd (Shanghai, China).
Tetrabutyl titanate (TBOT), p-benzoquinon (BQ), tert-butanol
(TBA), ethanol (EtOH), ethylenediamine tetraacetic acid (EDTA),
peroxydisulfate (PDS), oxalic acid, acetonitrile, methanol,
potassium dichromate (K2Cr2O7), urea, were bought from
Sinopharm Chemical Reagent Co., Ltd, China. 5,5-Dimethyl-1-
pryrroline-N-oxide (DMPO) and 2,2,6,6-tethamethyl-4-
piperidinol (TMP) were purchased from Shanghai Aladdin
Bio-Chem Technology Co., Ltd, China. All reagents were of
analytical grade and used without further purication.
2.2. Synthesis of La/TiO2@g-C3N4

10mL TBOT was dropped into 100mL deionized water, aged for
48 h. And then, the precipitates were thoroughly washed with
ethanol and water for three times, respectively. Finally, the
white precipitates were dried under vacuum at 80 °C for 12 h to
obtain the TiO2 powders.

An appropriate amount of urea was placed in a covered
crucible and heated at 500 °C in a muffle furnace for 2 h. The
product was then le naturally to room temperature. The yellow
g-C3N4 block was ground into powder.30

The TiO2@g-C3N4 was prepared as follows: 5 g urea were
added in 100 mL deionized water with heating up to 100 °C
until it was completely dissolved. Then, 0.45 g TiO2 powder were
added into the above solution and ultrasonicated for 30 min,
and then dehydrated in an oven at 80 °C 24 h. Subsequently, the
dried powders were placed in a covered crucible and heated at
500 °C for 2 h in a muffle furnace. Finally, the product was then
le naturally to room temperature and the TiO2@g-C3N4 block
was ground into powder.

The La/TiO2@g-C3N4 was prepared as follows: 5 g urea and
0.3 g La(NO3)3 were added in 100 mL deionized water with
heating up to 100 °C until it was completely dissolved. Then,
0.45 g TiO2 powder were added into the abovemixed solution and
8384 | RSC Adv., 2023, 13, 8383–8393
ultrasonicated for 30min, and then dehydrated in an oven at 80 °
C 24 h. Subsequently, the dried powders were placed in a covered
crucible and heated at 500 °C for 2 h in a muffle furnace. Finally,
the product was then le naturally to room temperature and the
La/TiO2@g-C3N4 block was ground into powder.

2.3. TCH degradation experiments

Batch photocatalytic experiments were performed an internal
loop-airli reactor (ALR) which has been described in a previous
report.31 An Xe lamp with a cut-off lter ($400 nm) (Heraeus-6,
300 W) was used to simulate sunlight and xed inside a cylin-
drical quartz tube at room temperature. Firstly, an appropriate
amount of catalyst was dispersed into 1.5 L 20 mg L−1 TCH
solution with the compressed gas (40 mL min−1) from the
bottom of the ALR to maintain the catalyst particles circulation
throughout the reactor. Aer that, a certain amount of PDS was
added to the reactor to initiate the reaction under Xe lamp. 3mL
of the solution was quickly taken out from the reactor at each
determined time interval, ltrated with a 0.22 mm membrane,
and 0.1 mmol L−1 sodium thiosulfate solution (Na2S2O3) was
added to terminate the reaction. Four cycles were carried out
consecutively to investigate the stability and reusability of La/
TiO2@g-C3N4.

2.4. Analytical methods

The residual concentration of TCH in the ltrate was deter-
mined by high-performance liquid chromatography (HPLC, LC-
20AB) with an SPD-10A UV/vis detector at 365 nm. Equipped
with a shim-pack VP-ODS C18 (4.6 mm × 250 mm, 5 mm) was
employed for separation. An acetonitrile/0.01 mol L−1 aqueous
oxalic acid mixture with a 30 : 70 (v/v) ratio was used as mobile
phase at 25 °C and a constant ow rate was set to 1.0 mLmin−1.
The removal rate (R) of TCH was calculated according to eqn (1):

R (%) = (1 − C/C0) × 100 (1)

where C0 and C refer to the TCH concentrations at time 0 and
t min. All degradation tests were repeated three times.

2.5. Acute toxicity assay

Active toxicities were determined towards luminescent bacteria
based on the Chinese standard for water quality determination
of acute toxicity (GB/T 15441-1995). Each test was repeated in six
times.

Freeze-dried powder of Photobacterium phosphoreum T3 spp.
was purchased from the institute of soil science, Chinese
academy of sciences (Nanjing, China) and was refreshed with
3% NaCl solution before active toxicity test. The variation of
luminescence was investigated with a toxicity determinator
(DXY-3, institute of soil science, Chinese academy of sciences,
Nanjing, China). In a blank test, the effluent during the TCH
degradation process was replaced by deionized water. The
inhibition rate of luminosity (X) was measured according to the
following equation (eqn (2)):

X (%) = (1 − luminosity of sample/luminosity of CK) × 100 (2)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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where CK denotes the blank sample.
3. Results and discussion
3.1. Characterizations

The characteristic morphology of La/TiO2@g-C3N4 was
observed by scanning electron microscopy (SEM). As shown in
Fig. 1a, the irregular sheet-like morphology of g-C3N4 was
exhibited and the small-sized TiO2 particles were attached to
the g-C3N4 sheets. The energy dispersive X-ray spectroscopy
(EDS) elemental mapping images were used to demonstrate the
elemental composition of La/TiO2@g-C3N4 and the results are
shown in Fig. 1b–f. It was conrmed from Fig. 1b–f that the
existence of C, O, N, Ti and La ve elements in the La/TiO2@g-
C3N4 particles. EDX analysis revealed the percentage composi-
tion of g-C3N4, TiO2@g-C3N4, and La/TiO2@g-C3N4 and the
Fig. 1 SEM of La/TiO2@g-C3N4 (a) and EDS elemental mapping results o

© 2023 The Author(s). Published by the Royal Society of Chemistry
results were shown in Table S1.† The carbon and nitrogen ratio
were approximately 3 : 4 in g-C3N4, TiO2@g-C3N4, and La/
TiO2@g-C3N4 when TiO2 : g-C3N4 was about 2 : 3. It could be
known from Table S1† that the percentage of La in La/TiO2@g-
C3N4 was approximately 4%.

Fig. 2 displays the XRD patterns of pure g-C3N4 and La/
TiO2@g-C3N4 and in both of g-C3N4 and La/TiO2@g-C3N4, the
peaks positioned at 2q value of 13.1° (100) and 27.3° (002)
belonged to the interlayer structural packing and the inter-
planar stacking peaks of the aromatic systems, respectively,32,33

which demonstrated that g-C3N4 was successfully prepared. The
characteristic peaks at 2q of 25.3°, 37.8°, 48.0°, 62.7° and 75.2°
corresponded to the crystal planes of (101), (004), (200), (204)
and (215) of the TiO2 (JCPDS 21-1272), respectively.25,32,34,35 No
La2O3 or La(OH)3 diffraction peaks were observed, which may
be due to the low La content in La/TiO2@g-C3N4. The FT-IR
f C (b), N (c), Ti (d), La (e), and O (f) elements on La/TiO2@g-C3N4.

RSC Adv., 2023, 13, 8383–8393 | 8385
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Fig. 2 XRD patterns of the g-C3N4, and La/TiO2@g-C3N4 samples.
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analysis was employed to further measure the surface proper-
ties of La/TiO2@g-C3N4 and g-C3N4 and the results were shown
in Fig. 3. The peak at 3169 cm−1 was attributed to the stretching
vibration of NH2 or NH groups, which further illustrated the
presence of incomplete carbonization of amino.36 The peak at
1633 cm−1 is typically related to the stretching of C]Nwhen the
characteristic absorption peaks at 1241 cm−1, 1330 cm−1,
1410 cm−1, and 1640 cm−1 were assigned to the stretching
vibration of the C–N heterocycles.11,36 And the strong vibration
peak at 808 cm−1 was observed s-triazine ring structure in g-
C3N4.36,37 The distinct stretching vibrations at 400–700 cm

−1 was
ascribed to the ngerprint region of TiO2 and represented the
presence of Ti–O and Ti–O–Ti bonds.36 Moreover, the vibration
peak of s-triazine ring structure at 808 cm−1 shied slightly to
804 cm−1 compared with the g-C3N4, which also conrms the
heterojunction interfaces between the TiO2 and g-C3N4.24

A wide X-ray photoelectron spectrum (XPS) was employed to
investigate the elemental composition and surface chemical
states of the fresh La/TiO2@g-C3N4 and aer it was used for 1
time. The XPS survey spectrum of La/TiO2@g-C3N4 was shown
Fig. 3 FT-IR image of the g-C3N4, and La/TiO2@g-C3N4

photocatalysts.

8386 | RSC Adv., 2023, 13, 8383–8393
in Fig. 4a and the XPS spectra of the C 1s, N 1s, O 1s, Ti 2p, and
La 3d were presented in Fig. 4b–f. The two characteristic peaks
of C 1s exhibited in Fig. 4b at 284.7 eV and 288.4 eV are corre-
spond to the sp2 carbon (C]C) and the sp3 C]N bonds of the
synthesized g-C3N4, respectively.11,38 The N 1s spectrum in
Fig. 4c could be divided into two main characteristic peaks at
398.4 eV and 400.7 eV, which corresponded to C]N–C bonds
and C–N–H bonds.36,38,39 Fig. 4d presented the Ti 2p spectra of
TiO2. It is clear that two peaks at 458.8 eV and 464.4 eV were
ascribed to the Ti 2p3/2 and Ti 2p1/2, which conrmed the
existence of TiO2.36,39 As shown in Fig. 4e, the La 3d spectrum
displayed the splitting of La 3d5/2 and La 3d3/2 at around
835.7 eV and 852.2 eV, respectively. Therefore, the La 3d XPS
prole observed in La/TiO2@g-C3N4 illustrated that all the La
species were present in its oxide form.13,40 The O 1s XPS spectra
and peak separation details of La/TiO2@g-C3N4 are presented in
Fig. 4f and the O 1s spectra primarily consisted of two charac-
teristic absorption peaks located close to 530.3 eV and 531.6 eV,
corresponding to the lattice oxygen of TiO2 and La2O3,
respectively.13

The N2 adsorption–desorption isotherm was employed to
understand the Brunauer–Emmett–Teller (BET) specic surface
areas (SBET), pore volume and pore diameter distribution of
TiO2, g-C3N4, and La/TiO2@g-C3N4 and the result was shown in
Table S2.† According to the BET theory, pure TiO2 had a high
surface area of 43.1 m2 g−1, while g-C3N4 had a relatively low
surface area of 7.3 m2 g−1. This represented that TiO2 would be
able to better capture the molecule to be degraded than that of
g-C3N4. Interestingly, SBET of La/TiO2@g-C3N4 (14.2 m2 g−1) was
closer to g-C3N4 due to the low content of TiO2 in La/TiO2@g-
C3N4. On the contrary, pore diameter of g-C3N4 was 32 nm and
bigger than that of TiO2 (7.1 nm) and La/TiO2@g-C3N4 (13.98
nm). It was noteworthy that the pore volume of La/TiO2@g-C3N4

(0.046 cm3 g−1) is also higher than those of TiO2 (0.035 cm3 g−1)
and g-C3N4 (0.027 cm3 g−1). These results clearly illustrated that
the preparation process of La/TiO2@g-C3N4 possessed meso-
porous structure, which could offer massive reactive surface
sites to activate PDS. The UV-vis diffuse reectance spectra
(DRS) was employed to estimate the light-absorption capability
and the band gap of g-C3N4 and La/TiO2@g-C3N4 as well as the
results were shown in Fig. 5. According to the obtained results
of the DRS as displayed in Fig. 5a, the absorbances of g-C3N4

and La/TiO2@g-C3N4 were in the visible region and the basic
absorption edge of g-C3N4 appeared near 450 nm. Interestingly,
the UV-visible absorption wavelength edge of the La/TiO2@g-
C3N4 was around 465 nm due to the presence of La2O3 and TiO2.
The band gap energies (Eg) of g-C3N4 and La/TiO2@g-C3N4 was
calculated by the following standard formula (eqn (3)) and were
shown in Fig. 5b.

(ahv)2 = A(hv − Eg) (3)

where h is plank constant, v is light frequency and A is the
absorption coefficient, a is the absorption coefficient. The Eg of
g-C3N4 and La/TiO2@g-C3N4 were calculated to be 2.75 and
2.66 eV. The narrow band gap of La/TiO2@g-C3N4 hetero-
junction was obtained compared to g-C3N4, which indicated
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00729d


Fig. 4 XPS spectra and fitted data of La/TiO2@g-C3N4: survey scan (a), C 1s (b), N 1s (c), Ti 1s (d), La 3d (e), and O 1s (f).

Fig. 5 UV-vis DRS absorption spectra (a) and Kubelka–Munk model (b) of g-C3N4 and La/TiO2@g-C3N4.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 8383–8393 | 8387
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that more photoproduced electron–hole pairs could be gener-
ated and further displayed higher photocatalytic efficiency.

In order to examine the charge separation and migration of
the photo-generated electron–hole pairs, the transient photo-
current responses and electrochemical impedance spectroscopy
(EIS) are employed and the results were shown in Fig. S1.† It
could be seen from Fig. S1a,† the catalysts responded very fast
and reached the equilibrium in seconds under visible light
irradiation when the light is switched on and off. Simulta-
neously, the transient photocurrent responses were recorded.
Compared to g-C3N4 and TiO2, La/TiO2@g-C3N4 demonstrated
a stronger transient photocurrent response. This may be
attributed to the enhanced charge separation and migration
efficiency resulting from the efficient heterojunction between
TiO2 and g-C3N4 with La.

It is generally known that the smaller semicircle radius
represents a faster charge transfer. The Nyquist plots of g-C3N4

and TiO2, La/TiO2@g-C3N4 were shown in Fig. S1b† and the arc
radius of La/TiO2@g-C3N4 was obviously smaller than that of g-
C3N4 and TiO2. It further illustrated that the charge trans-
portation was increased due to the synergy between two semi-
conductors TiO2 and g-C3N4.
3.2. Photocatalytic activity testing

To investigate the impact of La on the photocatalytic activity,
the TCH degradation rate were studied under visible light
irradiation and the results were presented at Fig. 6 and Table
S3.† The adsorption of La/TiO2@g-C3N4 was negligible for TCH
degradation due to the low specic surface areas (Table S2†).
The negligible TCH removal was obtained with visible light
irradiation. The results apparently demonstrated the light
irradiation was not powerful enough to generate efficient free
radical to degrade TCH and TCH was photo-stable under visible
light illumination on account of the negligible change (<4%).
Fig. 6 Degradation of TCH under different reaction conditions (C0 =

30mg L−1, pH0 = 6, PDS= 6mmol L−1, La/TiO2@g-C3N4 = 0.5 g L−1, l
$ 400 nm).

8388 | RSC Adv., 2023, 13, 8383–8393
About 12.32% removal of TCH was obtained with only 6 mmol
L−1 PDS due to the limited oxidation capability of PDS (E0= 2.01
V).41,42 When 0.5 g L−1 La/TiO2@g-C3N4 was added to TCH in the
presence of PDS, the degradation rate was signicantly
improved to 43.91%. The photo-degradation efficiency of TCH
by the combination of visible light and La/TiO2@g-C3N4 was
about 28.44% aer reaction for 60 min, which explained that
visible light could promote the photocatalysis of La/TiO2@g-
C3N4 to generate effective free radicals. As illustrated in Fig. 6,
the degradation rate of TCH by vis/PDS system was 17.79% and
very low within 60 min, which illustrated that TCH was quite
recalcitrant to degradation and easily accumulated in the
environment. However, when TiO2 or La/TiO2 appeared sepa-
rately in the vis/PDS system, the degradation rates of TCH were
improved to 27.68% and 37.10%, respectively. In addition, the
degradation rates of TCH reached 95.52% in the vis/La/TiO2@g-
C3N4/PDS system, which is higher than the TCH degradation
efficiencies in the La/TiO2@g-C3N4/PDS and vis/La/TiO2@g-
C3N4 systems. Importantly, it is also higher than the sum effi-
ciencies of the La/TiO2@g-C3N4/PDS and vis/La/TiO2@g-C3N4

systems, indicating that coupling visible light with La/TiO2@g-
C3N4 had a synergetic effect on PDS activation for TCH
degradation.

Meanwhile, the degradation of TCH was simulated by
pseudo-rst-order kinetic equation by the formula given below,

ln(Ct/C0) = −kt (4)

where k, C0 and Ct are kinetic constant, initial concentration
and nal concentration of TCH aer time t, respectively. It
could be seen in Table S3† that the removal rate constants of
TCH by La/TiO2@g-C3N4/PDS, vis/La/TiO2@g-C3N4, and vis/La/
TiO2@g-C3N4/PDS were 0.0095, 0.0055, and 0.083 min−1,
respectively. Obviously, the kinetic rate constant in vis/La/
TiO2@g-C3N4/PDS system was the highest among the test
systems, further conrming the synergetic effect of La/TiO2@g-
C3N4 and visible light on PDS activation. It was reported that
SO4c

− and cOH were observed in the PDS activation system,
while the cOH was observed in the photocatalytic system.11,43,44

3.3. The effect of reaction conditions on the TCH
degradation

As is well known, the initial pH value (pH0) of pollutant solution
plays an important role in the photocatalytic oxidation system.
The effect of initial pH experiments on the TCH degradation
were carried out at pH0 3, 5, 6, 7 and 9. As depicted in Fig. 7a and
Table S3,† the degradation rate of TCH increases obviously with
increasing pH0 from 3 to 6, as well as the highest removal effi-
ciency reached 95.52% and 0.083 min−1 when pH0 was 6. The
pKa values for TCH are 3.3, 7.7 and 9.7 and the TCH molecule
could produce four different species in different pH solution,
including TCH3

+, TCH2, TCH
− and TC2−.45,46 On the one hand,

the increase of pH0 will increase the electrostatic repulsion
between the TCH and catalyst surface charges, which results in
lower degradation.45 On the other hand, the adverse effect of H+

on PDS activation process resulted in the lower removal effi-
ciency.42,47 However, the degradation of TCH decreased
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of reaction conditions for the degradation of TCH: (a)
initial pH0, (b) catalyst dosage, (c) PDS concentration, and (d) initial
TCH concentration (C0 = 30 mg L−1, pH0 = 6, PDS = 6 mmol L−1, La/
TiO2@g-C3N4 = 0.5 g L−1, l $ 400 nm).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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obviously when the pH ranged from 6 to 9, and the removal
efficiency of TCH decreased from 95.52% to 80.27%, which was
due to the lifetime of SO4c

− and cOH are shortened with pH
above 6.

The TCH removal under various La/TiO2@g-C3N4 dosage was
investigated (Fig. 7b) at 6 mmol L−1 PDS concentration and
initial pH 6. When the La/TiO2@g-C3N4 loading was 0.2, 0.5, 1
and 1.5 g L−1, TCH was degraded by 22.07%, 93.86%, 95.52%
and 98.26%, as well as the kinetic constant ascended from 0.048
to 0.099 min−1. Higher dosage of La/TiO2@g-C3N4 would
provide more active sites for PDS activation and photogenerated
e−–h+ pairs, which further formed TCH elimination.

The effect of PDS concentrations (2, 4, 6, and 8 mmol L−1) on
TCH removal was investigated (Fig. 7c). The La/TiO2@g-C3N4

loading was 0.5 g L−1, the initial pH was 6, and the initial TCH
concentration was 30 mg L−1. When the PDS concentration
increased from 2 to 8 mmol L−1, the removal rate of TCH aer
60 min increased from 86.03% to 97.18%. This can be ascribed
to a higher generation of more reactive species (such as SO4c

−

and cOH) to accelerate the TCH degradation process.48

Different initial TCH concentrations (10, 20, 30 and
40 mg L−1) were used to study its effect on photocatalytic
degradation efficiency. The La/TiO2@g-C3N4 loading was 0.5 g
L−1, the PDS concentration was 6 mmol L−1, and the initial pH
was 6. The results are shown in Fig. 7d. When the initial TCH
concentration increased from 10 to 40 mg L−1, the TCH
degradation efficiency decreased from 97.29% to 90.36%. It can
be ascribed to the following reasons: (i) the surface of La/
TiO2@g-C3N4 was gradually covered by the intermediates
generated during the photocatalytic degradation process, which
would reduce the generation of e−–h+ pairs and inhibit the
formation of reactive species. (ii) The increasing of initial
concentration would increase more TCH and its byproducts in
the solution, which would bring the competition between TCH
and its intermediates for active species as well as could
diminish the photocatalytic degradation efficiency.45,49
3.4. Stability and reusability of La/TiO2@g-C3N4

It is widely known that the reusability and stability of a catalyst
is one of the most important factors for the actual applicability.
In order to conrm the reusability of La/TiO2@g-C3N4, four
cyclic experiments were carried out in the degradation of TCH
under the same condition of PDS, pH and visible light and the
result was shown in Fig. 8. Aer six cyclic experiments, the TCH
degradation efficiency were 95.52%, 95.28%, 95.05%, 94.70%,
95.30%, and 94.87%, respectively, when the TCH degradation
rate constants were 0.084, 0.083, 0.083, 0.082, 0.079, and
0.070 min−1. It can be seen that the TCH removal remained
roughly the same when the TCH degradation rate slightly
reduced for six cycles use. Meanwhile, it also illustrated that the
catalytic activity of La/TiO2@g-C3N4 did not decrease signi-
cantly. Furthermore, the results of the structural stability
investigation of La/TiO2@g-C3N4 by XPS (Fig. 4) proved insig-
nicant changes compared with the fresh catalyst aer the sixth
run. According to the XPS data of fresh and used La/TiO2@g-
C3N4, the amount of La dopant on the surface of La/TiO2@g-
RSC Adv., 2023, 13, 8383–8393 | 8389
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Fig. 8 Repeated photocatalytic degradation of TCH by La/TiO2@g-
C3N4 (C0= 30mg L−1, pH0= 6, PDS= 6mmol L−1, La/TiO2@g-C3N4=
0.5 g L−1, l $ 400 nm).
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C3N4 decreased from 7.52% to 7.26% when that of Ti compo-
sition decreased from 2.31% to 2.02%, but the amount of La
dopant and Ti composition on the surface of La/TiO2@g-C3N4

did not declined obviously, which further conrmed the good
reusability and stability of La/TiO2@g-C3N4.
3.5. Possible degradation mechanism

In order to reveal the degradation mechanism of the photo-
catalytic oxidation process in the vis/La/TiO2@g-C3N4/PDS
system, a series of radical quenching experiments were con-
ducted to identify the main reactive radicals for the TCH
degradation. TBA, EtOH, BQ, K2Cr2O7 and EDTA were employed
to quench cOH, SO4c

− and cOH, superoxide radical (cO2
−), e−

and h+, respectively.11,43,47,48 As shown in Fig. 9, aer the addi-
tion of BQ, the kinetic constant of the degradation TCH
Fig. 9 The photodegradation of TCH after different scavengers were
added under visible light irradiation (C0 = 30 mg L−1, pH0 = 6, PDS =

6 mmol L−1, La/TiO2@g-C3N4 = 0.5 g L−1, CEDTA = CK2Cr2O7
= CBQ =

10 mmol L−1, CTBA = CEtOH = 50 mmol L−1, l $ 400 nm).

8390 | RSC Adv., 2023, 13, 8383–8393
decreased signicantly from 0.084 min−1 to 0.050 min−1, which
indicated that cO2

− had a major contribution to the TCH
degradation. When TBA and EtOH were added into the vis/La/
TiO2@g-C3N4/PDS system, the kinetic constant of the TCH
degradation decreased to 0.066 min−1 and 0.031 min−1,
respectively. This phenomenon indicated SO4c

− and cOH both
were involved in the TCH degradation. The addition of EDTA
and K2Cr2O7 also had a certain inhibitory effect on the photo-
catalytic degradation system, the kinetic constant of the TCH
degradation decreased to 0.035 min−1 and 0.062 min−1, which
h+ and e− played important roles in the degradation of TCH in
the vis/La/TiO2@g-C3N4/PDS system. Here, the role of dissolved
oxygen was observed by eliminating oxygen with bubbling N2. It
can be seen from Fig. 10 that the addition of N2 reduced the
TCH degradation rate from 95.52% to 83.74% and the kinetic
constant declined from 0.084 to 0.0304 min−1. Therefore, the
results illustrated that the decrease of dissolved oxygen
concentration reduced the production of cO2

−, which then
decreased the degradation of TCH. Interestingly, as circulating
gas, O2 replaced air, but the TCH degradation rate only
increased from 95.52% to 98.09% and the kinetic constant
enhanced from 0.084 to 0.102 min−1. The active sites provided
by La/TiO2@g-C3N4 as well as h+ and e− generated by visible
light were constant in the vis/La/TiO2@g-C3N4/PDS system, the
increase of dissolved oxygen concentration did not signicantly
improve the production of cO2

− for the TCH degradation.
It is widely reported that a low conduction band edge (CB)

and high valence band edge (VB) of a photocatalyst would
promote the degradation efficiency of organic pollutants.15,34

According to the band edge potential calculation, the approxi-
mated conduction band position (ECB, eV) and valence band
position (EVB, eV) were calculated through the following
equations:12,17,39

EVB = c − E + 0.5Eg (5)
Fig. 10 Effect of reaction conditions for the degradation of TCH (C0 =

30mg L−1, pH0 = 6, PDS= 6mmol L−1, La/TiO2@g-C3N4 = 0.5 g L−1, l
$ 400 nm).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic illustration of the main oxidant generation mechanism by La/TiO2@g-C3N4 activate PDS under visible light radiation.

Fig. 12 Changes of acute toxicity and degradation rate during TCH
degradation process (C0 = 30 mg L−1, pH0 = 6, PDS = 6 mmol L−1, La/
TiO2@g-C3N4 = 0.5 g L−1, l $ 400 nm).
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ECB = EVB + Eg (6)

where c is absolute electronegative of semiconductor, E is the
energy of electron relative to standard hydrogen electrode and is
4.5 eV.34,36,39 The results conrmed that estimated ECB and EVB of
TiO2 with band gap energy of 3.20 eV were −0.29 and 2.91 eV,
respectively.35,36 The ECB and EVB of the g-C3N4 were estimated to
be approximately −1.14 and 1.61 eV, respectively.

Based on the above results and other literature, the possible
mechanism of TCH degradation by La/TiO2@g-C3N4 activation
of PDS under visible light irradiation was proposed in Fig. 11.
Under visible light irradiation, e−–h+ pairs are exposed to the
surface of TiO2 and g-C3N4. Owing to the different band edge
potential, the e− in the conduction band of TiO2 is compounded
with h+ on the valence band of g-C3N4 viametal La. Since the ECB
of g-C3N4 (−1.14 eV) was more negative against the redox
potential of O2/cO2

− (−0.33 V vs.NHE),34,35O2 could accept e− on
the g-C3N4 conduction band generated cO2

−, respectively. The
ECB of TiO2 (2.92 eV) was more positive than the standard redox
potential of cOH/H2O (2.38 V vs. NHE),36 thus H2O and h+ on the
TiO2 price band formed cOH. Therefore, cO2

−, e−, h+, cOH and
SO4c

− are present during the reaction, which degrade pollutants
into CO2 and H2O.

3.6. Toxicity evaluation of effluent

The complete degradation of TCH did not mean that the bio-
toxicity of effluent (including TCH and its by-products) was
removed. Thus, the toxicity changes of effluent were explored by
luminescent bacteria and the result was shown in Fig. 12. It
could be seen from Fig. 12 that the luminescence inhibition
ratio increases from 10% to 97% within the rst 60 min while
the removal rate of TCH achieved 95.52%. This phenomenon
proved that some toxicity intermediates were produced at the
beginning of the TCH degradation. And then the luminescence
inhibition ratio decreased gradually to nearly 4% at 210 min,
demonstrating that TCH and the intermediates were reduced
signicantly into low/non-toxic compounds by the vis/La/
© 2023 The Author(s). Published by the Royal Society of Chemistry
TiO2@g-C3N4/PDS. Hence, the vis/La/TiO2@g-C3N4/PDS system
was ecotoxicological safety.

4. Conclusion

La/TiO2@g-C3N4 was successfully prepared and was applied as
efficient PDS activators to reached efficient TCH elimination
under visible light irradiation in an internal loop-li reactor.
The photocatalytic performance of La/TiO2@g-C3N4 was esti-
mated based on its structure, activity, stability and reusability
towards TCH under visible light induced process. The catalysts
displayed excellent degradation performance and the mecha-
nism was revealed that e−, h+, cO2

−, cOH and SO4c
− were

responsible for the removal of TCH. The vis/La/TiO2@g-C3N4/
PDS system was efficient in a wide pH range. In addition, the
acute toxicity of the effluent during TCH degradation process
RSC Adv., 2023, 13, 8383–8393 | 8391
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rstly increased to 97% aer 60 min reaction, and then grad-
ually decreased to 4%. In sum, the development of La/TiO2@g-
C3N4 is an effective photocatalyst for the remediation of anti-
biotic wastewater.
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