
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/1

8/
20

25
 6

:4
5:

34
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Heterogeneous p
Yunnan Key Laboratory of Metal–Organic M

Chemistry and Chemical Engineering, Kunm

E-mail: zh111111ou@kmu.edu.cn

Cite this: RSC Adv., 2025, 15, 27441

Received 8th May 2025
Accepted 19th July 2025

DOI: 10.1039/d5ra03247d

rsc.li/rsc-advances

© 2025 The Author(s). Published by
hotocatalytic degradation of
selected pharmaceutical and personal care
products (PPCPs) under visible light using SiO2–
TiO2/SnO2: effect of tin precursors and SiO2

Kunyang Li, Yidan Peng, Shuangyu Li, Fengying Luo, Jing Li, Haidong Ju,
Yepeng Yang and Yizhou Li *

In this study, SiO2–TiO2/SnO2 composites were synthesized using a facile sol–gel method to facilitate the

heterogeneous photocatalytic degradation of selected pharmaceuticals and personal care products

(PPCPs), namely tetracycline hydrochloride (TC) and ciprofloxacin (CIP), under visible light. The effects of

different tin precursors (SnCl4$5H2O, SnCl2 and Na2SnO3$3H2O) along with the addition of SiO2 on

photocatalytic performance were systematically evaluated. The photocatalyst prepared by SnCl4$5H2O

as the tin precursor showed the highest photodegradation performance for ciprofloxacin (CIP) and

tetracycline (TC), and the photodegradation performance for tetracycline (TC) was 1.8, 4.33 and 43.33

times that of SnCl2 and Na2SnO3$3H2O as the tin precursor and pristine TiO2, respectively. Furthermore,

the incorporation of SiO2 significantly improved the photocatalytic performance under visible light. The

SiO2–TiO2/SnO2 (SnCl4) composites exhibited a 2.65-fold increase in tetracycline (TC) degradation

compared to the SiO2-free TiO2–SnO2 (SnCl4) materials. The significant improvement of photocatalytic

activity is attributed to the effects of tin precursors and SiO2 on the physicochemical properties, charge

carrier dynamics and surface reactivity of the composites. This study presents a novel method for

developing composite photocatalysts with exceptional activity by employing various tin precursors and

incorporating SiO2 to enhance the removal of pharmaceutical and personal care products (PPCPs) under

visible light. The findings have substantial implications for future research in the photocatalytic

degradation of PPCPs, fostering environmentally friendly approaches in this field.
1 Introduction

The increasing presence of pharmaceutical and personal care
products (PPCPs) in aquatic environments has raised signi-
cant concerns due to their potential ecological and human
health risks.1,2 These pollutants, which are usually persistent
and biologically active, are oen detected in wastewater and
surface water. However, traditional treatment processes such as
biological treatment, adsorption, ltration and coagulation
have limited efficiency in removing these pollutants.3–6

Advanced oxidation technologies (AOPs), especially photo-
catalysis, have emerged as a promising strategy for the degra-
dation of PPCPs due to their ability to generate highly reactive
oxygen species (ROS) under light irradiation.7 Among various
photocatalysts, titanium dioxide (TiO2) has been widely studied
due to its chemical stability, low cost, and strong oxidising
ability. However, the rapid charge recombination and wide
olecular Materials and Device, School of

ing University, Kunming 650214, China.

the Royal Society of Chemistry
band gap (3.2 eV) limit the practical application of titanium
dioxide in photocatalysis, particularly under visible light.8,9

To enhance the visible light responsiveness and photo-
catalytic efficiency of TiO2, modications such as doping, heter-
ostructure construction and composite formation have been
explored. Tin oxide (SnO2), characterized by suitable band
alignment and high electron mobility, has been used as
a coupling agent to improve charge separation in TiO2-based
photocatalysts. Petronela Pascariu et al. investigated the effects of
Sn loading and calcination temperature on the synthesis, struc-
ture, optical and catalytic properties of TiO2/SnO2. They found
that the highest photocatalytic activity was obtained for the
sample with a calcination temperature of 500 °C and a Sn loading
of 1.5%.10 The highest photocatalytic efficiency of TiO2/SnO2

nanotube composite photocatalyst with 5 wt% SnO2 content was
shown by Lin-Rui Hou et al.11 The effect of calcination tempera-
ture and tin dioxide content on TiO2/SnO2 have been extensively
studied by the previous researchers.10–12 However, investigations
into various tin precursors remain limited.

In general, tin(IV) chloride pentahydrate (SnCl4$5H2O), tin(II)
choride (SnCl2), sodium stannate trihydrate (Na2SnO3$3H2O)
RSC Adv., 2025, 15, 27441–27451 | 27441
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and tin chloride (SnCl4) have been widely used as tin precursors
for the preparation of TiO2/SnO2. Kateryna Bila et al. investi-
gated the effect of SnCl2 and SnCl4 on TiO2/SnO2 composites
and showed that the use of divalent tin led to the obtaining of
nanocomposites, while the use of tetravalent tin led to the
obtaining of solid solutions.12 Different tin precursors have
signicant effects on the properties and characteristics of the
synthesized TiO2/SnO2. These precursors inuence the mate-
rial's specic surface area, the chemical state of tin, and the
surface properties, which in turn impact the photocatalytic
activity.

Silicon dioxide (SiO2) also plays an important factor in the
preparation of composites. Previous studies have also shown
that the specic surface area, surface morphology and optical
properties of thematerials are signicantly inuenced by SiO2.13

The quantitative deposition of titanium dioxide on silica was
found to signicantly increase the specic surface area of the
materials and enhance the photocatalytic activity by M. Bellar-
dita et al.14 M. r. S. Nivetha et al. prepared SiO2–TiO2/g-C3N4

materials, focusing on the role of SiO2. They found that SiO2

enhances the light reectivity of the sample and reduces the
complexation of photogenerated electrons and holes in addi-
tion to increasing the specic surface area and rening the
grains.15

In this study, a simple sol–gel method was developed to
synthesize SiO2–TiO2/SnO2 composites by varying the tin
precursors and incorporated of SiO2. The effects of various tin
precursors (SnCl4$5H2O, SnCl2 and Na2SnO3$3H2O) on the
physicochemical properties and photocatalytic activities of the
composites were systematically evaluated. Furthermore, the
inuence of SiO2 addition on the charge carrier dynamics, and
surface reactivity was elucidated. The visible light photocatalytic
activities of the samples were investigated through the degra-
dation of selected pharmaceuticals and personal care products
(PPCPs), specically tetracycline hydrochloride (TC) and cipro-
oxacin (CIP). These ndings can be attributed to the differing
capabilities of materials synthesized from various tin sources in
transferring and delivering electrons during the photocatalytic
process, as well as the physicochemical properties and surface
reactivity enhanced by the incorporation of SiO2
Fig. 1 XRD spectra of prepared samples.
2 Experimental section
2.1 Chemicals and reagents

Titanium tetraisopropoxide (TTIP, $98%) provided from
Adamas-beta. Tin(II) chloride (SnCl2, 99%), tetracycline hydro-
chloride (TC, 99%), tin(IV) chloride pentahydrate (SnCl4$5H2O,
99%), sodium stannate trihydrate (Na2SnO3$3H2O, 98%), nitric
acid (HNO3, 65–68%), tetraethyl orthosilicate (TEOS, 98%),
ethanol (Et,$99.7%), p-benzoquinone (BQ, 99%), ciprooxacin
(CIP, 98%) were purchased from Merck. Methanol (MA,
$99.5%), ammonia solution (NH4OH, 25%) were purchased
from Tianjin Damao Chemical Reagent Partnership Enterprise
(Limited Partnership). Ethylenediamine tetraacetic acid diso-
dium salt (EDTA-2Na, $99%), isopropanol (IPA, 99.7%) were
obtained from Tianjin ZhiYuan Reagent Co.,Ltd. All chemicals
27442 | RSC Adv., 2025, 15, 27441–27451
were used without further purication. In addition, deionised
water was used for all experiments.
2.2 Catalyst preparation

In a typical procedure, 0.403 g of tin(IV) chloride pentahydrate
(SnCl4$5H2O) was dissolved in 35 mL of ethanol (C2H5OH).
Then, 7.55 mL of tetraethyl silicate (TEOS) and 0.3 mL of
concentrated nitric acid (HNO3) were added to the solution
under continuous stirring for 20 minutes. Subsequently, 10 mL
of titanium tetraisopropoxide (TTIP) was added dropwise
slowly. Aer stirring for another 20 minutes, a mixture of 15 mL
ethanol and 2.5 mL H2O was added, followed by the addition of
3.5 mL of a methanol/ammonia mixed solution (4 : 1, v/v) to
form a homogeneous gel. The gel was aged at room temperature
for 48 hours. The as-obtained precursor material was then
transferred into a high-temperature and high-pressure reactor
and calcined at 265 °C for 2 hours under nitrogen atmosphere.
Aer washing and drying, the intermediate product was further
calcined at 40 °C for 4 hours, followed by another washing and
drying step to obtain the nal SiO2–TiO2/SnO2 (SnCl4)
composite material. Using the same synthetic protocol, control
materials were prepared by employing tin(II) chloride (SnCl2)
and sodium stannate trihydrate (Na2SnO3) as tin precursors. All
synthesized materials maintained a constant molar ratio of Si :
Ti : Sn at 3 : 3 : 0.1.

For comparison, TiO2 (without SiO2 and tin precursors),
SiO2–TiO2 (without tin precursors), SiO2–SnO2 (SnCl4) (without
TiO2) and TiO2/SnO2 (SnCl4) (without SiO2) were prepared by
similar methods.
3 Results and discussion
3.1 Characterization

The crystalline phases of the synthesized samples were analyzed
using X-ray diffraction (XRD). As displayed in Fig. 1, the
diffraction peaks at 25.3°, 37.9°, 48.1°, and 55.1° correspond to
the anatase crystal phases (101), (004), (200), and (211),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively.16 The broad and weak absorption peaks observed
in the 15° to 25° range of the SiO2-added material can be
attributed to the amorphous structure of SiO2.17 The diffraction
angles of SnO2 corresponding to (101), (200) and (211) of SnO2

are 26.6°, 33.9° and 37.8°, respectively.18 As shown in Fig. 1,
diffraction peaks corresponding to SnO2 were not detected in
TiO2/SnO2 (SnCl4) samples. However, the addition of SiO2

resulted in the emergence of distinct diffraction peaks associ-
ated with SnO2. In TiO2/SnO2 (SnCl4), the diffraction peaks
associated with the anatase phase of TiO2 are distinctly sharp,
indicating a high degree of crystallinity. The absence of
detectable diffraction peaks for SnO2 may be attributed to its
relatively low concentration within the TiO2 matrix, which may
be below the detection limit of X-ray diffraction (XRD).11,19

Following the addition of SiO2, the relative content of TiO2

decreases due to the small particle size of samples, which
contributes to a reduction in its crystallinity.20 Consequently,
the concentration of SnO2 increases relatively, making the
diffraction peaks of SnO2 detectable by XRD. A comparison
analysis of all samples reveals that the characteristic peak of
TiO2, observed at approximately 25.3°, diminishes following the
addition of SiO2. This reduction can be attributed to both the
decrease in TiO2 content and its crystallinity. Simultaneously,
the peaks of SiO2, TiO2 and SnO2 are observed in SiO2–TiO2/
SnO2 composites, thereby conrming the successful prepara-
tion of these composites.

The FTIR spectra of the materials between 4000 cm−1 and
500 cm−1 are shown in Fig. 2. The two absorption bands at
3450 cm−1 and 1630 cm−1 represent the stretching vibrations of
the water and hydroxyl groups, respectively.21 The SiO2-added
material shows three absorption bands at 1080 cm−1 and,
955 cm−1 and 792 cm−1. They represent the asymmetric tele-
scopic vibration of Si–O–Si, the bending vibration of Si–OH and
the symmetric telescopic vibration peak of Si–O, respectively.20

The absorption band of SiO2–SnO2 (SnCl4) at 1080 cm−1 is
stronger than that of other materials at the same wavenumber.
Fig. 2 FT-IR spectra of TiO2, TiO2/SnO2 (SnCl4), SiO2–TiO2, SiO2–
SnO2 (SnCl4), SiO2–TiO2/SnO2 (SnCl4), SiO2–TiO2/SnO2 (SnCl2) and
SiO2–TiO2/SnO2 (Na2SnO3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
This enhancement can be attributed to the stretching vibration
of the Sn–O bond, which may also contribute to the spectral
feature near 1080 cm−1. Additionally, the vibrational modes of
the Sn–O bond may overlap with those of the Si–O–Si bond,
resulting in increased intensity of the absorption band for SiO2–

SnO2 (SnCl4).22 The absorption bands at 1080 cm−1 for the
composites SiO2–TiO2/SnO2 (SnCl4), SiO2–TiO2/SnO2 (SnCl2),
and SiO2–TiO2/SnO2 (Na2SnO3) are weaker than those of SiO2–

SnO2 (SnCl4). This attenuation is attributed to the interactions
among the three oxides, which induce signicant alterations in
the electron cloud distribution.23 As a result, these alterations
impact the vibrational properties of the Si–O–Si bond, leading
to a reduced dipole moment and a correspondingly weaker
absorption band.23 FT-IR spectra indicate the presence of Sn–O
bonds, Si–O bonds, Si–O–Si bond energies in SiO2–TiO2/SnO2

(Na2SnO3), SiO2–TiO2/SnO2 (SnCl2) and SiO2–TiO2/SnO2 (SnCl4).
Notably, the observed spectral changes show pronounced
interactions among the three oxide components. These suggest
that SiO2–TiO2/SnO2 composites have been successfully syn-
thesised, while there may be synergistic and other effects
among the three components.

The SEM and EDS spectra of these materials are shown in
Fig. 3. A comparison of Fig. 3a and b reveals that the TiO2/SnO2

(SnCl4) sample exhibits a smooth and compact surface with
minimal porosity. In contrast, the SiO2–TiO2/SnO2 (SnCl4)
sample, which incorporates additional SiO2, exhibits a rough
and loose texture. The rough surface not only enhances the
specic surface area of the catalyst, but also improves light
utilization through multiple diffuse reections.24 The incorpo-
ration of SiO2 into the samples leads to a looser surface texture,
which can signicantly enhance their specic surface area. This
increase in surface area provides more active sites for both
adsorption and photocatalytic processes.25 The comparison of
Fig. 3b–d demonstrates that different tin precursors signi-
cantly inuence the morphology of the composites. Among the
three Sn-based materials analyzed, SiO2–TiO2/SnO2 (SnCl4),
synthesized using SnCl4$5H2O as a precursor, exhibits the most
sparse and porous structure, while SiO2–TiO2/SnO2 (Na2SnO3),
derived from Na2SnO3$3H2O as a precursor, is characterized by
the highest density. This suggests that different tin precursors
may have an effect on the specic surface area of the compos-
ites, which affects the photocatalytic effect of the materials. The
microscopic chemical ingredient analysis of the SiO2–TiO2/
SnO2 (SnCl4) materials has been shown in Fig. 3e. The patterns
show the presence of tin (Sn), oxygen (O), silicon (Si) and tita-
nium (Ti) without any other element. Four elements, namely Sn,
O, Si and Ti, were identied and their molar percentages were
conrmed to be 0.84%, 50.32%, 25.41% and 23.43% respec-
tively. The measured molar percentages of these four elements
were consistent with expectations, indicating that SiO2–TiO2/
SnO2 (SnCl4) was prepared accurately. Fig. 3f–i shows the
elemental proles of tin (Sn), oxygen (O), silicon (Si) and tita-
nium (Ti) on SiO2–TiO2/SnO2 (SnCl4) with different colours.
This homogeneity suggests a well-integrated structure on
materials which is crucial for the photocatalysis.25

The morphology and microstructure of TiO2/SnO2 (SnCl4)
and SiO2–TiO2/SnO2 (SnCl4) composites were analysed using
RSC Adv., 2025, 15, 27441–27451 | 27443
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Fig. 3 SEM images of TiO2/SnO2 (SnCl4) (a), SEM images of SiO2–TiO2/SnO2 (SnCl4) (b), SEM images of SiO2–TiO2/SnO2 (SnCl2) (c), SEM images
of SiO2–TiO2/SnO2 (Na2SnO3) (d), EDS spectrum of SiO2–TiO2/SnO2 (SnCl4) (e), EDS mapping images of Sn (f), O (g), Si (h), Ti (i).
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TEM and HRTEM techniques. In the TEM analysis (Fig. 4a and
b), a signicant difference in the morphology of TiO2/SnO2

(SnCl4) and SiO2–TiO2/SnO2 (SnCl4) composites can be
observed. The TiO2/SnO2 (SnCl4) composite is characterized by
the presence of spherical nanoparticles that aggregate to form
larger clusters. In contrast, the SiO2–TiO2/SnO2 (SnCl4)
composite is characterized by more dispersed spherical nano-
particles, each enveloped by a thin lm on the exterior, and this
encapsulated lm is reported by Yanyan He et al. to be possibly
SiO2.26 The HRTEM image in Fig. 4c shows that the stripe
spacing is approximately 0.352 nm, indicating that the sample
growth direction of the anatase TiO2 (1 0 1) plane.25

The N2 adsorption and desorption isotherm curves, as
illustrated in Fig. S1 and S2, were recorded to investigate the
specic surface area and corresponding pore size distribution
of the samples.27 According to the IUPAC classication of
nitrogen adsorption and desorption isotherms, all samples
exhibited type IV isotherms, except for SiO2–SnO2 (SnCl4),
which displayed type II isotherms. This indicates that the
prepared materials possess macroporous and mesoporous
Fig. 4 TEM images of TiO2/SnO2 (SnCl4) (a) and SiO2–TiO2/SnO2 (SnCl4

27444 | RSC Adv., 2025, 15, 27441–27451
properties. The pore size distribution of all the samples is
primarily ranges from 0 to 80 nm, indicating the macroporous
andmesoporous properties of the preparedmaterials. As shown
in Table 1, the incorporation of SiO2 increased the specic
surface area of the material and provided more active sites for
the photocatalyst. The utilization of tin precursor signicantly
inuences the specic surface area of the composites.
Composites synthesized using SnCl4$5H2O exhibit the largest
specic surface area, whereas those produced with Na2SnO3-
$3H2O have the smallest specic surface area. This may be due
to the fact that Sn4+ has a higher charge than Sn2+. During the
formation of the complex, Sn4+ may cause greater distortion in
the lattice of SiO2–TiO2, thus creating more pores and defects
within the material and increasing the specic surface area. In
contrast, Sn2+ induces less lattice distortion.12 For Na2SnO3, the
SnO3

2− anion exhibits distinct structural and property charac-
teristics compared to Sn4+ and Sn2+. Consequently, it forms
different chemical bonds and structures with SiO2–TiO2 in the
system, which hinders the formation of structures with a high
specic surface area.28
) (b), HRTEM images of SiO2–TiO2/SnO2 (SnCl4) (c).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties of samples

Samples SBET (m2 g−1) Band gap energy (eV) Pore volume (cm3 g−1) Pore size (nm)

TiO2 100.3152 3.32 0.1718 3.0606
TiO2/SnO2 (SnCl4) 136.1575 2.92 0.1328 3.1390
SiO2–TiO2 442.9692 3.32 0.1914 2.7956
SiO2–SnO2 (SnCl4) 484.9605 3.58 0.2632 4.6910
SiO2–TiO2/SnO2 (SnCl4) 272.1116 2.81 0.1838 2.6483
SiO2–TiO2/SnO2 (SnCl2) 180.7277 2.85 0.1200 2.8943
SiO2–TiO2/SnO2 (Na2SnO3) 141.9377 2.87 0.1027 2.6569
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To further investigate the chemical composition and binding
states of the samples, the X-ray photoelectron spectroscopy of
the samples was investigated. As shown in Fig. S4a, the binding
energies of Ti 2p1/2 and Ti 2p3/2 in SiO2–TiO2/SnO2 (SnCl4) were
located at 458.8 eV and 464.6 eV, respectively, attributed to
Ti4+.29 The Sn 3d spectra of SiO2–TiO2/SnO2 (SnCl4) show spin–
orbit double peaks at 495.6 eV and 486.8 eV, respectively, due to
Sn4+ (Fig. S4b).10 The binding energy of Si 2p in SiO2–TiO2/SnO2

(SnCl4) is located at 103.2 eV, attributed to Si4+ (Fig. S4c).20 As
shown in Fig. 5, the XPS curves of O 1s in SiO2–TiO2/SnO2

(SnCl4) can be identied as two peaks at 530.98 eV and
532.58 eV, which can be attributed to covalently bonded oxygen
and surface oxygen species (Si–O, surface hydroxyl groups and
adsorbed water) and metal oxide lattice oxygen (Sn–O and Ti–
O).30 Compared to Fig. 5a, it can be seen that the amount of
covalently bonded oxygen and surface oxygen species increases
with the addition of SiO2. Firstly, the Si–O bond exhibits a peak
at 532.58 eV, indicating that the introduction of SiO2 directly
enhances the signal at this energy level.31 Secondly, the high
specic surface area of SiO2 may result in a greater amount of
adsorbed water (H2O) or hydroxyl residues, which in turn
contributes to the increase of the 532.58 eV peak.32 Surface
adsorbed water and –OH groups can trap photogenerated holes
(h+) into reactive –OH radicals, thereby improving the photo-
catalytic performance of the materials.33
Fig. 5 XPS spectra of O 1s region for samples, (a) the influence of SiO2,
(b) the influence of Sn precursors .

© 2025 The Author(s). Published by the Royal Society of Chemistry
As can be seen from Fig. 4b, different tin precursors also
inuence the binding energy of O 1s. The O 1s binding energies of
SiO2–TiO2/SnO2 (SnCl4) (532.58 eV and 530.98 eV) are higher than
those of SiO2–TiO2/SnO2 (SnCl2) (532.28 eV and 530.68 eV) and
SiO2–TiO2/SnO2 (Na2SnO3) (532.28 eV and 530.58 eV). In SiO2–

TiO2/SnO2 (SnCl4), compared to SnCl2, Sn
4+ carries a stronger

positive charge which further polarises the Sn–O bond and
reduces the electron density around oxygen, thereby increasing the
O 1s binding energy. Sn2+ displays lower Lewis acidity and
a diminished capacity to withdraw electron density from oxygen,
resulting in a lower O 1s binding energy for SiO2–TiO2/SnO2

(SnCl2) O 1s.34 As for SiO2–TiO2/SnO2 (Na2SnO3), Na
+ ions inhibit

the formation of the SnO2 phase, maintaining the high purity
Na2SnO3 structure. TheO atoms in the SnO3

2− group have a higher
electron density, resulting in the lowest O 1s binding energy of the
three samples. A higher binding energy signies a reduced elec-
tron cloud density of the lattice oxygen in metal oxides (Sn–O, Ti–
O), which enhances the oxidative capacity of holes (h+) and facil-
itates the photocatalytic degradation of pollutants.35
3.2 Photocatalytic degradation of TC and CIP

The photocatalytic activity of the materials was assessed by
evaluating the degradation of tetracycline (TC) and cipro-
oxacin (CIP) at concentrations of 20 mg L−1 under visible light
irradiation. As illustrated in Fig. 6a and b, the incorporation of
SiO2 and different tin precursors signicantly inuenced the
removal efficiency of tetracycline (TC) and ciprooxacin (CIP).
Among the tested composites, SiO2–TiO2/SnO2 (SnCl4) exhibited
the highest removal rates for TC and CIP (84.9% and 81.3%),
achieving a performance more than 1.5 times greater than that
of TiO2/SnO2 (SnCl4) (57% and 54%). Notably, composites
prepared using SnCl4 as the tin precursor exhibited superior
removal efficiency compared to those synthesized with SnCl2 or
Na2SnO3$3H2O. Furthermore, SiO2–SnO2 (SnCl4) and SiO2–TiO2

displayed signicant adsorption capabilities (Fig. S3), which
can be attributed to their high specic surface areas (484.9605
and 442.9692 m2 g; see Table 1). Despite their strong adsorption
properties, the photocatalytic degradation performance of SiO2–

SnO2 (SnCl4) and SiO2–TiO2 under visible light is constrained by
the wide band gaps of TiO2 and SnO2.

The kinetic analysis of TC and CIP degradation was based on
the tting of pseudo-rst-order equations, and the kinetic
constants are shown in Fig. 7, with K values for the materials
listed in Table 3. Among the catalysts tested, SiO2–TiO2/SnO2
RSC Adv., 2025, 15, 27441–27451 | 27445
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Fig. 6 Removal curves of TC (20 mg L−1) (a) and CIP (20 mg L−1) (b) with error bars represent the standard deviation from three measurements,
replace “−120” with “−30” for aesthetics in the horizontal coordinates of the figure.
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(SnCl4) exhibited the highest K values, with values of
0.0130 min−1 for the photocatalytic degradation of TC and
0.0110 min−1 for the photocatalytic degradation of CIP,
respectively. The higher K value showed that the material
degraded faster. Notably, the K value for TC was 1.88 and 4.33
times higher than those of composites prepared with SnCl2 and
Na2SnO3$3H2O as tin precursors, respectively. Furthermore, the
incorporation of SiO2 resulted in a signicant enhancement of
the photocatalytic degradation rate, achieving a 2.65-fold
increase in the K value for the degradation of TC compared to
the TiO2/SnO2 (SnCl4). These results underscore the critical role
of SiO2 incorporation and tin precursor selection in optimizing
the degradation efficiency of TC and CIP.

Additionally, comparisons with previous studies have been
conducted to evaluate the photocatalytic performance, as pre-
sented in Tables 2 and 4. Like Tables 2 and 4, TC and CIP were
identied as the selected degradants in this study, and the
prepared composites showed high removal of both compounds
in visible light compared to previous studies.
3.3 Mechanism

It is essential to evoke some reasons about the SiO2–TiO2/SnO2

(SnCl4) exhibited high performance in photocatalytic degradation
Fig. 7 Apparent first order rate constant k (min−1) for TC (20 mg L−1) (a) a
samples.

27446 | RSC Adv., 2025, 15, 27441–27451
of TC and CIP under visible light, though the mechanism is still
far from understood. A series of spectroscopic and electro-
chemical analyses were systematically conducted to characterize
the samples, including transient photocurrent measurements,
electrochemical impedance spectroscopy (EIS), photo-
luminescence (PL) spectroscopy, and ultraviolet-visible (UV-vis)
diffuse reectance spectroscopy. The corresponding experi-
mental results are comprehensively presented in Fig. 8a–d.

As shown in Fig. 8, the SiO2–TiO2/SnO2 (SnCl4) composites
exhibit the highest transient photocurrent intensity (Fig. 8a)
and the smallest electrochemical impedance spectroscopy arc
radius (Fig. 8b), indicating excellent charge separation effi-
ciency and minimum charge transfer resistance. The photo-
luminescence (PL) spectra (Fig. 8c) showed that the emission
peak intensity of SiO2–TiO2 was signicantly reduced compared
to that of pure TiO2, whereas the weakest PL signal was obtained
for SiO2–TiO2/SnO2 (SnCl4), conrming the effective suppres-
sion of charge recombination. The UV-vis absorption spectra
(Fig. 8d) showed that the absorption edges of all the tin-
containing samples were red-shied, with SiO2–TiO2/SnO2

(SnCl4) having the widest absorption region with a band gap of
2.81 eV (the band gap of the prepared samples was estimated
from the Tauc plot as shown in Fig. S5).
nd CIP (20 mg L−1) (b) photocatalytic degradation over the as-prepared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Lists a variety of photocatalysts for TC degradation

Sample names Dosage (g L−1) Concentration (mg L−1) Time (min) Removal rate (%) Reference

N–TiO2 0.2 10 120 87.0 36
BiOIO3/BiOBr 0.8 20 80 74.9 37
Bi/BiVO4 0.5 10 60 74.7 38
TiO2–ZnO 2.5 10 165 99.1 39
This work 0.4 20 240 84.9 —

Table 3 The corresponding kinetic constant of TC and CIP degra-
dation (except for adsorption)

Samples K (TC, min−1) K (CIP, min−1)

TiO2 0.0003 0.0002
SiO2–TiO2 0.0006 0.0005
SiO2–SnO2 (SnCl4) 0.0013 0.0014
SiO2–TiO2/SnO2 (Na2SnO3) 0.0030 0.0033
TiO2/SnO2 (SnCl4) 0.0049 0.0046
SiO2–TiO2/SnO2 (SnCl2) 0.0069 0.0061
SiO2–TiO2/SnO2 (SnCl4) 0.0130 0.0100
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In summary, these ndings indicated that the mechanism
underlying the enhancement of the photocatalytic properties of
the materials primarily involves two factors: the incorporation
of SiO2 and the use of various tin precursors. The incorporation
of SiO2 signicantly improved the photocatalytic performance
through two main mechanisms. Firstly, as shown in Fig. 8b and
c, the incorporation of SiO2 effectively reduced the electro-
chemical impedance and increased the intensity of the photo-
luminescence(PL) of the materials. This improvement can be
attributed to the role of SiO2 as a structural mediator, facili-
tating close contact between TiO2 and SnO2 to form a more
efficient heterostructure. The resulting synergistic effect not
only narrowed the band gap but also extended the visible light
absorption while suppressing the recombination of photo-
generated electron–hole pairs.44 Secondly, as shown in Table 1
and Fig. 3, the incorporation of SiO2 increased the specic
surface area of the material and promoted a more looser
structure. This structural modication provided additional
active sites for photocatalytic reactions. Furthermore, the
increased specic surface area improved light scattering effi-
ciency, thereby increasing the material's overall light-harvesting
capability. These combined effects synergistically contributed
to the superior photocatalytic performance of the SiO2-modied
composites.20
Table 4 Lists a variety of photocatalysts for CIP degradation

Sample names Dosage (g L−1) Concentration (mg L−1

Zn–Cu2O 0.6 20
C–TiO2 1.0 50
BiOCl/Si 0.5 10
TiO2/g-C3N4 0.2 10
This work 0.4 20

© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 8 demonstrates that various tin precursors signicantly
inuence both the rate of photogenerated electron–hole sepa-
ration and the lifetime of photogenerated carriers. The photo-
generated carrier lifetime of SiO2–TiO2/SnO2 (SnCl4) is greater
than that of SiO2–TiO2/SnO2 (SnCl2) and also exceeds that of
SiO2–TiO2/SnO2 (Na2SnO3), indicating that the choice of tin
precursor is crucial for the enhanced properties of the samples.

For the three tin precursors, Sn4+ in SnCl4$5H2O is more
easily converted to SnO2 and forms a heterojunction structure
with TiO2. This reduces the forbidden bandwidth, facilitates the
enhancement of the separation rate of photogenerated carriers,
reduces the complexation between photogenerated electrons
and holes, and thus enhances the activity and strength of the
photocatalyst.45 Sn is in the +2 valence state in SnCl2, likely due
to incomplete oxidation. Although Sn in this state can inuence
the structure and properties of titanium dioxide, its ability to
transfer and transmit electrons during the photocatalytic
process is relatively weak because of its low valence.12 Tin
exhibits a +4 oxidation state in Na2SnO3$3H2O; however, the
presence of a substantial amount of sodium ions (Na+) in the
system plays a crucial role. Na+ ions can inhibit the formation of
the SnO2 phase, thereby preserving the high purity phase
structure of Na2SnO3$3H2O, which is not favourable for the
formation of TiO2/SnO2 heterojunctions.46

Free radical trapping tests were carried out on SiO2–TiO2/
SnO2 (SnCl4) as shown in Fig. 9a and b to determine which are
the active species in the photocatalytic process of SiO2–TiO2/
SnO2 (SnCl4). The photodegradation efficiency decreased when
Isopropanol (IPA), ethylenediamine tetraacetic acid disodium
salt (EDTA-2Na), and p-benzoquinone (BQ) were added to the
TC and CIP solutions. The degradation efficiencies decreased to
54.7% and 49.9% with the addition of IPA, 62.9% and 60.7%
with the addition of EDTA-2Na, and 77.4% and 77.3% with the
addition of BQ. This result indicates that $OH and h+ are the
main active species of SiO2–TiO2/SnO2 (SnCl4) photocatalysts
during the photodegradation of CIP and TC. To verify this
) Time (min) Removal rate (%) Reference

270 94.6 40
360 35.0 41
240 94.0 42
60 93.4 43

240 81.3 —
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Fig. 8 (a) Transient photocurrent. (b) Nyquist plots of EIS. (c) PL spectra and. (d) UV-vis diffuse reflectance spectra.
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conclusion, electron paramagnetic resonance (EPR) spectros-
copy is shown in Fig. 9c. In the absence of light, the EPR spectra
in Fig. S6 do not show any distinct signal peaks. Aer 10
minutes of irradiation under a 500 W xenon lamp, the EPR
spectrum of SiO2–TiO2/SnO2 (SnCl4) shows four distinct peaks
in the range of 3460 to 3560 G, which corresponds to the
characteristic signals of $OH.20 The EPR results conrm that
SiO2–TiO2/SnO2 is capable of generating $OH in the presence of
light.

To assess the reusability of the SiO2–TiO2/SnO2 (SnCl4)
photocatalyst, a series of four reusability tests was conducted.
The results are shown in Fig. 10a and b. Aer four cycles, the
degradation rate of SiO2–TiO2/SnO2 (SnCl4) for TC and CIP
changed from 84.9% and 81.3% to 81.0% and 77.5%, indicating
that the photocatalyst has good stability in both TC and CIP
Fig. 9 Free radical capture experiment TC (a), CIP (b). EPR spectra of Si

27448 | RSC Adv., 2025, 15, 27441–27451
degradation. The sample demonstrates excellent reusability as
a photocatalyst.

In order to investigate the degradation process of CIP and
TC, liquid chromatography-mass spectrometry (LC-MS) was
used to analyse the major degradation products of CIP and TC.
Three possible degradation pathways were detected for CIP, as
shown in Fig. S6: (1) in pathway 1, the secondary amines on the
piperazyl ring were rst attacked. Subsequently, the carbon–
nitrogen bonds broke down.47 (2) In pathway 2, the m/z = 348
organic matter was generated by CIP.48 (3) Pathway 3 was
generated by CIP through the free radical elimination of CO,
which then evolved through oxidation.16 As shown in Fig. S7,
two possible degradation pathways for TC were identied.
Pathway 1 could involve the dehydration of the TC molecule to
generate an intermediate product with a mass-to-charge ratio
O2–TiO2/SnO2 (SnCl4) (c).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Recycling tests of degradation TC (a) and CIP (b) using SiO2–TiO2/SnO2 (SnCl4).

Fig. 11 Effect of E. coli activity: (a) blank control, (b) ciprofloxacin solution before degradation, (c) degraded ciprofloxacin solution.
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(m/z) of 427, followed by a deamination reaction leading to the
formation of an intermediate product with an m/z of 410. This
intermediate product undergoes terminal oxidation induced by
H+, $O2

− and $OH, resulting in an intermediate product with an
m/z of 302.49 (2) Pathway 2 may involve attack by SO4

−$ radicals,
generating a product with m/z = 461, which is then further
oxidised to produce a product with m/z = 477.50 The total
organic carbon (TOC) removal experiments are shown in Table
S1. The mineralisation of ciprooxacin (CIP) and tetracycline
hydrochloride (TC) was 29.46% and 33.11% respectively (see
Table S1). This indicated that CIP and TC were partially min-
eralised to CO2 and H2O.

It is essential to assess the toxicity of the solution aer
photocatalytic treatment.51 As shown in Fig. 11, the toxicity of
the treated solution was determined by comparing the effect of
the solution on the viability of E. coli before and aer the
treatment by means of the E. coli viability assay. The plate smear
count test was used to record the number of colonies. Fig. 11
shows that there were 101 colonies in the blank group, 84 in the
pre-treatment solution group, and 97 in the post-treatment
solution group. This suggests that the photocatalytically
treated solution was essentially non-toxic to E. coli.

4 Conclusions

In this study, SiO2–TiO2/SnO2 catalysts were successfully
synthesized using different tin precursors (SnCl4$5H2O, SnCl2,
Na2SnO3$3H2O) with emphasis on the role of SiO2. The
performance of the SiO2–TiO2/SnO2 catalysts was evaluated for
© 2025 The Author(s). Published by the Royal Society of Chemistry
the visible light-driven degradation of tetracycline (TC), and
ciprooxacin (CIP). Among the tested precursors, the catalyst
derived from SnCl4$5H2Oexhibited the highest photocatalytic
activity, attributed to its small band gap and enhanced charge
carrier separation. In addition, the incorporation of SiO2

signicantly improved the degradation efficiency, with the
SiO2–TiO2/SnO2 (SnCl4) composite outperforming the TiO2/
SnO2 (SnCl4) composite without SiO2. This improvement can be
attributed to the role of SiO2 in increasing the surface area,
improving light absorption and inhibiting photogenerated
electron–hole recombination. Free radical trapping experi-
ments show that $OH and h+ are the main reactants in the
degradation process of TC and CIP. Repeated experiments
showed that SiO2–TiO2/SnO2 (SnCl4) is a stable catalyst. These
ndings emphasize the importance of precursor selection and
SiO2 modication in the design of efficient heterogeneous
photocatalysts for the degradation of PPCPs under visible light.

Author contributions

Kunyang Li: data curation, soware, formal analysis, investi-
gation, visualization, writing – original dra, writing – review &
editing; Yidan Peng: formal analysis, validation; Shuangyu Li:
soware, validation; Fengying Luo: soware, formal analysis;
Jing Li: soware, investigation; Haidong Ju: supervision, project
administration; Yepeng Yang: supervision, project administra-
tion; Yizhou Li: conceptualization, resources, soware, super-
vision, funding acquisition, methodology, writing – original
dra, writing – review & editing, project administration. All
RSC Adv., 2025, 15, 27441–27451 | 27449

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03247d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/1

8/
20

25
 6

:4
5:

34
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
authors have read and agreed to the published version of the
manuscript.
Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could appear
to inuence the work reported in this paper.
Data availability

The authors conrm that the data supporting the ndings of
this study are available within the article.

S1: instruments and equipment; S2: measurement
of photocatalytic activity; S3: electron paramagnetic resonance
(EPR) measurements; Fig. S1: surface area analysis of compos-
ites. N2 adsorption/desorption isotherms of (a) TiO2, (b) SiO2–

SnO2 (SnCl4); Fig. S2: surface area analysis of composites. N2-
adsorption/desorption isotherms of (a) TiO2/SnO2 (SnCl4), (b)
SiO2–TiO2/SnO2 (SnCl4), (c) SiO2–TiO2, (d) SiO2–TiO2/SnO2 (-
Na2SnO3), (e) SiO2–TiO2/SnO2 (SnCl2); Fig. S3: adsorption/
desorption curves in the dark (a) TC, (b) CIP; Fig. S4: XPS spectra
of Ti 2p, Sn 3d and Si 2p region for SiO2–TiO2/SnO2 (SnCl4 ); Fig.
S5: plots of (ahn)2 − hn (a–f); Fig. S6: proposed degradation
pathway of CIP over SiO2–TiO2/SnO2 (SnCl4); Fig. S7: proposed
degradation pathway of TC over SiO2–TiO2/SnO2 (SnCl4); Table
S1: the total organic carbon (TOC) values of TC and CIP. See
DOI: https://doi.org/10.1039/d5ra03247d.
Acknowledgements

This work was supported by the Yunnan Fundamental Research
Projects (No. 202201AU070038), the Program of Introducing
Talents of Kunming University (No. YJL2116), the Yunnan Key
Laboratory of Metal–Organic Molecular Materials, Device
(YNMO-YB-2402), the Scientic Research Fund of Yunnan
Education Department (No. 2022J0627) and the Yunnan
Provincial Department of Education Science Research Fund
Project (No. 2025Y1062). The authors also thank the National
Natural Science Foundation of China (NSFC) (No. 22165016),
the Reserve Talents of Young and Middle-aged Academic and
Technical Leaders in Yunnan Province (No. 202205AC160042)
and the Cooperative Research Program of Yunnan Provincial
Undergraduate Universities' Association (Grant
202401BA070001-117) for nancial support.
References

1 J.-L. Liu and M.-H. Wong, Environ. Int., 2013, 59, 208–224.
2 W. Xu, G. Zhang, X. Li, S. Zou, P. Li, Z. Hu and J. Li, Water
Res., 2007, 41, 4526–4534.

3 A. Kumar, M. Khan, L. Fang and I. M. C. Lo, J. Hazard. Mater.,
2019, 370, 108–116.

4 Z. Cai, A. D. Dwivedi, W.-N. Lee, X. Zhao, W. Liu,
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