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Study on photocatalytic degradation and antibacterial properties

of TiO,/CS composite
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Capparis spinosa (CS) was extracted by the soxhlet extraction method using ethanol as the extractant. The
TiO,/CS composite was synthesized by the in situ solvothermal method with CS extract as a dopant. The
morphology, crystal structure, and optical properties of TiO,/CS were characterized by SEM, TEM, XRD,
UV-Vis and FT-IR spectroscopy. The experimental results showed that TiO,/CS exhibited excellent pho-
toresponse performance, generated active free radicals, and achieved photocatalytic degradation of organic
pollutants. Furthermore, TiO,/CS served as antibacterial agents to evaluate their antibacterial properties
against Escherichia coli (E. coli) at different concentrations. The results showed that TiO,/CS possessed
excellent antibacterial performance and produced a significant antibacterial ring, with antibacterial rate of
about 100% after being diluted 100 and 500 times, respectively. The test results indicated that TiO,/CS
has great application potential in the field of antibacterial activity and photocatalytic degradation, owing
to its advantages of being natural, environmentally friendly, and economical.
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INTRODUCTION

Capparis spinosa (CS) has various functions such
as clearing heat and detoxifying, diuresis and swelling
reduction, and lowering blood pressure owning to the
existence of abundant chemical components of alkaloids,
flavonoids, lipids, and glycosides in the structure!. CS is
a traditional antibacterial drug and has good inhibitory
effects on various bacteria®. Some studies have reported
that the water extract of wild watermelons can completely
inhibit the growth of two epidermal fungi (Microsporium
canis and Trichophyton purpureum)®?. Ethanol and bu-
tanol extracts also possess perfect antibacterial effects on
gram-positive bacteria, gram-negative bacteria, Candida
albicans, and Aspergillus flavus*®. The research results
indicate that the CS extracted from wild watermelon
has good antibacterial properties. However, the thermal
instability and difficulty in long-term preservation of the
extract limit its application. Therefore, combining with
other materials to enhance its stability will be a feasible
strategy

TiO, is equipped with special optical characteristics
that can be applied in photocatalytic oxidation, catalytic
degradation, photoelectric conversion, etc.”® Especially,
TiO, has achieved a breakthrough in antibacterial per-
formance through producing reactive oxygen species
(ROS). Nevertheless, only the utilization of ultraviolet
light in the illumination process and short carrier lifetime
impedes their practical applications’. Researchers have
tried to enhance the antibacterial efficiency by changing
the structure of TiO,. The modification methods mainly
include light regulation, doping with metal/non-metallic
ions, noble metal modification, and coupling with other
materials, and so on'*3,

CS with the functional groups (-OH, -COO-) can in-
teract with the hydroxyl groups on the surface of TiO,
to form a stable structure. Furthermore, CS can also
provide ROS for TiO, to improve its photo-response
performance. Therefore, this study aimed to fabricate
TiO,/CS composite by the hydrothermal method using

tetrabutyl titanate (TBT) as the titanium source and
CS extract as the auxiliary material. Additionally, the
photocatalytic degradation and antibacterial performance
of TiO, and TiO,/CS were studied. The action mecha-
nism was explored by electron spin resonance (ESR),
temperature programmed reduction (TPR).

EXPERIMENTAL SECTION

Reagents

Tetrabutyl titanate (TBT) was supplied by Shandong
Tiancheng Chemicals Co. Ltd., China. CS was obtained
from Tongrentang pharmacy of Zhumadian city, China.
Fecal coliform test kit was purchased from Zhuzhou
Hongrun Testing Technology Co. Ltd., China. Methylene
blue was provided by Sinopharm Chemical Reagent Co.
Ltd., China. All reagents used in this work were of ana-
Iytical grade and used as received. The water required
for the experiment is double-distilled water.

Instruments

The morphology was characterized by scanning electron
microscope (SEM, JSM 5600LV, JEOL Ltd., Japan) and
transmission electron microscope (TEM, Titan™ G2
60-300, FEI, USA). The crystal structure was gotten by
a D/max 2550V X-ray diffractometer (Rigaku, Japan;
Cu K, radiation, A = 1.54178 A). The UV-Vis spectra
were obtained via a UV-Vis Spectrophotometer (Varian
Cary 100, Varian company, American) in the wavelength
range of 200-800 nm. Fourier transform infrared (FT-IR)
spectroscopy data were collected by Spectrum 2 (Elmer
Platinum, American). Electron SSpin Resonance (ESR)
spectra were obtained after irradiation by a JES-FA200
EPR spectrometer (JEOL, 9065.8 MHz, X band, 300
K). In addition, the reduction behaviors of Ti element
and metallic ions in TiO, and TiO,/CS were evaluated
by monitoring the temperature programmed reduction
of H, with H,-TPR (DAS-7000, Hunan Huasi, China).
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Preparation of TiO, and TiO,/CS nanocomposite

The extract of CS was obtained by using Soxhlet ex-
traction method under the condition of 78 °C, ethanol
as extractant (10 times of CS quality) for 6 h. Further,
TiO, and TiO,/CS were fabricated via the solvothermal
synthesis method. The specific method is as follows: 2
mL of TBT was added to 20 mL of anhydrous ethanol,
magnetically stirred for 30 min, the resulting solution
was transferred to a 30 mL solvothermal reactor, and
heated in a muffle furnace at 210 °C for 24 h. After
the reaction was completed, the sample was washed
three times with distilled water and anhydrous ethanol,
respectively, and finally dried in an oven at 80 °C for
24 h to obtain TiO,. TiO,/CS was prepared in the same
manner, and appropriate amounts of CS solution and
TBT are simultaneously introduced into the solvother-
mal reactor. The CS doped in the prepared TiO,/CS
composite material is 15% (weight ratio).

Photocatalytic degradation and antibacterial properties
of TiO, and TiO,/CS

A certain amount of photocatalyst was added to 100 mL
(0.02 M) methylene blue solution and irradiated for
a certain period of time under a 500 W photocatalytic
device. The absorbance of supernate after centrifugation
was measured with a Ultraviolet-visible (UV-Vis) spec-
trophotometer to calculate the solution concentration
and photocatalytic degradation rate. The calculation
formula of photocatalytic degradation rate is as follows:
v=20"2 5 1000 = 2%« 100%

4y Co

Where v represents the degradation rate, 4, and A4,
denote the absorbance of pollutants before and after
illumination, and C, and C, are the corresponding pol-
lutant concentrations.

Colitag type E. coli detection reagent and Petrifilm
6406 colony count test piece were selected to determi-
ne the antibacterial properties of CS, TiO, and TiO,/
CS under certain experimental conditions. The testing
process was conducted according to the requirements
of GB 15979-2024 “Hygienic Standards for Disposable
Sanitary Products” issued by tState Administration for
Market Regulation (SAMR).

RESULTS AND DISCUSSION

Materials characterization

The morphologies of TiO, and TiO,/CS were first
characterized by SEM and TEM. As depicted in Fi-
gure la, TiO, is composed of irregular block particles,
whereas TiO,/CS is in a loose state and composed of
irregular spherical particles (Fig. 1c). TEM image shows
that TiO, appears in granular form, with an average
particle size ranging from 70 to 125 nm (Fig. 1b), while
TiO,/CS exhibits an approximately spherical shape with
a significantly increased particle size, averaging between
400 and 500 nm. The main reason may be that the CS
structure contains abundant functional groups such as
carboxyl and hydroxyl groups, which can interact with
the hydroxyl groups on the surface of TiO, to form
a stable structure, inducing the formation of larger TiO,
particles. Therefore, as a natural polymer material, CS

Figure 1. The SEM (a) and TEM images (b) of TiO,, the SEM
(c) and TEM images (d) of TiO,/CS

is used as a templating agent to induce the formation
of TiO, nanoparticles and improve the dispersion of the
synthesized product'*1¢,

The XRD patterns of TiO, and TiO,/CS composite
were exhibited in Figure 2a. It can be seen that there
are the characteristic peaks of TiO, at 27.03°, 40.92°,
58.88", 60.12°, 68.5°, 75.38", and 77.08°,'° indicating
that the introduction of CS did not change the crystal
structure of TiO,. The composite structure and func-
tional group bonding between wild CS and TiO, could
be analyzed through FT-IR. As shown in Figure 2c, the
absorption peaks at 2920 cm™ and 2848 cm™ belong
to the stretching vibration absorption peaks of -CH,
and -CH,-. The peak of 1720 cm™ is attributed to the
stretching vibration absorption of C=0, and the vibra-
tional absorption peaks of -CH; appear at 1458 cm™ and
1360 cm™. The vibrational absorption peak of C-O bond
appear at 2092 cm™', while the absorption peak of C-C
belong to 1055 cm™ 718 It can be seen that there are
functional groups such as -CHj;, -CH,-, C=0, and C-O
in the infrared spectrum of TiO,/CS, which is consistent
with the external absorption spectrum of CS. The result
indicates that a stable structure is formed between TiO,
and CS, which is due to the bonding effect between CS
and TiO, functional groups.
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Figure 2. The XRD patterns (a), the UV-Vis spectra (b), the
FT-IR spectra (c), and the Tauc Plot (d)



The UV-Vis absorption spectra of CS, TiO, and TiO,/
CS were shown in Figure 2b. it could be seen that an
absorption peak appears between 200-800 nm, and the
peak shapes of TiO, and TiO,/CS are similar, indicat-
ing that the addition of CS didn’t change the basic
structure of TiO,. The UV-vis data were processed, and
the bandgap width of TiO, and TiO,/CS was calculated
using the Tauc Plot method. The results were displayed
in Figure 2d, the bandgap width of TiO, and TiO,/CS
are approximately 3.2 eV and 2.9 eV, respectively, which
indicates that the combination of CS and TiO, reduces
the bandgap width and thus improves the photoactivity'®.

Antibacterial properties of TiO, CS and TiO,/CS

The antibacterial circle experiment can be used to
test whether the materials have antibacterial properties.
Generally, if the diameter of the antibacterial circle is
greater than 7 mm, it indicates that the material has
certain antibacterial properties' . Taking E. coli as
the test object, the antibacterial properties of CS, TiO,,
and TiO,/CS against E. coli were investigated, the re-
sults were shown in Figure 3a. All three materials have
an inhibitory effect on E. coli. The diameters of the
inhibition zones of CS and TiO, are similar, indicating
their similar antibacterial performance. The diameter of
the antibacterial zone of TiO,/CS is significantly higher
than the previous two, showing better antibacterial
performance. The main reason was that the functional
groups of the CS structure delayed the recombination
of photogenerated electrons and holes in TiO,, and at
the same time, CS has antibacterial activity. The com-
bination of the two materials can better leverage their
respective advantages.

Table 1. The comparison of antibacterial rates
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10 E. coli were observed in the CS (Fig. 3f) and TiO,/
CS (Fig. 3h) plates, respectively. It is evident that the
interaction between TiO, and CS to form TiO,/CS does
not compromise the antibacterial effect, and the TiO,/
CS can be utilized as an effective antibacterial mate-
rial. Additionally, the comparison of antibacterial rates
of TiO,, CS, and TiO,/CS with commercially available
products and literature reports is shown in Table 1. It
can be seen that the antibacterial rates of TiO,/CS is
better than the reported data®” .

Generally, the abundant functional groups in the CS
structure can interact with the hydroxyl groups in the
TiO,, thereby increasing their photoresponse range. This
is primarily because the functional groups in CS (such as
carbonyl and amino groups, etc.) can not only capture
photogenerated holes but also reduce the energy of the
valence band and the energy barrier for electron tran-
sition. In addition, CS extract can also act as electron
capture traps to reduce the recombination probability of
photogenerated electrons and holes, thereby improving
its catalytic efficiency**.

Samples Antibacterial zone

CS 8.01 mm
TiO, 8.08 mm
TiO,/CS 11.32 mm

7o 901

@ TiO,/CS  SREE
3 Ti02 ]

Samples Antibacterial rate/%
TiO, (100 times) 85.00 %
TiO, (500 times) 80.31 %
CS (100 times) 95.00 %
CS (500 times) 93.00 %
TiO,/CS(100 times) =100.00 %
TiO,/CS(100 times) =100.00 %
Chitosan? 95.00%
AgNPs?! 99.00%

The antibacterial rate is an important indicator for
evaluating the antibacterial performance of materials. If
the antibacterial rate can reach more than 90%, it can
be regarded as an effective antibacterial material. The
antibacterial effect of wild CS and its composite materials
on E. coli was investigated by the plate counting method.
As can be seen from Figure 3b, a large number of E. coli
(more than 80000) grew in the original solution on the
plate. After the added antibacterial material was diluted
100 times, no E. coli was found in the CS (Fig. 3c) and
TiO,/CS (Fig. 3e) plates, while only a small amount of
E. coli (about 50) appeared in the TiO, plate (Fig. 3d).
The antibacterial rates of the three materials were close
to 100%; After 500-fold dilution, 264 E. coli were present
in the TiO, plate (Fig. 3g), while only 38 and less than
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Figure 3. Comparison of the antibacterial regions of the syn-
thesized materials (a), The original solution of E.
coli (b), the antibacterial activity of CS (c), TiO,
(d), and TiO,/CS (e) was diluted 100 times, and the
antibacterial of CS (f), TiO, (g), and TiO,/CS (h) was
diluted 500 times, (i) The photocatalytic degradation
rate of methylene blue by TiO, and TiO,/CS
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Photocatalytic degradation properties of TiO, and TiO,/
CS

In addition, the photocatalytic degradation rate of
TiO, and TiO,/CS was investigated using methylene
blue as a simulated pollutant, and the results are shown
in Figure 3i. As the illumination time increases, the
photocatalytic degradation rate gradually increases after
90 minutes of illumination, and further extension of light
irradiation time results in only a marginal increase in
the degradation rate. The photocatalytic degradation
efficiency of TiO,/CS for methylene blue reached over
98%, which was significantly better than that of TiO,.
The main reason was that the bandgap width of TiO,/CS
composite material was narrower than that of TiO,. The
addition of CS significantly improved the photorespon-
se range of TiO,, and the functional groups in the CS
could act as capturing agents to receive photogenerated
electrons, thereby reducing the probability of electron-
-hole recombination, which is beneficial to photocatalytic
degradation behavior.

Possible photoactive mechanism

The photocatalytic performance of TiO, and its com-
posite materials highly depends on their photoresponse
range and adsorption capacity, which is related to the
strength of free radicals. By measuring the ESR spectra
of photocatalysts, the intensities of superoxide radicals
('03), singlet oxygen ('O,), and hydroxyl radicals (OH)
can be determined, thereby understanding the photocata-
lytic mechanism of the prepared photocatalyst'”?*?, The
ESR spectra of TiO,, and TiO,/CS were presented in
Figure 4. The intensity of ‘O; (Fig. 4a), OH (Fig. 4b)
and 'O, (Fig. 4c) triggered by TiO,/CS are higher than
that of TiO, indicating that doping wild CS in TiO, could
improve the activity of the photocatalyst, especially its
photocatalytic degradation of organic pollutants and in-
hibition ability against E. coli. The main reason was that
CS could act as an electron capture agent, promoting
the separation of photogenerated electrons and holes
in the photocatalytic process, inhibiting their recombi-
nation, and prolonging the lifespan of photogenerated
electrons and holes.

The activity of various elements in antibacterial ma-
terials also affects their photoresponse range and the
intensity of free radicals. The temperature-programmed
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Figure 4. ESR spectra of superoxide free radical (a), hydroxyl
radical (b) and singlet oxygen (c), H2-TPR curves (d)

reduction device (TPR) was used to measure the reduc-
tion temperature of Ti element in hydrogen atmosphere.
The reduction temperature of Ti element in TiO, was
significantly higher than that of TiO,/CS, and the TPR
curve of TiO,/CS exhibited certain temperature changes
(Fig. 4d). There were two main reasons: (1) functional
groups such as carboxyl, amino, and hydroxyl groups in
the CS could interact with hydroxyl groups in the surface
structure of TiO,, improving the photocatalytic activity
of TiO,, and generating free radicals. ESR results also
proved this; (2) The organic groups contained in the
TiO,/CS underwent chemical changes during the high-
temperature hydrogen reduction process, resulting in
endothermic phenomena®-*,

CONCLUSION

CS was obtained by the Soxhlet extraction method using
ethanol as the extraction agent. TiO,/CS was prepared
by in situ solvothermal synthesis with CS extract as
a dopant. The morphology, crystal structure, and optical
properties of TiO, and TiO,/CS were characterized by
SEM, TEM, XRD, UV-Vis, and FTIR. The antibacterial
performances of CS, TiO,, and TiO,/CS were studied by
taking E. coli as the research object. The results showed
that TiO,/CS had excellent antibacterial performance,
even if diluted 500 times, the antibacterial rate could
still be achieved at about 100%. Additionally, TiO,/
CS also exhibited perfect photocatalytic degradation of
organic pollutants. The results demonstrated that TiO,/
CS had great application potential in antibacterial and
photocatalytic degradation.
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