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a b s t r a c t

Photocatalytic oxidation technology is a promising green technology for degrading volatile organic
compounds (VOCs) due to its non-toxic, environmentally friendly, energy-saving and affordable char-
acteristics. In this paper, Ag/TiO2@PANI-MC with high stability and activity was synthesized by the
mechanochemical method. The designed Ag/TiO2@PANI-MC were of high specific surface area, light
absorption capacity and low recombination rate of electronehole pairs, which was demonstrated by
various characterizations. When applied in photocatalytic toluene oxidation, the conversion is 17% at
20 �C under 100 W high-pressure mercury lamp. This photocatalytic performance is with less temper-
ature sensitivity and significantly improved compared with Ag/TiO2 or TiO2 catalysts. Furthermore, the
reaction routine was also confirmed by gas chromatography-mass spectrometry and toluene was
mineralized to CO2. More importantly, the Ag/TiO2@PANI-MC indicated good reusability after three cy-
cles, which was verified by the Fourier transform-infrared spectroscopy comparison with fresh and used
catalysts. Our work proves a potential way of constructing nanocomposites based on mechanochemical
synthesis for enhanced toluene photocatalytic degradation.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, AI training, and similar technologies.
1. Introduction problem is developing a novel catalyst with high activity and high
In recent years, the emissions data of industrial volatile organic
compounds (VOCs) in China or global emissions are still rising,
although the growth rate has slowed down somewhat, including
toluene as a typical example, leading to damage to the environment
and human health. Photocatalytic oxidation is theoretically perfectly
promising in terms of performance and cost for low-concentration
VOCs’ elimination. So, photocatalytic VOCs’ treatment is researched
with great potential [1e11] and has been widely concerned by sci-
entific researchers andmanagement enterprises [3,12e18]. However,
large-scale industrialization of VOCs’ photocatalytic treatment tech-
nologies still faces numerous challenges, such as high costs and un-
stable efficiency, due to the poisoning of the catalysts and then short
catalyst life in gasesolid systems. There is still a lack of low-cost and
highly effective treatment technology, and the key to solving the
ering Society of China, and Chemi
stabilityormodifying the reaction system to reduce the accumulation
of intermediate products on the catalyst surface.

The photocatalytic technology’s key is the efficient and stable
photocatalyst [7,19]. TiO2 as a photocatalyst is widely used in the
photocatalytic industry because of its stable physicochemical prop-
erties and non-toxic and pollution-free characteristics [4,20,21]. TiO2
hasanexcellent performance innotonly the treatmentwithVOCsbut
also in water purification [22,23], hydrogen evolution [24e26], car-
bondioxide reduction [27,28], solar cells [29],etc. TiO2 canachieve the
photocatalytic degradation of VOCs by generating electronehole
pairs through UV photoexcitation. These electronehole pairs can
produce hydroxyl radicals and superoxide anions,which can degrade
VOCs adsorbed on the surface of TiO2 into simple byproducts such as
carbon dioxide and water, or other simple byproducts [30e32].
However, TiO2 still has some weaknesses. Firstly, the gas-solid reac-
tion process leads to byproducts staying on the surface of TiO2,
covering the active site and causing catalyst inactivation. Secondly,
TiO2 mainly absorbs ultraviolet light, which accounts for a small
portion of sunlight, resulting in low sunlight utilization. Additionally,
cal Industry Press Co., Ltd. All rights are reserved, including those for text and data
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TiO2 has a high rate of photogenerated electronehole recombination,
which lowers its photocatalytic efficiency and reduces its applica-
bility. To overcome these limitations, scholars have explored various
methods [12,32e35].

Sopha et al. [36] utilized electrochemical anodization to prepare
TiO2 nanotube layers (TNTs) that were homogeneous in layer thick-
ness anddiameter over the entire surface area. These TNT layerswere
employed for the photocatalytic degradation of hexane and benzene
in the gas phase, meeting ISO standards. Abidi et al. [37] prepared
AgxO/Ag/TiO2 photoactive thin films using different modes of
magnetron sputtering (Direct current magnetron sputtering (DCMS)
and High power impulse magnetron sputtering (HiPIMS)), resulting
in light-induced interfacial charge transfer (IFCT) between AgO and
TiO2, which oxidizes pollutants even at high concentrations. Kang et
al. [38] successfully synthesized TiO2 NFs with Ag concentrate on the
surface, demonstrating sustainable complete photo-oxidation of
acetaldehyde under visible light based on the remarkable local sur-
face plasmon resonanse (LSPR) effect of Ag/TiO2 NFs. Feng et al. [39]
designed Fe/N co-doped nano-TiO2 wrapped on mesoporous carbon
spheres with a core-shell structure, achieving a degradation effi-
ciency of 94.1% for paraxylene in 20 min, with the apparent rate
constant of 0.049 mine1, 11.4 times higher than that of bare TiO2.
Mesoporous TiO2-SBA-15 nanocompositeswere synthesized by an in
situ etching method enhancing adsorption and photocatalytic per-
formance due to improved concentration of pollutants and collision
likelihood of hydroxyl radicals and pollutants and then leading to
higher photocatalytic activity. Ghamarpoor et al. developed a large
number of excellent photocatalysts for water purification, for
example, Co@Si/Ox-MXene [40], GPTES@ZnO [41], modified CeO2
[42]. These studies indicate that the surface properties of catalysts
play a crucial role in the photocatalytic treatment of VOCs, andmetal
doping modification can enhance the photocatalytic performance of
TiO2, resulting in superior photocatalysts.

In this paper, we aimed to develop a highly stable photocatalyst
with both lipophilic and hydrophilic structures and excellent
photocatalytic performance. We focused on toluene photocatalytic
degradation by Ag/TiO2@PANI-MC nanocomposites under near-
ultraviolet light in a three-phase (gaseliquidesolid) reaction
system.
2. Materials and Methods

2.1. Synthesis of Ag/TiO2

Referring to reports [43,44], to prepare Ag/TiO2, 0.05 g of AgNO3
and 0.97 g of TiO2 were dispersed in 15 ml of deionized water and
stirred vigorously for 0.5 h. The resulting mixture was transferred
to a 25 ml Teflon microwave crucible and placed in a high-pressure
reactor for hydrothermal crystallization at 160 �C for 24 h. After
crystallization, the solid product was filtered, washed with deion-
ized water and anhydrous ethanol and dried in a vacuum oven at
60 �C for 24 h. The final product was labeled as Ag/TiO2.
2.2. Synthesis of Ag/TiO2@PANI-MC

Referring to reports [45,46], to prepare Ag/TiO2@PANI-MC, 0.01 g
of ammoniumpersulfate and 0.2 g of Ag/TiO2were added to amortar,
groun and mixed thoroughly. Next, 1 ml of aniline was added and
stirred instantly, followed by irradiation with a UV lamp for 30 min.
The resultingmixturewaswashedwith deionizedwater and ethanol
two times, respectively, to remove the unreacted aniline monomers
and dried under vacuum at 60 �C for 24 h. The final product was
ground into a powder and labeled as Ag/TiO2@PANI-MC.
2.3. Synthesis of Ag/TiO2@PANI-SP

Referring to reports [44,46], to prepare Ag/TiO2@PANI-SP, 0.01 g
of ammonium persulfate and 0.2 g of Ag/TiO2 were dissolved in
15 ml of 1 mol$Le1 hydrochloric acid aqueous solution at room
temperature, followed by ultrasonic treatment for 15min. Next, 1 ml
of aniline was added and stirred for 12 h. The resulting mixture was
washed with deionized water and ethanol two times, respectively,
and dried under vacuum at 60 �C for 24 h. The final product was
ground into a powder and labeled as Ag/TiO2@PANI-SP.

2.4. Materials characterization

The material was characterized by various techniques, including
transmission electron microscopy (TEM), BrunauereEmmetteTeller
(BET) analysis, ultravioletevisible (UVeVis) spectroscopy, photo-
luminescence (PL) spectroscopy, Fourier transform-infrared (FT-IR)
spectroscopy and solid-phase microextraction gas chromatography-
mass spectrometry (SPME-GC-MS). TEM analysis was conducted
using a 120 kV HT7700 transmission electron microscope from
Hitachi Global. X-ray diffraction (XRD) patterns were obtained using
a PANalytical Empyrean powder diffractometer with Cu Ka radiation
from Malvern Panalytical, while N2 physical adsorption data were
measured using a 3-Flex instrument fromMcKesson Corporation. PL
spectra were acquired with an FS-5 high-resolution fluorescence
spectrometer from Edinburgh Instrument Company, and the UVeVis
spectrum was recorded using a UV-2600 spectrophotometer from
Shimadzu. FT-IR spectra were obtained using a V70 Fourier infrared
spectrometer from Bruker. SPME-GC-MS was used to determine the
products in the solution after the reaction.

The catalytic activities of the catalysts for toluene oxidation
were evaluated in a quartz reactor under a 100 W high-pressure
mercury lamp, with toluene concentrations of 2.06 or 4.12 g$m�3,
balanced with air, the weight hourly space velocity (WHSV) was set
at 100000ml$he1$ge1 and the reaction temperaturewas controlled
by a circulating condenser. During the experiment, 0.1 g of catalyst
was dispersed in 320 ml of water. The reaction outlet gas was
monitored online by gas chromatography equipped with a flame
ionization detector, with the external standard method utilized to
quantify toluene concentration.

3. Results and Discussion

The TEM images and mapping images of Ag/TiO2@PANI-MC
nanocomposites shown in Fig. 1 reveal a network structure with
polyaniline (PANI) serving as the primary skeleton, providing a
large specific surface area. TiO2 particles are well-dispersed with
minimal agglomeration within this structure. This configuration
creates lipophilic sites on the catalyst surface, significantly
enhancing the dispersion of Ag/TiO2 and making the catalyst suit-
able for toluene adsorption due to p-p conjugation. Additionally,
the heterogeneous interface between PANI and TiO2 effectively
reduces the recombination of photogenerated carriers, ensuring
efficient electronehole pair separation and thereby improving the
photocatalytic degradation performance of toluene. TEM analysis
further shows that samples prepared by in situ polymerization lack
the network structure and exhibit particle agglomeration at all,
suggesting that their lower catalytic activity may be due to blocked
active sites and poor UV utilization. And not all particles in the Ag/
TiO2@PANI-MC sample exhibit the network morphology; some of
them remain uncoated or aggregate similarly with Ag/TiO2@PANI-
SP, this may be due to the uneven mixing caused by the limitations
of manual grinding. The small water contact angle of around 10�

observed in Fig. 1(c) indicates that Ag/TiO2@PANI-MC nano-
composites are still hydrophilic but also exhibit some lipophilicity,



Fig. 1. TEM images of Ag/TiO2@PANI-MC (a), (d), (e); Ag/TiO2@PANI-SP (b); and images of the profile of 2 ml on Ag/TiO2@PANI-MC (c); mapping images of Ag/TiO2@PANI-MC(f), (g),
(h), (i).
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in contrast to the superhydrophobic properties of pure TiO2. These
characteristics further support the material’s enhanced adsorption
performance for toluene. Additionally, the uniform distribution of
Ti, O and N observed in the mapping images (Fig. 1(f), (g), and (h))
confirms that PANI evenly coats the surface of the TiO2 nano-
particles. The Ag particles, with a size of around 2 nm as seen in
Fig. 1(e), are well-dispersed, contributing to the high catalytic ac-
tivity of the Ag/TiO2@PANI-MC catalyst.

The adsorption capacity was tested using BETanalysis. As shown
in the N2 adsorption curves in Fig. 2, both catalysts exhibit type IV
isotherms with H1 hysteresis loops. The BET results reveal that the
specific surface area of Ag/TiO2@PANI-MC increased significantly
compared with Ag/TiO2, from 25.25e86.92 m2$g�1. This increase in
specific surface area is attributed to both polyaniline coating and its
network structure. The larger specific surface area allows the ma-
terial’s surface to adsorb a greater amount of reaction substrates,
enhancing their oxidation through photocatalysis and under-
scoring the catalyst’s application potential. Combining TEM obser-
vations in Fig. 1 and the XRD patterns in Supplementary Material
Fig. S5, it is evident that the size and crystalline form of TiO2
nanoparticles did not change significantly during synthesis.
However, the full width at half maximum of the peak at 25.3�

decreased from 0.374� to 0.361�, indicating a slight increase in
crystallinity, which is beneficial for the photocatalytic process.
Overall, the slight increase in the crystallinity of the inorganic
particles, along with high specific surface area due to the organic
coating, both contribute positively to the photocatalytic process.

Fig. 3 presents theX-rayphotoelectron spectra ofAg3d,O1s,N1s
and Ti 2p. In Fig. 3(a), the Ag 3d spectrum of Ag/TiO2@PANI-MC
shows binding energies at 367.1 eV for Ag 3d5/2 and 373.1 eV for Ag
3d3/2 [47]. These peaks are observed at lower binding energies
comparedwith bulk silver (368.3 eV for Ag 3d5/2 and 374.3 eV for Ag
3d3/2) [48], indicating electron transfer from Ag to the TiO2 surface.
The Ag 3d5/2 spectrum reveals two peaks corresponding to Ag0

(367.1 eV) and Ag2O (368.1 eV). Upon visible light irradiation, Ag0 on
the surface is converted to Ag2O, confirming a strong interaction
between Ag and the TiO2 nanostructures. The O 1s spectrum, which
is asymmetric, canbedeconvoluted into twopeaks: TieOat529.5 eV
and OeAg at 531.1 eV [47,49]. Similarly, the N 1s spectrum, also
asymmetric, is fitted with two peaks at 399.3 eV for eN¼ and
401.4 eV for dNHd, reflecting different oxidation states of the
amido group in PANI, consistent with the FT-IR results.



Fig. 2. Nitrogen adsorption-desorption isotherm of Ag/TiO2@PANI-MC and TiO2.

Fig. 3. Ag 3d (a), O 1s (b), N 1s (c) and Ti 2p (d) of Ag/TiO2@PANI-MC.

Fig. 4. UVeVis spectrum of TiO2, Ag/TiO2 and Ag/TiO2@PANI-MC.
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Fig. 4 depicts the UVeVis spectrum of the Ag/TiO2@PANI-MC
nanocomposites, which reveals its light absorption capacity. The
results show that the combination of Ag/TiO2@PANI-MC with pol-
yaniline significantly enhances the absorption strength of the
catalyst in visible light, making it a promising photocatalyst. This
suggests that polyaniline, as a semiconductor material, forms a
heterojunction structure with TiO2 to reduce the energy required
for electron transition, thereby increasing its light absorption range.
In Fig. 5, the PL intensity of the Ag/TiO2@PANI-MC nanocomposites
is lower than that of the Ag/TiO2 sample. The PL intensity is related
to the recombination of electronehole pairs and the lower intensity
suggests that there is less recombination, and the polyaniline
coating is effective in preventing electronehole pairs recombina-
tion. Therefore, the presence of polyaniline coating is beneficial for
the photocatalytic oxidation degradation of toluene.
Fig. 5. PL spectra of Ag/TiO2 and Ag/TiO2@PANI-MC.

Fig. 6. Photocatalytic activity of various catalysts for toluene degradation. Reaction
condition: 100 mg catalyst dosage, 320 ml reaction solution, 4.12 g$m�3 toluene
balanced with air, 100 W high-pressure mercury lamp (365 nm), 100000 ml$he1$ge1

(WHSV), 20 �C.
As for the photocatalytic oxidation degradation of toluene, from
Fig. 6, Ag/TiO2@PANI prepared by the mechanochemical method
exhibits excellent photocatalytic performance. When tested under
a 100 W high-pressure mercury lamp (365 nm) at a reaction tem-
perature of 20 �C, 0.1 g of Ag/TiO2@PANI-MC can degrade
4.12 g$m�3 toluene with a rate of 17.33%. The activity sequence of
the photocatalysts is as follows: Ag/TiO2@PANI-MC>Ag/TiO2>-
TiO2>Ag/TiO2@PANI-SP>PANI, with Ag/TiO2@PANI-MC showing
the highest activity. In addition, the influence of the VOCs’ con-
centrations on toluene degradation performance was investigated
(Fig. S1). The results indicate that the catalytic degradation effect of
toluene is more effective at 2.06 g$m�3, with a degradation rate of
19.08%, which is just around 2% higher than that at 4.12 g$m�3.
However, the degradation amount of toluene at 4.12 g$m�3 was
7.13 g$m�3$ge1, nearly twice as high as that at 2.06 g$m�3. Mean-
while, the effect of light source power on the catalytic degradation
of toluene was investigated by varying the power of the light
source. As shown in Fig. S2, the photocatalytic degradation of
toluene by Ag/TiO2@PANI was significantly enhanced under 300 W
UV light compared with 4 W UV light. This suggests that increasing
the UV power can improve the performance of Ag/TiO2@PANI for
photocatalytic degradation of toluene. However, the figure also
reveals that the power of the light source is not directly propor-
tional to the degradation performance of the photocatalyst,
implying that there exists an optimal relationship between the
power of the light source and the amount of catalyst.

During the mechanochemical process, the catalyst precursor
powder is mixed with an ammonium persulfate initiator in a mortar,
causing aniline topolymerize and adhere to theAg/TiO2 particles. The
resultingpolyanilinepartiallyenvelops theAg/TiO2 particles, creating
a lipophilicfilmwith holes that forms adsorption sites on the catalyst
surface while retaining most of its hydrophilic properties. Addition-
ally, the combination of PANI and TiO2 creates a heterojunction that
reduces theelectroneholepairs recombination,ultimatelyenhancing
the overall photocatalytic performance of the catalyst. Also, the sur-
face deposited Ag NPs can significantly increase their photocatalytic
degradation rate, owing to the plasmonic feature of Ag NPs aswell as
due to the effective charge separation (electronehole separation) at
the Ag/TiO2 interface [50]. However, in situ polymerization leads to
more PANI covering the active sites on the TiO2 surface, resulting in
Fig. 7. Effect of polyaniline load ratio on catalytic performance by mechanical chemical
method. Reaction condition: 100 mg catalyst dosage, 320 ml reaction solution,
4.12 g$m�3 toluene balanced with air, 100 W high-pressure mercury lamp (365 nm),
100000 ml$he1$ge1 (WHSV), 20 �C.
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the formation of large clusters and decreased photocatalytic perfor-
mance of Ag/TiO2@PANI-SP. Fig. 7 illustrates the results of toluene
degradation experiments using different polyaniline coating ratios.
The Ag/TiO2@PANI-MC catalysts with coating ratios of 0.1%, 0.5%, 1%,
3% and 5% achieved degradation conversions of 9.33%, 17.33%, 9.22%,
10.63% and 7.27%, respectively, under a 100Whigh-pressuremercury
lamp at 20 �C. Notably, Ag/TiO2@PANI-MC-0.5% demonstrated the
highest photocatalytic performance for toluene degradation,
achieving a rate of 7.13 g$m�3$ge1 at 4.12 g$m�3. Conversely, Ag/
TiO2@PANI-MC-5% exhibited the lowest photocatalytic activity, sug-
gesting that excessive polyaniline coating can cover active sites and
decrease light utilization capacity.

Fig. 8 illustrates the impact of catalyst dosage on toluene
degradation. The results indicate that the catalyst’s degradation
conversion rates were 17.33%, 17.31% and 9.93% for catalyst dosages
of 0.1 g, 0.05 g and 0.025 g, respectively. The highest degradation
rate of 16.34 g$m�3$ge1 was observed for a 0.025 g dosage. When
the dosage is 0.025 g, the degradation conversion of toluene is
Fig. 8. Effect of catalyst dosage on catalytic performance. Reaction condition: 100 mg
catalyst dosage, 320 ml reaction solution, 4.12 g$m�3 toluene balanced with air, 100 W
high-pressure mercury lamp (365 nm), 100000 ml$he1$ge1 (WHSV), 20 �C.

Fig. 9. Ag/TiO2@PANI-MC catalytic performance under the specific temperature pro-
gram. Reaction condition: 100 mg catalyst dosage, 320 ml reaction solution, 4.12 g$m�3

toluene balanced with air, 100 W high-pressure mercury lamp (365 nm),
100000 ml$he1$ge1 (WHSV), 20 �C.
almost half lower than that of 0.1 g and 0.05 g. Conversely, no
significant difference in the degradation conversion of toluene was
observed for catalyst dosages of 0.1 g and 0.05 g. This is because
excessive catalysts can obstruct light, preventing some catalysts
from receiving sufficient light, thereby hindering electronic tran-
sition and photocatalysis. Meanwhile the results show that the
reaction rate per unit mass of catalyst is higher when a lower
amount of catalyst is employed, which suggests that adequate
exposure to light results in improved catalytic performance.

In Fig. 9, the experimental results of photocatalytic toluene
degradation at different reaction temperatures are presented. The
results demonstrate that the degradation rate of toluene remained
stable at the final equilibrium of the reaction at each temperature,
indicating that the photocatalytic reaction of this catalyst for toluene
was not affected by temperatures ranging from 10 �C to 40 �C. This is
because themass transfer rate of the toluene absorptionprocess from
gas to liquid phase and the adsorption process from solution to the
Fig. 10. The curve of catalyst recycling. Reaction condition: 100 mg catalyst dosage,
320 ml reaction solution, 2.06 g$m�3 toluene balanced with air, 100 W high-pressure
mercury lamp (365 nm), 100000 ml$he1$ge1 (WHSV), 20 �C.

Fig. 11. FT-IR spectra of Ag/TiO2@PANI catalyst before and after use.



Fig. 12. The reaction scheme of toluene degradation.
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catalyst’s surface, which are susceptible to temperature, are much
higher than the degradation rate of toluene. Therefore, the rate of the
photocatalytic process is controlled by the photocatalytic oxidation
step, rather than the absorption or the adsorption step.

Fig. 10 demonstrates the recycling performance of the Ag/
TiO2@PANI-MC photocatalyst, which is crucial for its industrial
application and the condition after achieving adsorption equilib-
rium. The light was turned on for 2 h to obtain a stable toluene
photodegradation conversion. The catalyst was reused three times
to determine its recycling performance. The results showed that the
photocatalytic effect of Ag/TiO2@PANI-MC did not decrease after
three repeated uses and the conversion rate remained at about 19%.
Furthermore, the FT-IR characterization of the fresh and used cat-
alysts confirmed their stability (Fig. 11). The characteristic absorp-
tion peak of the dNHd structure stretching vibration was
observed at 3380e3390 cme1, while the quinone structure
eN¼(C6H4)¼Nd exhibited a characteristic absorption peak at
1627 cme1. These two structures belong to different oxidation
states of PANI and can convert to each other reversibly. Addition-
ally, no infrared response from other structures was observed,
indicating that the structure of the catalyst remained stable during
the photocatalytic reaction. This suggests that the Ag/TiO2@PANI-
MC photocatalyst exhibits excellent stability, indicating its poten-
tial for industrial applications. The Laman results in Fig. S3 also
confirm the excellent stability of Ag/TiO2@PANI-MC during the test.

The products of toluene degradation were analyzed by GC-MS
(Fig. S4). The exhaust gas analysis detected a significant amount
of CO2 with an almost undetectable H2 peak, which rapidly turned
the clarified lime water turbid. Organic compounds in the reaction
solution were identified by SPME-GC-MS (Table S1), revealing the
presence of benzyl alcohol, benzaldehyde, hydroxybenzaldehyde,
o-hydroxybenzaldehyde, p-hydroxybenzaldehyde, and o-hydrox-
ytoluene in the aqueous solution. In addition, the exhaust gas
analysis revealed that CO2 was the only detectable gaseous product,
with no detection of CO or other organic compounds. This indicates
that all intermediate organic compounds remaining in the aqueous
phase ultimately convert to CO2, signifying an almost 100%
mineralization rate in the degradation process.

Based on the information above, in Table S1 and the paper re-
ported [51,52], two potential pathways have been proposed for the
oxidation of toluene. The first route involves benzyl alcohol,
benzaldehyde, benzoic acid and phenol, while the second route
involves o-methyl phenol, salicyl alcohol, salicylaldehyde, and
phenol (Fig. 12). In both pathways, the subsequent ring-opening
leads to the formation of oxalic acid, which is ultimately con-
verted into CO2. Benzaldehyde is found to accumulate in the
aqueous solution, indicating that the former path of toluene
oxidation is the primary pathway, and the rate-limiting step for the
complete degradation of toluene is the oxidation of benzaldehyde.
4. Conclusions

In this study, the mechanochemical method was utilized to
synthesize a highly active and stable Ag/TiO2@PANI-MC nano-
composite semiconductor catalyst, which is capable of efficiently
dealing with low-concentration toluene gas. Unlike traditional
TiO2, this material exhibits both lipophilic and hydrophilic struc-
tures, providing enhanced VOCs’ adsorption capacity and superior
photocatalytic degradation ability under near-ultraviolet light in a
three-phase (gaseliquidesolid) reaction system. It is also stable in
water and exhibits low-temperature sensitivity. Under specific
conditions, the catalyst achieved a degradation rate of
7.13 g$m�3$ge1, 150% higher than that of traditional TiO2. FT-IR
characterization and cycle experiments demonstrated that the
structure and photocatalytic ability of the Ag/TiO2@PANI-MC
catalyst remained stable, indicating good reusability and potential
for industrial application. In addition, toluene was degraded into
CO2 via a photocatalytic oxidation process by Ag/TiO2@PANI-MC in
a three-phase system, with the reaction’s primary pathway pre-
sumed to involve benzyl alcohol, benzaldehyde, benzoic acid, and
phenol, and subsequent ring-opening leading to CO2.
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