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ARTICLE INFO ABSTRACT

Keywords: In photocatalytic system, singlet oxygen can be generated based on the excitonic energy transfer process. Here,
Singlet oxygen the 2D layered hallyosite (Hal) as a support hydroxyl group’s substrate to anchor molybdenum trioxide (M0Os3.x)
Hallyosite with oxygen vacancies (Hal/MoOs3.x) was prepared. Electron spin resonance and quenching experiments showed
Ple(gs:hemical that the combination of Hal and MoOs., enhances the generation of singlet oxygen (*O5) and inhibits the pro-
Antibacterial duction of other reactive oxygen species. Furthermore, photocatalytic molecular oxygen activation experiments
Peroxidase were carried out to evaluation of !0, generation. Phosphorescence spectroscopy revealed improved triplet
exciton production in the composite. The Hal/MoOs.x shows great degradation response in TC removal. The
value for the rate constant (k) of the composite was 0.0209 min~! under light irradiation, which is about 5.64
and 3.02 times larger than that of Hal, MoO3 and MoOs., respectively. The results revealed that Hal/MoOs., had
the best antibacterial performance. The L. monocytogenes, and N. gonorrhoeae were killed by the destruction of the
cell membranes due to the generation of reactive oxygen species and thermal effect. In addition, a colorimetric
sensor via the Hal/MoOsy and peroxidase system was performed for selectivity and sensitivity detection of

simazine with 2.45 nM as a detection limit.
1. Introduction degrading selectivity to environmental intervention than hydroxyl rad-
icals [4]. The conventional view of photo-generated carriers suggests
Singlet oxygen is a reactive oxygen species and utilized in green that it may be generated by the oxidation process for the superoxide
synthesis, photodynamic cancer therapy and wastewater purification, radical (¢07 + h* — 10y) [5]. However, the 10, was producted by the
due to high reactivity and oxidize ability [1-3]. The 10, shows stronger photocatalyst conduction band potential is higher than the generation of
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Fig. 1. XRD curve (A), UV-vis spectra (B), Kubelka-Munk (C), BET plot (D), TGA/DTG spectra (E, F), and FTIR spectrum (G) of the prepared materials.

05 potential [6,7]. In general, coulomb interaction between electrons
and holes, singlet excitons are formed. Through effective singlet to
triplet inter-system crossing, the triplet exciton of the photosensitizer
will be formed and can transfer energy to 0., producing 10, [8]. This
means, during 30, activation, the generation of 10, is mainly due to
resonant energy transfer between the triplet exciton in the catalyst [9].

The previous studies showed that the efficiency of light-driven oxy-
gen activation, a conversion process depends on the energy coupling
between photons, excitons and the catalyst [10-13]. The previous study
shows nanomaterials were activated under other reactive oxygen species
such as hydroxyl radical, and super dioxide radicals [14-16].

Among them, as an oxygen-deficient semiconductor such as

molybdenum trioxide with oxygen vacancy (MoOsy) has received a
great deal of interest [17]. For instance, Morita et al. found that WOs3«
nanoparticles had distinctive light-absorption capabilities [18]. Also,
the natural clay minerals make an excellent choice as catalyst carriers
due to their high adsorption turnover, chemical stability, affordability,
recycling, and bioavailability [19,20]. Hallyosite (Hal) is a representa-
tive clay mineral with a layered structure, is commonly utilized in
environmental treatment as a catalyst support substrate [21]. The higher
specific surface area make the contact reaction between pollutants and
catalysts and improving the catalytic response. Moreover, the hydroxyl
groups of Hal play a major role in the catalytic process. This condition
can enhance the mass transfer rate of O, and pollutant molecules on the
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Fig. 2. FESEM images of Hal (A), MoO3 (B), Hal/MoO3_4 (C), mapping images (D) of Hal/MoO3 .

catalytic process [21].

Simazine is the most pesticide was applied in numerous industries in
the word, and is very harmful contaminant of ground water [22]. The
release of simazine pesticide in the ground water causes several human
diseases [23]. Moreover, simazine makes males health problems such as
reduced spermatogenesis, and fertility [23-26]. Therefore, different
ways to evaluate of pesticide in aquatic water, but these methods is not
complete to finding. Therefore colorimetric detection via peroxidase
activity in the previous studies showed the best method to detection of
pollution in aquatic water [27-29].

Therefore, this study hallyosite was used as a substrate to anchor
MoOsy and prepared hallyosite/MoOsy nanocomposites. The Hal
loading the MoOs3 4 nanoparticles exhibited great efficiently to produc-
ing 10,. The morphology, and structural of hallyosite/WO3., composites
were investigated. The phosphorescence spectroscopy shows that hal-
lyosite/Mo0Os.x nanocomposites have higher triplet exciton concentra-
tions, can be the generation of 10,. Results showed that the higher 1o,
production of hallyosite/MoOsx compared to the raw material. This
study investigated the ability of photocatalysis to antibacterial activ-
ities. The peroxidase-like catalytic activity of hallyosite/MoO3.x was
tested by the oxidation of TMB in presence of HyO». This way is utilized
for the colorimetric detection of simazine in an aqueous medium.

2. Experimental
2.1. Materials

Materials and reagents are provided in Support Information Text S1.

2.2. Preparation of hallyosite/MoQ3., sample

MoOs3 nanosheets were prepared by hydrothermal method. Firstly,
5.0 mL of concentrated HNO3 was dropped into a beaker containing 25
mL of deionized water, and the HNOj3 solution was formed after thor-
ough stirring. Then, 1.5 mmol of ammonium molybdate was dissolved in
10 mL of deionized water to form a clear solution, and then added to the
above HNOjs solution. After stirring vigorously for 30 min, it was reacted
at 180 °C for 3.0 h in Teflon autoclave. After cooling to room temper-
ature, the produced precipitate was collected by centrifugation and
washed with deionized water and anhydrous ethanol three times, and
finally dried in an oven at 60 °C for 12 h.

The MoOs prepared by the above hydrothermal method was mixed
well with NaBH,4 in a mortar at a certain mass ratio and then transferred
to a quartz boat. Then the quartz boat was calcined in a tube furnace at
350 °C under N5 atmosphere for 640 min. After the sample was cooled to
room temperature, the sample was placed in a beaker containing 100 mL
of deionized water and washed with stirring for 24 h. Finally, the sample
was collected by centrifugation and washed three times with deionized
water, three times with anhydrous ethanol, and dried at 60 °C for 12 h.
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Fig. 3. XPS survey spectrum, (A) Mo 3d, (B) O 1s, (C) Al 2p (D) Si 2p for Hal/MoO3., ESR spectra (E), Phosphorescence (PH) spectra (F), photoluminescence spectra

(G), Photocurrents density curve (H), and EIS plot (I) of samples.

The Hal/MoOsy sample were prepared using the above method.
Firstly, the amount of MoO3 and Hal was 0.2 g and the 0.4 g of NaBH4
was mix the above ingredients in the mortar with the determined mass
ratio, and then transferred to the quartz boat. Then the quartz boat was
calcined in a tube furnace at 350 °C under Ny atmosphere for 640 min.
After the sample was cooled to room temperature, the sample was
placed in a beaker containing 100 mL of deionized water and washed
with stirring for 24 h. Finally, the sample was collected by centrifugation
and washed three times with deionized water, three times with anhy-
drous ethanol, and dried at 60 °C for 12 h.

2.3. Reactive oxygen species evaluation

The electron spin resonance test were conducted using an electron
spin resonance spectrometer (Billerica, MA) at 27 °C. The experimental
light source was a 300 W xenon lamp without a filter. 5 pL of control or
sample solutions were put in capillary tubes and inserted into the ESR
cavity. In the detection of different reactive oxygen species, 25 mM
DMPO was used as spin trap for hydroxyl radicals, 2 mM 4-oxo-TEMP
was chosen for detection of singlet oxygen, 25 mM BMPO was used to
detect superoxide radical [30,31].

2.4. Catalytic tests of TC degradation

The photocatalytic performance was investigated by degradation of
tetracycline (TC). Firstly, 20 mL of 20 mg/L TC solution was measured

and then 20 mg of the prepared catalyst was dispersed in TC solution and
stirred continuously. After 40 min of dark reaction to reach the equi-
librium, then the photocatalytic reaction was started by turning on the
300 W xenon lamp [32-34]. The residual concentration of TC was
measured by a UV-Vis spectrophotometer at 358 nm. To investigate the
effect of reactive oxygen species on degradation of TC, 105, 0%, and
oOH were trapped using the trapping agents NaNs (0.1 M), Anthraqui-
none (0.1 M), and Isopropyl alcohol (0.1 M), respectively.

2.5. Characterization

The relevant data regarding testing equipment was shown in Text S2.

2.6. Antibacterial test

The agar diffusion method can be studied to test the antibacterial
potential of the synthesized Hal/MoOs x nanocomposites. Listeria mon-
ocytogenes and Neisseria gonorrhoeae were used as gram', and gram ™~
bacterial, respectively. The culture of the test organism was added to the
nutrient agar medium before placed into a Petri dish. The plate medium
was allowed to harden at 27 °C [35,36]. The cups were placed in each
plate and were spaced equally apart. Two bacteria were suspended in
sterile water and diluted to 10® CFU/mL. At concentrations of 10, 25, 50,
and 100 mg/L were created. The 50 pL of each concentration was added
to the cups. The petri dishes were incubated for 24 h at 37 °C. Then, the
zones of inhibition was measured.
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Fig. 4. ESR spectra of different samples under TEMP-'0,, DMPO-e0O3, and
DMPO-eOH adducts under dark and 5min irradiation.
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2.7. Colorimetric detection of simazine

The synthesized Hal/MoO3 nanocomposites were sonicated to
disperse in deionized water. The peroxidase-like activity was examined
via the oxidation of TMB (20 pM) by H205 (1 mM) in HAc-NaAc buffer.
The absorption spectra were monitored at 652 nm by a spectropho-
tometer. To detection of simazine by Hal/MoO3.x nanocomposites as a
probe, 30 pL of simazine solutions and 2 mg/L of Hal/MoOs . nano-
composites were dispersed in the buffer solution. After thought, the
suspension were incubated at 27 °C and different concentrations of
simazine were added. For selectivity evaluation, interfering species as
various metal ions, and proteins were added into the reactor. The status
of simazine in the sensing systems were analyzed by the UV-vis spec-
trophotometer. The practical applicability of the prepared sensor was
experimented by adding simazine and Hal/MoOs3.x nanocomposites to
water samples such as tap water, and river water. The recovery was
evaluated by standard method.

3. Results and discussion
3.1. Morphological and structural studies

The crystal phase of the samples were reported by XRD. Fig. 1A
shows peaks at 20 = 12.21°, 21.03°, 25.51°, 35.12°, and 55.24° from the
hallyosite (Hal) with peak patterns as (001), (110), (002), (110), and
(210) crystal planes, respectively (JCPDS# 29-1487) [21]. The
diffraction peaks of the MoO3 and MoO3.x appear at 14.23° (020), 24.12°
(110), 27.36° (040), 29.10° (130), 39.18° (060), 41.16° (150) and
59.94° (081), from the orthorhombic phase of MoO3 crystal (JCPDS#
35-0609) [37]. The diffraction peaks intensity of MoOsx was weaker
than peaks of MoOs, confirming a lower crystallinity. Two-phase
structure belonging to Hal and MoO3x was observed for Hal/MoOs «
nanocomposites.

The optical properties of the prepared materials was reported by
UV-Vis absorption spectroscopy and demonstrated in Fig. 1B. As can be
seen, Hal has light absorption only in the UV region, and the absorption
band edge of MoOs is located at about 500 nm [38]. The spectra of
MoOs. shows the light absorption is red-shifted and absorption is
enhanced, which shows the defect states from the generation of oxygen
vacancies in band structures [39-41]. Moreover, the spectra of Hal/-
MoOs3« shows the wide light absorption range due to the loading of
MoOs4. The absorbance band gap was estimated from the
Kubelka-Munk equation [42]. The plot of (ah1)™ vs. hv is used to
distinguish the optical energy gap. The band gap energies of Hal, MoOs,
MoOs34 and Hal/MoQOs3 4 are calculated and shown in Fig. 1C. The band
gap energies of Hal, MoO3, MoO3.x and Hal/MoOs3 4 are 3.03 eV, 2.31 eV,
2.14 eV, and, 2.62 eV, respectively. The red shift of MoOsy due to
bandgap narrowing and atom-packing defects present in the nano-
particles [43]. In Hal/MoOs.y, the native defects MoOs 4 from oxygen
vacancies causes the decreases band gap of Hal.

To investigate the surface adsorption properties of Hal/MoOs x, BET
tests were carried out [44,45]. The adsorption-desorption isotherm plot
were shown in Fig. 1D. The isotherms demonstrate the materials with
mesoporous properties. According to the results, the Hal/MoOs.x com-
posites exhibits specific surface area and average pore size were 52.34
m?/g and 2.12 nm, respectively (Table S1). The TGA, DTG and FT-IR
spectra of Hal and Hal/MoO3.4 are shown in Fig. 1E, and F. The TGA
spectrum of Hal shows the thermal decomposition process can be
divided into three stages. The first stage is due to the removal of phys-
ically adsorbed water at to 300 °C. The second stage is due to convert
and, the surface aluminum hydroxyl group (Al-OH) bond breaks at
300 °C-700 °C. The third stage is due to dihydroxylation process during
degradation of halloysite at 700 °C [46]. Similarly, the TGA spectrum of
Hal/MoOs3.x shows the thermal decomposition remains consistent, con-
firming the great thermal stability of MoOgs . The FT-IR spectra of Hal
shows the peak for the AI-OH (located at 3600-3700 ecm™Y) [47]. The
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Fig. 5. Photo-degradation of TC by different catalysts under visible light irradiation (A), kinetic plot of degradation system (B), effect of Hal/MoOs  catalyst dosage
(Q), effect of pH on TC degradation (D), recyclability test (E), and quenching test (F) of Hal/MoOs « for degradation of TC.

FT-IR spectra of Hal/MoOs., shows the peak at 3600-3700 cm ™' due to
Al-OH, and also, the Mo-O peak at 600 cm !, due to the presence of
MoOs 4 in nanocomposites [37].

Fig. 2A displays the FESEM image of the Hal shows that the surface is
roughened, but still retains the typical lamellar structure of halloysite.
The FESEM image of prepared MoOs « (Fig. 2B) with the crystal surface
becomes rough. From Fig. 2C, the MoO3. nanoparticles are uniformly
dispersed on the lamellar Hal. In addition, as depicted in Fig. 2D from
mapping images, Mo and O elements are uniformly distributed on the
surface of Hal, which can also prove that the MoO3 4 nanoparticles are
successfully loaded on the Hal surface.

Using the XPS method, the surface elemental valence states of the
Hal/MoOs3.x were analyzed by the XPS survey spectrum and are illus-
trated in Fig. 3. The high-resolution Mo 3d XPS spectrum (Fig. 3A) was
two peaks at 229.6 and 231.61 eV respectively due to a spin-orbit
splitting of Mo3ds,» and Mo3ds,s, respectively [37]. The O 1s spec-
trum of Hal/MoOs x composite is displayed in Fig. 3B. It can be seen that
the O 1s XPS spectra shows the one peak at 531.3 eV can be ascribed to
the generation of oxygen vacancies (Oy) [37]. The high resolution XPS
spectra of the Al 2p (Fig. 3C) and Si 2p (Fig. 3D) showed the

characteristic binding energies at 74.90 eV and 102.90 eV, respectively
[21].

For the purpose of direct disclosure of the existence of oxygen va-
cancies, electron spin-resonance spectroscopy (ESR) was conducted
[18]. Fig. 3E shows the ESR signal of unpaired e trapped in the surface
oxygen vacancies. Compared to Hal and MoOs y, the higher intensity of
the Hal/MoOs x composite, confirms the higher concentration of oxygen
vacancies in the composites [19].

The phosphorescence (PH) and photoluminescence (PL) experiments
were performed to investigate the excitonic effects on the photo-
excitation process. As displayed in Fig. 3F, the observation of the
phosphorescence emission confirms the presence of a triplet exciton in
the Hal/MoOj34 system. In addition, the phosphorescence intensity of
the Hal/MoOsy sample differs significantly from that of MoOs and
MoOs.y, indicating that the Hal/MoOsy sample has a significantly
higher concentration of triplet excitons, which would be advantageous
for 10, generation through the energy transfer process [48,49].

The PL spectra were recorded to identify the generated e /h™ pair
separation. Fig. 3G, where the pristine MoO3 shows the highest PL in-
tensity under the excitation wavelength due to the severe recombination
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of generated carriers [50]. The PL spectra of the MoO3.4, Hal/Mo0Os3
samples are similar, both with a significant decrease in PL emission in-
tensity [50]. The PL quenching of Hal/MoQOs3.y is obvious with loading
MoOs3« on the Hal surface, due to the Hal enhances the energy level
transfer of generated electrons in MoOs.x, which that implying that the
charge transfer was more effective, and improvements of exciton energy
transfer [50].

Fig. 3H shows the photocurrent density curves of the prepared
nanocomposites [27]. The curves show that Hal/MoOs 4 has a relatively
higher photocurrent density, which is due to the strong exciton effect
resulting in less hot electron generation by the catalyst. The Hal/MoOj3
behaves at the greatest intensity, suggesting excellent charge carrier
separation ability. The prepared MoOs and MoOsy exhibit lower
photocurrent densities, which indicates their weaker photo-response. In
addition, the enhanced photocurrent density of MoOs compared to
MoOgs is due to the introduction of oxygen vacancies, and inhibition of
generated e /h" recombination. The lower photocurrent of Hal is due to
the low light absorption and the high resistance [51].

Electrochemical impedance spectroscopy (EIS) were reported to the
conductivity of the samples (Fig. 3I). The EIS spectra of Hal/MoOsy is
slightly smaller compared to Hal, indicating a lower internal resistance,
which is attributed to the loading of MoOs3.x. Although there are some
differences in conductivity with the Hal and Hal/MoOj3 .y, they both have
very high internal resistance, which is due to the properties of the clay
minerals [51].

3.2. Reactive oxygen species testing

The oxygen activation was detected by utilizing the Hal/MoOs.x as
probe. The ROS produced by Hal/MoOsy in dark condition and light
irradiation were studied by ESR test. The presence of TEMP-'0, adducts

Materials Science in Semiconductor Processing 168 (2023) 107847

(Fig. 4A), DMPO-0O35~ adducts and DMPO-eOH adducts (Fig. 4B) were
detected [52]. As shown in Fig. 4, there was no ROS signals in the dark
condition, but reactive oxygen species (05, 0%~ and eOH) were checked
for light irradiation condition. Notably, the intensity of the signal peak
of the Hal/MoOj3.4 composite was significantly strong, which indicated a
higher concentration of 'O, and confirmed the high activity of the
catalyst during the light irradiation. This will represent a stronger
degradation and a higher selective oxidation for the contaminants by the
Hal/MoOj3., composite. Interestingly, the extremely high 10, production
(with no production of other ROS) indicated the existence of other
mechanisms in the Hal/MoOs y photocatalytic system that differ from
the conventional e~ and h™ production. Therefore, a mechanism of the
10, production based on the excitonic effect was considered to explain
this phenomenon [52]. Moreover, the reactive oxygen species (102) was
checked for Hal, and MoO3_x materials. The results showed that the peak
of the Hal, and MoOs 4 are weaker than Hal/MoOs« (Fig. 4C). This will
represent a stronger degradation and highly selective oxidation for the
contaminants by the Hal/MoOs3 .

3.3. Photocatalysis performances

The Hal/MoOs., with producing O, is projected to be a promising
photocatalyst for selective oxidation processes. So, the photocatalytic
activity of different samples was assessed by degradation of tetracycline
(TC). As shown in Fig. 5A, the Hal/MoOsy had the highest photo-
catalytic activity under light irradiation with the degradation rate of
92.0%, while the Hal, and MoO34 had lower degradation rates. The
higher photocatalytic activity of Hal/MoOs.x may be benefited due to
the large specific surface area. Moreover, the improvement of defect
content is important to increase the responsiveness of the photocatalyst,
however, the presence of large number of defects will become a com-
bination center of generated e~ and h'. MoOs, had the lowest
contaminant removal rates in the presence and absence of light, which
could be attributed to the rapid e /h™ recombination [53-55]. The
pseudo-first-order rate constants [27] for TC degradation were displayed
in Fig. 5B. The value for the rate constant (k) of the Hal/MoO3x was
0.0209 min~! under light irradiation, which is about 5.64 and 3.02
times larger than that of Hal (0.0037 min’l), and MoOsx (0.0069
min~1), respectively.

Experiments were conducted to investigate the effects of catalyst
dose on degradation of TC in the presence of Hal/MoOsy. The
enhancement of TC degradation was found when the Hal/MoOs «x dose
was raised from 0.125 to 0.5 g/L, as illustrated in Fig. 5C. However, no
additional improvement in degradation performance was seen when the
Hal/MoOs3 4 dose was raised from 0.5 to 1.0 g/L. This might be owing to
the extra catalyst scavenging the ROS, as well as the fact that increased
turbidity lowers light penetration in water [56].

The TC decomposition over Hal/MoOs 4 composite in different pH
solutions was displayed in Fig. 5D. The final degradation effect was
nearly indistinguishable in the pH = 4-10 range [56]. With the increase
of pH value to 10, the degradation rate of TC was increased faster, which
may be attributed to the small amount of hydroxyl radical production
under alkaline conditions.

The cycling test is shown in Fig. 5E, where the TC degradation per-
formance of Hal/MoO3_ x decreased from 92% to 80% after the fifth cycle
times. This result is mainly triggered by the surface of the catalyst was
slowly inactivated after several times [57]. In addition, the XRD of the
used Hal/MoOs3 .y after 5th cycles showed a stable diffraction peak with
no change in its position and compared to the XRD of the fresh Hal/-
MoOs3., which that shows the structural stability of the photocatalyst
(Fig. S1). The quenching test were applied to confirm the main reactive
species for degradation of TC by Hal/MoOs.y system. NaNs, IPA and AQ
were used as 102, eOH, and O scavengers, respectively. As shown in
Fig. 5F, in the absence of the quencher, TC degraded about 92.0% in 70
min. However, the addition of NaN3 to a decrease of TC degradation
efficiency to 22.1%. While, AQ and IPA had almost no inhibitory
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influence on TC degradation by using the Hal/MoO3 yx system. This result
confirms that 105 is the dominant ROS in the degradation of TC by using
the Hal/MoOs3.x nanocomposites.

The mechanism of the Hal/MoOs 4 photocatalytic system can involve
an energy transfer process between the excited triplet exciton and the
30, to produce 10, (Fig. 6). As can be seen, under irradiation, electrons
of Hal and MoOs in the ground state (V() are excited into the singlet
state (V1) and holes are generated in the ground state Vy. The singlet

exciton can be formed due to interaction between e~ and h*. Then, the
resonance energy transfer process between the triplet exciton in the
catalyst and the 30,, which then excites the 20, to form 105. The 05 can
be degraded TC under irradiation [4].

The intermediates from degradation of TC were detected by liquid
chromatography/Electrospray lonisation/mass spectrometry (LC-ESI-
MS) [58,59] (Fig. 7) and a resulted analysis of the degradation system
for the ability of Hal/MoOs.x was performed. The transformation
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products detected and are illustrated in Table S2. According to the
LC-ESI-MS results, the degradation reaction was conducted by using the
attack of 102 on the e /rich groups. In the first stage, TC (m/z = 445)
was attacked by 10, and demethylation and dehydroxylation of the
dimethylamino group and converted to form M1 (m/z = 415). Secondly,
oxidative ring opening, and decarbonylation reactions were occurred to
form M2 (m/z = 318) [60]. Then, M3 (m/z = 274) is produced by the
dealkylation and oxidation reactions, and converting to M4 (m/z = 218)
[60]. Finally, these intermediates can oxidized to smaller molecules of
M5 (m/z = 162) and M6 (m/z = 83) and are mineralized to CO5, and
H>0.

3.4. Antibacterial activity performance

The region surrounding the antibiotic disc, known as the zone of
inhibition, is devoid of bacterial growth. The greater the zone of inhi-
bition, the more attacking the bacterium and the lower zone of inhibi-
tion become the bacteria less sensitive and more resistant. Fig. 8 depicts
the antibacterial ability of Hal/MoO3x nanocomposites versus Listeria
monocytogenes and Neisseria gonorrhoeae. As can be seen that the con-
centration of nanomaterials was increased, the bactericidal was
enhanced. At 10 mg/L concentration, zones of inhibition for
L. monocytogenes, and N. gonorrhoeae were 8.23 and 5.12 mm, respec-
tively. At 100 mg/L concentration, zones of inhibition for
L. monocytogenes, and N. gonorrhoeae were 25.14 and 19.88 mm,
respectively (Fig. 8). The antibacterial mechanisms were dependent to
oxidative stress and metal ion release from the Hal/MoOs3y nano-
composites. The cell walls of N. gonorrhoeae was thicker than
L. monocytogenes, and the nanomaterials was lowly penetrated to
N. gonorrhoeae bacterial, compared to gram positive bacterial
(L. monocytogenes) [26].

3.5. Colorimetric detection of simazine

The catalytic activity of the Hal/MoOs., nanocomposites was studied
by applying TMB and shown in Fig. 9A. As can be observed that there is
no absorbance for the TMB + HyO5 system without catalyst. With adding
Hal/MoOs., the absorbance of the system depicts a very large increase,
displaying the increased catalytic ability of Hal/MoOs.. Moreover, the
simazine without catalyst exhibits no absorbance value. The interaction
between the Hal/MoOs3 4 and simazine was performed in the presence of
H30, + TMB. The results depicted with interaction, the absorbance was
decreased as compared to probe. To explore the peroxidase-like activity
of the Hal/MoOs, the effect of simazine concentration was investi-
gated. Fig. 9B displays the absorption values of the sensing system was
enhanced with simazine dose decreasing in the range of 100 nM-1 nM.
The simazine response plot depicts linear over the range from 1 nM to
100 nM with a R? = 0.9884 (inset of Fig. 9B). The LOD is calculated to be
~2.45 nM [61]. To study the identity of the prepared platform, we then
investigated the selectivity of the system was investigated for simazine
in the presence of interfering substances. It could be observed that this
probe depicts an obvious response for detection of simazine in the
presence of other materials (Fig. 9C). The applicability of prepared
probe versus simazine detection was studied in various environmental
samples. The details spiked concentration (10, 20, and 30 nM) and found
concentration of different environmental samples are illustrated in
Fig. 9D. The recovery of simazine was observed in ranged from 98.00 %
to 100 % in different environmental samples. Thus, our prepared
Hal/MoO3.x nanocomposite can be efficient way to the detection of
simazine in real samples [62].

4. Conclusions

In summary, Hal/MoOj3.4 nanocomposite were fabricated by hydro-
thermal and calcination methods. The excitonic energy transfer process
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involved in the Hal/MoOs x photocatalytic system were investigated.
The results of ESR tests, and quenching experiments indicated the gen-
eration of '0,. The phosphorescence tests displayed the high triplet
exciton concentration facilitated the generation of 'O, via energy
transfer processes. Hal/MoOs 4 exhibited good degradation activity in
removal of TC. The rate constant of the Hal/MoO3x nanocomposites is
5.64 and 3.02 times higher than that of Hal, and MoO3., respectively.
LC-ESI-MS test results illustrate that the degradation process of TC is
dominated by the selective attack of the 'O on the electron-rich groups.
Hal/MoO3x has the best antibacterial efficiently on the
L. monocytogenes, and N. gonorrhoeae. Remarkably, the synthesized Hal/
MoOs3.x nanocomposites shows high peroxidase-like activity could the
oxidation of TMB by H,05 to simazine detection in real samples. Finally,
this work is promising way to the singlet oxygen activation, TC degra-
dation, antibacterial agent, ad simazine detection.
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