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ABSTRACT

The aim of this study was to synthesize the Ti0,/Fe-MCM-41 heterojunction material using the ultrasonic method for the photodegradation of 2,4-
dichlorophenoxyacetic acid (2,4-D) under light irradiation. The synthesized materials were characterized using various techniques, including XRD, FE-SEM,
UV-Vis DRS, and EDX. These analyses confirmed that Ti0, particles were uniformly dispersed on the Fe-MCM-41 support. The integration of Ti0, with
Fe-MCM-41 enhanced visible light absorption, which in turn improved photocatalytic activity under light irradiation. Among the tested conditions, the
optimal performance was observed with a Ti0, loading of 30% (corresponding to a mass-to-volume ratio of 0.5g/L), an initial 2,4-D concentration of 40ppm,
a pH of 4.2, and an illumination time of 210 minutes. Under these conditions, the photodegradation efficiency exceeded 97%. Additionally, radical
scavenging experiments indicated that superoxide radicals (0,+~), hydroxyl radicals (-OH), and photogenerated holes (h*) played critical roles in the
photocatalytic degradation process. The Ti0,/Fe-MCM-41 catalyst also demonstrated stable performance over four consecutive cycles, highlighting its
potential for repeated use in photocatalytic applications.

Keywords: Ti0,; Fe-M(M41; photocatalysis, mechanism.
TOMTAT

Vat liéu Ti0,/Fe-MCM-41 dugc nghién ctiu tong hop cho qua trinh quang phan hay 2,4-D dugi diéu kién chi€u sang. Cac két qua phan tich vé phé XRD,
FE-SEM, UV-Vis DRS va EDX, cho thdy Ti0, phan tan déu trén Fe-MCM-41 va su két hop di thé giira hai thanh phan da ting kha nang hap thu dnh sang va cdi thién
hoat tinh quang xic téc. Hiéu sudt phan hdy 2,4-D dat trén 97% di véi vat liéu 30%Ti0,/Fe-MCM-41 ¢ diéu kién thuc nghiém: ndng dd ban dau 2,4-D la 40ppm,
pH 4,2, ty 1 khi lugng chat xic tac va thé tich dung dich la 0,5g/L, thai gian chiéu sang 210 phdit chiéu sang. Cac goc 0,+~, "OH va h* ddng vai tro chinh trong
qué trinh phan ting. Vat liéu cho thay d 6n dinh cao sau 4 chu ky st dung.

Tirkhod: Ti0;; Fe-MCM 47, qud trinh quang xtc tdc; co ché.
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1. INTRODUCTION biodegradation. These processes are characterized by the
Advanced oxidation processes (AOPs) have emerged generation of highly reactive species, including hydroxyl

as effective treatment technologies for addressing radicals —(OH), superoxide‘ radicals (02'_)'. and
persistent organic pollutants that are resistant to Photogenerated holes (h), which play a key role in the
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degradation of these  pollutants.  Numerous
semiconductors have been investigated for their
potential applications as photocatalysts, including TiO»
[1, 2], BiVO4 [3], M0S;[4], g-C3N4 [5], etc. Among these
semiconductors, TiO, has become a promising material
and is widely used in photocatalytic processes due to its
outstanding properties, such as high optical and
electronic properties, high photocatalytic activity, high
chemical stability, low cost, non-toxicity, and being
environmentally friendly. Nevertheless, TiO, has a band
gap energy of nearly 3.2eV, in which the valence band
energy is 2.9eV and the conduction band energy is about
- 0.3eV, only absorbing light well in the ultraviolet region
(UV, A < 380nm). Furthermore, TiO, readily aggregates in
suspension due to its small size, which results in a
decrease in catalytic activity and effective surface area. In
addition, using these tiny particles means paying a lot of
money for filtration in order to get rid of the catalyst when
the reaction is complete. In order to overcome these
restrictions, TiO, is modified with some other
semiconductors [6, 7] and porous materials [8, 9] to
improve its ability to absorb light, especially by
expanding the light absorption region at longer
wavelengths (A > 400nm) to lower the photogenerated
electron-hole recombination rate and band gap energy.

Among porous materials, silica mesoporous materials
[8, 10, 11] have been receiving great attention due to their
large specific surface area, controlled capillary system, and
size distribution, narrow capillary size, highly ordered
hexagonal structure, contains a silanol functional group, so
it can act as both an adsorbent material and a carrier to
disperse catalytic sites as well as fine connectivity of the
pores facilitating the transfer of organic substrates.
Accordingly, it contributes to improving the elimination of
pollutants through photodegradation. In a review of some
recent investigations, MCM 41, a silica mesoporous
material, has improved photocatalytic activity of TiO,.
Studies have shown that enhanced photocatalytic activity
is mainly due to the synergy effects of the high surface area
of MCM-41, well-distributed TiO,, and reduced electron-
hole recombination rates. Furthermore, a hexagonal
packed array of channels in the typical structure of these
mesoporous materials facilitates a high photocatalytic
active species dispersion [12 -14]. Therefore, it might be
possible to create a photocatalyst being activated with
visible radiation and with easy recovery from the aqueous
suspensions.

In this study, TiO, particles synthesizing by hydrolysis
method were deposited on the surface of the Fe-MCM-41
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material by ultrasound method to improve the dispersion
of TiO, and the as-synthesized TiO./Fe-MCM-41
composites were used as a photocatalyst for the oxidation
of 2, 4-dichlorophenol acetic acid (2,4-D) under both UV
and visible light irradiation. According to the results of the
project coded DTPL.CN-66/19 conducted by the Ministry
of Industry and Trade from 2019 to 2022, led by Associate
Professor Dr. Le Minh Cam, residues of 2,4-D -a highly
persistent environmental pollutant - still remain in the soil
in certain areas of Nghe An, due to its use prior to 2017.
These residues continue to affect the quality of both soil
and water in the region. Therefore, it is necessary to
continue treating 24-D contamination to protect
environmental quality, even in areas where residues are no
longer present, as a precautionary measure.

2. MATERIALS AND METHODS
2.1. Synthesis of material
Procedure for synthesizing TiO;

Pristine TiO, was synthesized via a hydrolysis method
as follows: 5mL of TiCl, was added to 30mL of ethanol pre-
cooled in ice water for 30 minutes, followed by vigorous
stirring for 6 hours. The mixture's pH was then adjusted
to 7 using NH; solution and stirred at 60°C until a white
gel formed. The gel was aged at room temperature for 18
hours, dried at 80°C overnight, and annealed sequentially
at 300°C (1h), 400°C (1h), and 550°C (3h).

Procedure for preparing Fe-MCM 41

Fe-MCM-41 was synthesized in two steps. First, MCM-
41 sample was prepared by dissolving 2.4g CTAB
(Cetrimonium bromide) in 120mL distilled water,
followed by the addition of 8mL NH; and 10mL TEOS
(Tetraethyl orthosilicate) with vigorous stirring for 12
hours. The resulting solid was filtered, washed with water
and ethanol, then annealed at 550°C for 5 hours. In the
second step, 0.05g FeSO47H,0 (in 10mL water) was
mixed with 0.5g MCM-41 (in 10mL ethanol) and stirred for
3 hours to dope Fe into MCM-41. The solid was filtered,
washed with ethanol, dried overnight at room
temperature, and annealed at 550°C for 4 hours.

Procedure for preparing TiO2/Fe-MCM 41

TiO./Fe-MCM-41 was synthesized using an ultrasonic
method (30kHz). For 30% TiO, loading, 0.3g of Fe-MCM-
41 and 0.1299 of TiO, were dispersed in 30mL of ethanol
and sonicated at ~35°C for 90 minutes using an on/off
cycle. The mixture was then filtered and dried at 80°C
overnight. For 45% TiO./Fe-MCM-41, 0.245g of TiO, was
used, following the same procedure.
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2.2. Characterization techniques

Characterization was conducted as follows: XRD
pattern (X-ray diffraction) was carried on a Bruker D8
Advance with Cu-Ka radiation (A = 0.15418nm) to identify
crystalline phases; EDX spectra (Energy-dispersive X-ray
spectroscopy) and FESEM image (Field emission scanning
electron microscopy) was performed on a FESEM S-4800
to analyze elemental composition and morphology; and
UV-Vis DRS spectra (Ultraviolet-visible diffuse reflectance
spectroscopy) was carried on a Shimadzu UV-2600 to
assess optical properties.

Experiment with 2,4-D photocatalytic activity

The photocatalytic activity of the synthesized catalysts
was evaluated using 2,4-D (40 ppm, pH 4.2) as a model
pollutant. In each test, 75mg of catalyst and 150mL of 2,4-
D solution (0.5g/L) were added to the quartz glass beaker
placed in a temperature-controlled bath at 25°C. Then, the
mixture was stirred continuously and irradiated with a
250W xenon lamp equipped with a UV cut-off filter (A >
400nm) positioned 20cm above the solution. Prior to
illumination, all samples underwent a 60-minute dark
adsorption period to reach adsorption - desorption
equilibrium. The concentration of 2,4-D was determined
using a standard curve equation that describes the
relationship between absorbance and concentration at a
wavelength of 283nm, based on ultra-visible absorption
spectroscopy. The equation used was: A = 0.0085*C +
0.0059, R? =0.998 where C represents the concentration of
2,4-D, and A is the absorbance at 283nm. In this study, the
decomposition of 2,4-D was also investigated under
conditions using only a 250W lamp for illumination and
without the use of a catalyst. Under these conditions, the
decomposition efficiency was very low, measuring below
3% (Fig. 6). This suggests that 2,4-D was barely
decomposed, and only a negligible amount may have
evaporated though this could not be confirmed due to the
inability to determine the experimental measurement
error. To ensure safety during the experiment, an exhaust
fan system was installed near the testing area.

3. RESULTS AND DISCUSSION
3.1. Characterization

The crystal structure of the samples was evaluated
through XRD pattern. Fig. 1 displayed the XRD pattern of
Fe-MCM 41, TiO,, 30%TiO,/Fe-MCM 41, and 45%TiO,/Fe-
MCM 41.

As seen in Fig. 1, a diffraction peak at a narrow angle
26 of 2.4° on the XRD pattern of Fe-MCM 41 material is
observed, which is characteristic of the (100) plane and
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can be indexed to a hexagonal lattice, demonstrating the
mesoporous structure of MCM 41 material [13 -16]. For
TiO, material, characteristic diffraction peaks with the
greatest intensity can be observed at the angle 26 of 25.3°
corresponding to the reflection plane (101), and other
characteristic peaks with low intensity at the angle 26 of
37.98°, 48.08° 53.8°, 55.04°, 62.60° which characterized
the plane (004), (200), (105), (211), and (204). This result
was quite consistent with previous publications. The
strong peak at the angles 26 = 25.3° and 48.08° indicated
that the synthesized TiO, exists mainly in anatase form
(JCPDS Card No.00 021 1272) [13, 22].

(100) (101)
(004) (200) (105
: ( (2)11)(204)

LLA " 45%Ti0,/Fe-MCM41
. : .1 30%TiO,Fe-MCM41

(100) . . - : Tio,

Intensity (a.u)

Fe-MCM41

10 20 30 40 50 60 70 80
20 (°C)

Fig. 1. XRD pattern of Fe-MCM41, Ti0, 30%Ti0,/Fe-MCM41, and
45%Ti0,/Fe-MCM41

In the XRD patterns of 30% and 45% TiO,/Fe-MCM-41,
characteristic peaks of both TiO, and Fe-MCM-41 are
present. As TiO; loading increased from 30% to 45%, TiO,
peak intensities became stronger, while Fe-MCM-41
peaks weakened slightly, indicating a strong interaction
between the two components. This observation is
consistent with previous studies [14 -16].

The average crystallite sizes of as-synthesized material
have been determined by using the Debye-Scherer
formula [17]:

KA 0.9%A

D= = (m

- B.cos® " B.cos6

Where, K being the crystallite shape factor, A the X-ray
wavelength (1.5406 nm for Cu K), B, B is Half-width at
maximum diffraction peak and 0 is the Bragg angle.

The crystallite sizes of TiO, 30% TiO./Fe-MCM-41, and
45% TiO, /Fe-MCM-41 were calculated using the (101)
plane at 26 = 25.3°. The average sizes were 20.31nm,
18.03nm, and 18.75nm, respectively. These results
indicate that incorporating TiO, into the Fe-MCM-41
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matrix reduces its crystallite size, although increasing the
TiO, loading from 30% to 45% slightly increases the
particle size.

The morphology of the as-synthesized samples was
evaluated through FESEM images shown in Fig. 2.
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Fig. 2. FE-SEM images of (a) Ti0,, (b) Fe-MCM 41, (c) 30%Ti0,/Fe-M(M
47 and (d) 45%Ti0,/Fe-MCM 41

As shown in Fig. 2a and 2b, both TiO, and Fe-MCM-41
particles exhibit uniform, near-spherical shapes. In the
composites (Fig. 2c and 2d), TiO; particles are embedded
within the Fe-MCM-41 structure and form small clusters.
At 30% TiO; loading, the distribution is more uniform,
with less shrinkage compared to the 45%TiO, loading.
Ultrasonic treatment effectively facilitated the even
attachment of TiO, onto the Fe-MCM-41 surface,
suggesting the formation of a heterojunction that may
enhance electron-hole separation and photocatalytic
performance. Particle sizes determined from FESEM
images showed that pure TiO, ranged from 20 - 30nm,
while 30% TiO,/Fe-MCM-41 remained similar at 23 -
30nm. However, with 45% TiO, loading, particle size
increased significantly to 50 - 80 nm, consistent with the
trend observed in crystallite size analysis.
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Fig. 3. EDX spectra of (a) Fe-MCM41 and (b) 30%Ti02/Fe-MCM41

Table 1. Chemical elemental compositions from EDX spectra (wt%)

Total
S | C Si 0 F Ti
amples i e i o
Fe-MCM41 | 1491 | 28.64 | 55.60 | 0.85 0.00 100.00
30%Ti0,-
Fe-MCM41 1331 | 2429 | 4690 | 1.00 | 1450 | 100.00

EDX spectra were examined for Fe-MCM-41 and 30%
TiO,/Fe-MCM-41 samples, with elemental compositions
calculated based on the reaction equations. The results
are shown in Fig. 3 and summarized in Table 1.

The EDX spectra confirmed the presence of C, O, Si,
and Fe in both Fe-MCM-41 and 30%TiO./Fe-MCM-41
samples. In the composite, Ti was also detected with a
weight percentage of approximately 14.5%, indicating
mixture of TiO, and Fe-MCM-41.

The optical properties of the samples were evaluated
using UV vis DRS spectra. As shown in Fig. 4, the UV-Vis
DRS spectra of TiO,, Fe-MCM-41, 30% TiO,/Fe-MCM-41,
and 45% TiO,/Fe-MCM-41 were recorded over the
wavelength range of 200 - 800nm.
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Fig. 4. UV-Vis DRS of Ti0, Fe-MCM 41, 30%Ti0,/Fe-MCM 41, and
45%Ti0,/Fe-MCM 41
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Fig. 5. The Tauc plots ((ahv)? vs. hv of Ti0,, Fe-MCM 41, 30%Ti0,/Fe-
MCM 41, and 45%Ti0,/Fe-MCM 41

As shown in Fig. 4, TiO, exhibits strong UV light
absorption with an absorption edge at 380nm, while Fe-
MCM-41 absorbs light in both the UV and visible regions.
The composites (30% and 45% TiO,/Fe-MCM-41) show
enhanced visible light absorption, attributed to the broad
absorption of Fe-MCM-41. This improved light absorption
contributes to enhanced photocatalytic activity under
light irradiation.

Additionally, the Tauc theory (Eqg. (2)) was used to
determine the energy band gap (Eg) values of the studied
samples [18]:

(a.hu)" =A (hu - Eg) (2)

Where a is the optical absorption intensity (a.u), h is
the Planck’s constant (h = 6.625 x 103%)s), v is the
frequency of the incident radiation (v = c/A, where cis the

speed of light and A is the wavelength), n =% and Ais a
proportionality constant.

Fig. 5 shows the Tauc plots ((ahv)"? vs. hv) for TiO,,
30% TiO,/Fe-MCM-41, and 45% TiO,/Fe-MCM-41. The
calculated band gap energies were 2.93eV for TiO,,
2.58eV for 30% TiO,/Fe-MCM-41, and 2.68eV for
45%TiO,/Fe-MCM-41. The reduced band gaps in the
composites indicate enhanced visible light absorption,
likely due to the formation of a TiO./Fe-MCM-41
heterojunction. This extended absorption into the visible
range contributes to improved photocatalytic
performance under light irradiation.

3.2. Photocatalytic activity of TiO2/Fe-MCM 41 for 2,4-
D removal
Effect of TiO; loading

Fig. 6 presents the 2,4-D removal efficiency for TiO,,
Fe-MCM-41, 30% TiO./Fe-MCM-41, and 45% TiO./Fe-
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MCM-41. For comparison, photodegradation was also
tested without a catalyst under the same light conditions.
Prior to illumination, all samples underwent a 60-minute
dark adsorption period to reach adsorption-desorption
equilibrium. The results showed negligible adsorption of
2,4-D in the dark, indicating that removal was primarily
due to photocatalytic activity.

1.2

dark adsorption E Light irradiation

1.0
0.8 4

0.6

cic,

0.4 4

—m— 45% TiO,/Fe-MCM41
0.2 | —e—30% TiO,/Fe-MCM41
—A— Fe-MCM 41 |
—y—TiO,
no catalyst
T

-100 -50

0.0 4

T T T
50 100 150 200 250
Time (min)

O -

Fig. 6. The degradation efficiency vs. irradiation time over as-synthesized
catalysts
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Wavelength (nm)

Fig. 7. UV Vis spectra of 2,4-D solution under illumination over
30%Ti0,/Fe-MCM 41 material

The results showed that in the absence of a catalyst,
illumination with a 250W xenon lamp had little effect on
2,4-D degradation. Fe-MCM-41 also displayed very low
photocatalytic activity, achieving only about 4%
degradation. In Fig. 6, the "no catalyst" line and the "Fe-
MCM-41" line exhibit similar trends and are closely
aligned, indicating that Fe-MCM-41 alone has no
significant catalytic activity. Instead, Fe-MCM-41
functions as a catalyst support, aiding in the reduction of
the recombination rate of photogenerated electrons and
holes when combined with TiO,. In contrast, pure TiO,
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degraded approximately 43.69% of 2,4-D after 90
minutes, with the degradation increasing to 81.07% after
210 minutes. Notably, the 30%TiO,/Fe-MCM-41
composite demonstrated even higher photocatalytic
efficiency than pure TiO, under the same conditions.

The 30%TiO,/Fe-MCM-41 composite achieved 71.97%
2,4-D degradation after 90 minutes and 97.01% after 210
minutes of illumination. UV-Vis DRS analysis confirmed
that coupling TiO, with Fe-MCM-41 reduced the band
gap and enhanced visible light absorption, improving
photocatalytic performance. This enhancement is also
attributed to efficient charge separation, as electrons
quickly transfer from TiO, to the electron-rich Fe-MCM-41
matrix, reducing recombination. However, increasing
TiO, content to 45% slightly reduced efficiency, likely due
to the formation of larger TiO, clusters, which hinder light
absorption and limit electron-hole pair generation. From
the Fig. 7, it can be seen that the peak specific to 2,4-D at
283nm were clearly decreased with increasing
illumination time and this peak disappeared at 210 min of
illumination time.

Effect of the initial concentration of 2,4-D
The influence of the initial concentration of 2,4-D was
investigated with concentrations of 20ppm, 40ppm, and

60ppm for the 30%TiO./Fe-MCM 41 material. The
obtained results were shown in Fig. 8.

1.0 4 —=—2,4D 20ppm
—e— 2,4D 40ppm
—4A—2.4D 60ppm
0.8 - PP
0.6 -
o
Q
o
0.4
0.2 -
0.0 -
0 20 40 60 80 100 120 140 160 180 200 220

Time (min)

Fig. 8. The influence of the initial concentration of 2,4-D on the
photodegradation over 30% Ti0,/Fe-MCM 41 material

The results showed that increasing illumination time
significantly enhanced 2,4-D degradation across all initial
concentrations. At 90 minutes, nearly complete
degradation (99%, was achieved for a 20ppm solution. In
contrast, efficiencies were lower for higher
concentrations 65.19% at 40ppm and 34.75% at 60ppm.
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After 210 minutes, 2,4-D at 20 ppm was almost fully
degraded, and even at 40ppm, degradation reached
about 97%. These results indicate that the 30% TiO,/Fe-
MCM-41 composite remains highly effective at treating
2,4-D solutions up to 40 ppm.

100
—a=—pH 2.5
—e—pH 4.2
804 —A—pH 8.0

[+2]
o
I

Efficiency (%)
'S
o

20 +

0 50 1(I)0 1;0 2(I)0
Time (min)
Fig. 9. The influence of pH solution on the photodegradation for 30%
Ti0,/Fe-MCM 41 material

Effect of pH solution

To investigate the effect of pH on the degradation of
2,4-D, experiments were conducted at pH values of 2.5,
4.2, and 8.0, representing acidic and basic environments.
The results indicated that 2,4-D degradation was more
efficient under acidic conditions (Fig. 9). At pH 8.0,
removal efficiency was low, with only about 10%
degradation observed at an initial concentration of
40ppm. In contrast, at pH 4.2, the degradation efficiency
improved markedly dropping from 40ppm to 15.27ppm
(61.82%) after 60 minutes, and further down to 1.16ppm
(over 97%) after 210 minutes. This can be attributed to
the positively charged surface of the TiO,-based
photocatalyst in an acidic medium, which facilitates the
migration of photogenerated electrons to the catalyst
surface. This process promotes the formation of reactive
radicals such as O, and OH" in the aqueous phase, while
also suppressing the recombination of photogenerated
electron-hole pairs [19 - 21]. Additionally, since 2,4-D is a
weak acid, it primarily exists in an anionic form within the
pH range of 4.0. A relevant question arises as to whether
the degradation efficiency of 2,4-D continues to increase
at pH levels lower than 4.2, such as pH 2.5. To explore this,
additional experiments were conducted at pH 2.5.
However, the results showed a decline in degradation
efficiency compared to pH 4.2. After 60 minutes, only
28.79% of 2,4-D was degraded (corresponding to
28.48ppm), and the degradation efficiency reached
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89.3% (4.28ppm) after 210 minutes. This reduction in
efficiency at pH 2.5 may be attributed to the extremely
acidic environment, which could alter the surface charge
of 2,4-D and reduce the electrostatic attraction between
the pollutant and the photocatalyst, thereby hindering
the degradation process.

Effect of free radicals in the photodegradation
mechanism

To determine how these three free radicals
contributed to the 2,4-D decomposition under light
irradiation, three free radicals such as O,~, "OH, and
photogenerated holes were examined. The radical
scavengers used were ascorbic acid-AA (for O,"), tert-
butyl alcohol (t-BuOH) (for ‘OH), and Na-EDTA (for
photogenerated h* holes). Fig 10 displayed the effect of
free radicals in the degradation mechanism of 2,4-D.

1.0 —&—no scavenger
—&— Na-EDTA
—=—t-BuOH
0.8 *—AA
0.6
o
Q
(3]
0.4
0.2
oo T T T T T T T T
30 60 90 120 150 180 210
Time (min)

Fig. 10. Effect of free radicals in the 2,4-D photodegradation over
30%Ti0,/Fe-MCM 41 material

Degradation

2’4'D\_/ products
oy 0,
s e e e (\E
CB

TiO,

2.71 eV VB
24-D h* h h+ hi- - HZO/OH'

o
\_ Degradation ‘OH
products /\2‘443

Degradation
products

Fig. 11. The suggested photocatalyticmechanism for 30%Ti0,/Fe-MCM41
under light illumination

As shown in Fig. 10, the presence of radical scavengers
such as ascorbic acid (AA), tert-butanol (t-BuOH), and Na-
EDTA significantly reduced the 2,4-D degradation
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efficiency. Without any scavengers, the removal
efficiency reached approximately 97.01%. This indicates
that reactive species - superoxide radicals (O,"), hydroxyl
radicals (OH), and photogenerated holes (h*) are key
contributors to 2,4-D photodegradation. Among the
scavengers, AA had the strongest inhibitory effect,
suggesting that O, plays a more dominant role in the
photocatalytic process than "OH and h*.

A possible mechanism discussion

In the photocatalytic mechanism, the transfer of
photoexcited e and h* depends on the valence band (VB)
and conduction band (CB) potentials, and Eg. Their
potentials were calculated by Eq (3, 4) [20, 21].

Evs = X- Ee + OSEg (3)
Ecs = Evs - Eq (4)

Where x ~ 5.81eV for TiOy; E. ~ 4.5eV; Eg4 is the energy
bandgap. The estimated VB and CB energies for
30%TiO./Fe-MCM 41 are 2.6eV and -0.02eV.

Based on the calculated values of CB and VB
potentials, the charge separation, the photocatalytic
mechanism may be proposed as in Fig. 11, consistent
with the radical capturing experiment. The free radical
formation and oxidative decomposition of 2,4-D under
illuminated conditions were described by the reactions
from (5) to (9).

TiO,+hv—e + h* (5)
TiOz(e) + Fe-MCM41 — Fe-MCM41 (e7) + TiO, (6)
Fe-MCM41 (e) + O, — O~ + Fe-MCM41 (7)
TiO; (h*) + OH — *OH + TiO, (8)
2,4-D + O~/ *OH/ h* — Products 9)
Reusability studies
—=— 1 st
10 —s—2 nd
—&— 3 rd
0.8 ] —v—4 th
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Fig. 12. Reusability studies of the 2,4-D treatment over 30%Ti02/Fe-M(M
41 material
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The study on the recycling of 30%TiO./Fe-MCM-41
material in the decomposition of 2,4-D was carried out
four times. The survey results were presented in Fig. 12.

The 2,4-D removal efficiency of 30%TiO,/Fe-MCM-41
remained consistently above 97% after four consecutive
cycles, with less than 5% variation between experiments.
This demonstrates the material's excellent photocatalytic
stability and effectiveness in degrading 2,4-D under light
irradiation.

4. CONCLUSIONS

The 30%TiO,/Fe-MCM-41 material was successfully
synthesized and demonstrated high photocatalytic
efficiency in degrading 2,4-D under light. At an initial
concentration of 40ppm, pH 4.2 and 0.5g/L ratios of
catalyst mass and volume, over 97% of 2,4-D was
degraded after 210 minutes of illumination. The results
highlight the crucial role of 0,7, "OH radicals, and
photogenerated h* holes in the photocatalytic process.
The material also showed excellent stability, maintaining
consistent activity over four reuse cycles.
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