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Abstract. Developing materials with high photocatalytic activity and easy recovery remains a
challenge in industry. In this work, MIL-53(Fe) crystal powder was effectively encapsulated within
gelatinous boehmite to produce millimetre-scale AIOOH@MIL-53(Fe) granules using the oil-drop
method. The materials were utilised for the photodegradation of tetracycline (TC). These granules
underwent detailed characterisation by SEM, FT-IR, XRD, N: sorption, TGA, and UV-Vis DRS
techniques. The resulting granular composites exhibited improved porosity and visible-light
absorption. Photocatalytic testing under energy-efficient visible LED light demonstrated that the
AIJOOH@MIL-53(Fe) granules achieved a removal efficiency of 93% for TC, higher than that of the
original MOF (82%) and the AIOOH granules without loaded MOF (54%). Kinetic analysis indicated
that the photodegradation of TC followed a pseudo-second-order model, with rate constants in the
following decreasing order: AIOOH@MIL-53(Fe) (0.0021 mg-'.L.min™'), MIL-53(Fe) (0.00074 mg-
1.L.min™"), and AIOOH(0.00016 mg'.L.min'). Notably, the developed granules are easy to recover and
retain suitable reusability in photocatalytic processes, highlighting their significant potential for real-

world wastewater treatment applications.
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1 Introduction

Water pollution is a serious global problem. The
release of pollutants with varying levels of
toxicity poses a major challenge for scientists [1,
2]. Pharmaceutical substances such as antibiotics,
analgesics, and anti-inflammatory drugs are
among the most common contaminants in water
bodies. The overuse and uncontrolled disposal of
antibiotics into the environment lead to their
accumulation in ecosystems, as most antibiotics
are stable and non-biodegradable [3, 4]. Therefore,
finding an effective way to remove antibiotics

from wastewater is an substantial challenge.

Advanced oxidation processes, including
photolysis, semiconductor-based photocatalysis,

DOI: 10.26459 /hueunijns.v135i1B.8271

and ozonation, have been used to transform and
remove antibiotics from aquatic ecosystems [5, 6].
Among these methods, the advanced oxidation
process is regarded as a sustainable approach for
degrading pharmaceutical compounds, utilising
highly reactive and oxidising species. It offers
distinct advantages because it uses natural light as
the primary driver, reduces secondary pollution,
and is cost-effective. ~Various types of
studied for the

photodegradation of antibiotics. Conventional

photocatalysts have been

semiconductors, such as TiO2, AgsPOs, FesOs4, and
CdS, have shown potential for photocatalytic
[7-9].

However, these materials have certain limitations

degradation of organic contaminants

because of their small surface area and pore
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volume. Moreover, the direct use of these

colloidal semiconductors has created severe
secondary pollution and increased costs, as they
tend to readily disperse into the environment

during processing.

Recently, metal-organic frameworks
(MOFs) have garnered increasing interest as
photocatalysts because of their tunable porous
structures and substantial surface areas [10-14].
MOF framework

modified by substituting metal centres and

Furthermore, the can be
organic ligands with those containing different

functional groups to enhance catalytic
performance. Among known MOF structures,
MIL-53(Fe),

terephthalate ligands, exhibits responsiveness to

composed of Fe* clusters and

visible light owing to its low bandgap energy
(<3.1 eV) [15, 16]. MIL-53(Fe)-based materials
have been developed for photocatalytic
applications. For instance, the AgsPOs/MIL-53(Fe)
hybrid demonstrated high photocatalytic activity
antibiotics [17]. Additionally, MIL-

53(Fe)/SnsOs nanosheets were synthesised and

against

shown to be effective in degrading organic
pollutants [18]. To date, much research has
concentrated on improving the photocatalytic
activity of MIL-53(Fe) and related MOF-based
materials. However, limited efforts have been
directed towards designing MOF structures that
balance high catalytic activity with facile recovery,
aiming to minimise losses and prevent secondary

pollution.

This study involved encapsulating MIL-
53(Fe) crystals within gelatinous boehmite to
AlJOOH@MIL-53(Fe)

approximately 1~2 mm in diameter by using the

produce granules
oil-drop method. These granules underwent
detailed characterisation with SEM, FT-IR, XRD,
N2 sorption, TGA, and UV-Vis DRS techniques.
The resulting granular composites exhibited

improved visible-light absorption. Photocatalytic
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testing under energy-efficient visible LED light
demonstrated that the AIOOH@MIL-53(Fe)
granules achieved higher degradation efficiency
for tetracycline than the pure MOF. Notably, the
granules are easy to recover and demonstrate
good reusability in photocatalytic processes,
highlighting their great potential for real-world

wastewater treatment applications.

2 Experimental

2.1 Materials and instrument

Instrument

The X-ray diffraction analysis of the granules was
conducted by using an X-ray diffraction analyser
(XRD; Miniflex 600, Rigaku, Japan) with Cu Ka
radiation (A = 1.54 A). The morphology of the
materials was examined by employing high-
resolution  field-emission scanning electron
microscopy (FE-SEM; Leo Supra 55, Carl Zeiss,
Germany). Fourier Transform Infrared spectra
were identified by using an FT-IR spectrometer
(Tensor 27, Bruker, Germany). The sample’s N2
sorption measurements were performed via N:
porosimetry (Tristar 3020, Micromeritics, USA) at
77 K. Thermal stability was evaluated through
(TGA; Q50, TA
Instruments, USA) under a nitrogen atmosphere.
UV-Vis diffuse reflectance spectra (UV-Vis DRS)

were recorded by utilising a Shimadzu UV-2600

thermogravimetric analysis

spectrometer.

Chemicals

Iron (III) chloride hexahydrate (FeCls-6H20, 98%),
benzene-1,4-dicarboxylic acid (H:2BDC, 98%), and
Aluminum nitrate nonahydrate (AI(NOs)s9H:0,
97%) were

Dimethylformamide

purchased from Sigma-Aldrich.
(DMF) and NHs
obtained from Daejun company (Korea). All

were

chemicals were used as received without further

purification.
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2.2 Material synthesis

Preparation of MIL-53(Fe)

MIL-53(Fe) frameworks were synthesised via
solvothermal synthesis. Typically, 1.5 g of
FeCls-6H20 and 0.80 g of benzene-1,4-dicarboxylic
acid (H2BDC) were dispersed in 45 mL of DMF
under vigorous stirring. The mixture was poured
into a Teflon-lined steel autoclave (100 mL) and
heated to 150 °C for 24 hours. After reaction, the
mixture was centrifuged to collect a yellow
powder, which was subsequently washed twice
with DMF and twice with ethanol. The sample
was then heated at 115 °C under vacuum to

evacuate before use.

Preparation of AIOOH@MIL-53(Fe)
AIOOH@MIL-53(Fe) granules with a diameter of

1-2 mm were prepared with the oil-drop method,
as described in our previous work [19]. A
boehmite sol (2 M) was prepared by hydrolysing
Al(NOs)3-9H20 in an NHssolution, following our
previous work [20]. For the preparation of
granules, 25 mL of boehmite sol was sonicated
and stirred for 30 minutes. Subsequently, 0.3 g of
MIL-53(Fe) powder was added to the mixture. It
was then sonicated and stirred for a further 30
minutes. Afterwards, the solution was slowly
dropped into a glass column filled with paraffin
oil at the top and ammonia solution at the bottom.
The granules were collected, washed several times
with ethanol, and dried at 70 °C for 12 hours. The
resulting  granules were designated as
AIOOH@MIL-53(Fe). The AIOOH granules were
prepared with the same procedure without
adding the MOF crystal.

2.3 Photodegradation of tetracycline

The prepared materials were used to
photodecompose tetracycline under visible LED
light. In each run, the catalyst was dispersed in 50

mL of a contaminant solution (25 mg/L, pH ~5) in
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a photoreactor with continuous stirring. The
suspension was magnetically stirred in the dark
for 90 minutes to reach absorption equilibrium.
Subsequently, the mixture was exposed to the
light source. At each time interval, 2 mL of the
reaction solution was withdrawn and filtered to
obtain a solution for analysis with a UV-Vis

spectrophotometer.

3 Results and discussion

3.1 Characteristics

Fig. 1 displays optical images of the produced
granules. MIL-53(Fe) appears as a yellow powder
(Fig. 1a). The granules encapsulated with MIL-
53(Fe) powder exhibit the characteristic brownish-
yellow colour of MIL-53(Fe) (Fig. 1b). Morphology
analyses show that the pure MOF appears as an
octahedral diamond-shaped form with diameters
of 0.5~1.5 um (Fig. 1c). SEM images of the interior
of the AIOOH@MIL-53(Fe) granules indicate that
crystalline MOFs are encapsulated within the
1d). EDX

demonstrates a uniform distribution of elements

granules  (Fig. dot-mapping
C, Al O, and Fe within the granular composites
(Figs. 1e-h).

Fig. 2a depicts the XRD patterns of the
prepared structures. The bare MOF sample
exhibits prominent diffraction peaks at 9.18, 9.77,
10.69, and 21.42°, which are clearly visible and
correspond well to those previously reported for
the MIL-53(Fe) framework [15, 21]. The AIOOH
granules exhibit peaks at 20 ~13.71, 38.21, 48.82,
and 88°, which are characteristics of pseudo-
boehmite [22, 23]. These peaks are slightly
weakened and shifted upon incorporation of MOF
crystals into the boehmite matrix. Furthermore,
the absence of MOF signals in the granules proves
that MOF crystals are well encapsulated within
the AIOOH granules. The FT-IR spectrum of the
powder MIL-53(Fe) and the AIOOH@MIL-53(Fe)
granules are presented in Fig. 2b. MIL-53(Fe)
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displays a broad band at 3400 cm™, resulting from
the vibration of -OH groups from physically
adsorbed water. The bands at 1600 cm™ and 1200
cm™ are attributed to the stretching of the C=0O
and C-O-C linkages of the ligands, respectively
[24-26]. Lower wavenumber bands ranging from
600 to 900 cm™ are characteristic of benzene rings,
and the signal at 540 cm™ is assigned to Fe-O
bonds [4, 25]. These bands are also present in
AIOOH@MIL-53(Fe) but with reduced intensities.
The boehmite granules display a broad band at
3400 cm™ because of the stretching of -OH
groups, while the lower modes at approximately
1064 cm™ and 480 cm™ are attributed to bending
modes of the Al-O bonds in boehmite [22, 27].
The spectra of the composite granules show
diminished intensities and shifted positions of the
Fe-O and Al-O bands, suggesting that boehmite
MIL-53(Fe)

framework. Thermogravimetric analysis was used

can be incorporated into the
to assess the thermal stability of the fabricated
granules, as shown in Fig. 2c. Pure MIL-53(Fe)
experienced a minor weight loss from 120 to
250°C caused by solvent evaporation, while a
significant weight loss near 380 °C resulted from
framework decomposition [15, 28]. The TGA
analysis of the AIOOH granules indicates a
gradual weight loss beginning at 200 °C,
attributable to the dehydration of y-AIOOH [29,
30]. The TGA results for AIOOH@MIL-53(Fe)
granules demonstrate improved thermal stability
compared with that of the AIOOH sample,
reflecting the interaction between MIL-53(Fe)
frameworks and boehmite, which forms a
composite structure. Additionally, N2 adsorption-
desorption isotherms of the fabricated adsorbents
are shown in Fig. 2d. Incorporating MIL-53(Fe)
into the boehmite spheres enhances the N2
sorption capacity. The BET surface areas of MIL-
53(Fe) and AIOOH are approximately 330 m?/g
and 351 m?/g, respectively; and the corresponding
pore volumes are 0.29 and 0.51 cm?g. The
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granular AIOOH@MIL-53(Fe) composite has a
surface area and a pore volume of 370 m?/g and
0.62 cm?/g, respectively (Table 1).

The optical properties of the materials were
examined by using UV-Vis DRS spectra (Fig. 2e).
The AIOOH granules exhibited an absorption
edge at around 390 nm, while that of pristine
MIL-53(Fe) is at nearly 450 nm. It is clear that the
absorption edge of the granular composite
AIOOH@MIL-53(Fe) shifted significantly towards
the visible spectrum, indicating that MIL-53(Fe)
was effectively integrated into the supporting
AIOOH matrix and could generate defective
structures that enhanced the light absorption of

the composite.
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Fig. 1. Optical images of (a) MIL-53(Fe) and (b)
AlOOH@MIL-53(Fe); SEM images of (c) MIL-53(Fe) and
(d) the interior region of AIOOH@MIL-53(Fe) granules;

(e-k) EDX dot map analyses of C, O, Al, and Fe in the
AlOOH@MIL-53(Fe) granules
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Table 1. Textural properties of the materials

BET
Total pore
Sample surface
volume, cm3/g
area, m%/g
MIL-53(Fe) 330 0.29
AIOOH 351 0.51
AIOOH@MIL-53(Fe) 370 0.62
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Fig. 2. Characteristics of the synthesised materials: (a)
XRD patterns; (b) FT-IR; (c) TGA analyses; (d) N2
sorption-desorption; (e) UV-Vis DRS spectrum

3.2  Photocatalytic degradation of tetracycline

Fig. 3a illustrates the photocatalytic degradation
efficiency of TC with the synthesised materials
under visible LED light. The granular AIOOH
material achieved 54% removal efficiency after
120 minutes, indicating a limited effectiveness. It
is apparent that the AIOOH system adsorbs the
contaminant solely, as it is inactive under visible
light. The pristine MIL-53(Fe) powder degraded
82% of TC. Notably, the AIOOH@MIL-53(Fe)
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granules achieved a TC removal efficiency of 93%
after 120 minutes. The UV-Vis spectra’s intensities
of the reaction solutions gradually decreased,
confirming the degradation of TC over the
granular catalysts (Fig. 3b). Such an enhancement
over the AIOOH@MIL-53(Fe) granules may be
ascribed to the synergistic effect of incorporating
MIL-53(Fe) frameworks into the AIOOH matrix,
which possesses numerous functional groups that
interact more efficiently with tetracycline.
Furthermore, the formation of interfacial
structures between AIOOH and MIL-53(Fe),
which, as mentioned previously, augmented light
absorption, also  facilitated  photocatalytic
reactivity. The prepared AIOOH@MIL-53(Fe)
granules exhibited greater TC removal efficiency
than previous catalysts, such as La-doped ZnTiOs
(~80%) [31] and BVO@CdS (~88%) [32]. The
kinetic analyses of the degradation process are
conducted utilising pseudo-first-order (Eq. 1) and

pseudo-second-order kinetics (Eq. 2):

In % =kt (1)

t

1 1
==kt @)
Ct Co
where Co (mg/L) and C: (mg/L) are the initial
concentration and the concentration of TC at time
t; ki (min-') and k2 (mg-'.L.min-") are the first-order

and second-order rate constants, respectively.

Figs. 3c—d show the kinetic plots, and the
corresponding fitting parameters are listed in
Table 2. The degradation of the TC modelled with
the second-order kinetic model had higher R2
values than those from the first-order model.
that

second-order

Consequently, it can be inferred

photodegradation follows the
kinetic model. Accordingly, the degradation rates
of TC over the catalysts follow the sequence:
AIOOH@MIL-53(Fe) (0.0021 mg-'.L.min") > MIL-
53(Fe) (0.00074 mg'.L.min') > AIOOH(0.00016

mg-1.L.min™").
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Fig. 3. Photodegradation of TC over the prepared
materials: (a) Removal efficiency, (b) Time-dependent
UV-Vis spectrum of reaction solution; fitting kinetic
models (c) pseudo-first order model; (d) pseudo-second
order model

Table 2. Fitting kinetic parameters for TC
photodegradation

Pseudo-first- Pseudo-second-

order order
Sample
k1, R k2, mg1.L. R
min-! min-!

AIOOH 0.0042 0.957 0.00016 0.971

MIL-53(Fe) 0.0112 0.976 0.00074 0.994

AIOOHEMIL- 0.0187 0.961 0.00210 0.985

53(Fe)

3.3  Reusability and photocatalytic mechanism
studies

Reusability is a crucial factor in evaluating the
catalysts. Here, the AIOOH@MIL-53(Fe) granules
were collected after each use. The catalysts were
then immersed in deionised water and ethanol,
and dried at 70 °C for 10 hours before being
reused as regenerated catalysts. After three cycles,
the photodegradation efficiency reached nearly
82%, compared with that of the as-prepared
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granules [Fig. 4a]. This occurs because TC and
intermediates are strongly bound to the granules,
thereby inactivating active sites. Overall, the
produced photocatalytic granules are easily
recovered without loss and remain stable after the

treatment process.
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Fig. 4. (a) Reusability test and (b) the proposed
photocatalytic degradation of TC over the
AIJOOH@MIL-53(Fe)

The photocatalytic mechanism of the
prepared AIOOH@MIL-53(Fe) granules can be
explained via their bandgap structure. As
discussed previously, the supporting boehmite
not only aids in encapsulating the MOF crystal
into the granules but also provides additional
mesopores and hydroxyl groups, which attract TC
molecules. The MIL-53(Fe) has the conduction
band (CB) potential of —0.41 eV [33]. Thus, with
regard to the above UV-Vis DRS data, the valence
band (VB) of MIL-53(Fe) is about 2.28 eV.

Therefore, the adsorbed Oz can be reduced to -Oz"
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because of the reduction potential of Oz/-O2~
(-0.33 eV vs NHE) [34]. Meanwhile, the photo-
induced h* at the VB of MIL-53(Fe) can convert
OH- to ‘OH because the potential of -OH/OH- is
about +1.99 eV vs NHE [35]. Based on the
discussion, we  illustrated the  general
photodegradation of TC over the granules in

Fig. 4b.

4 Conclusions

Millimetre-scale MIL-53(Fe)-encapsulated gelatinous
boehmite granules were successfully produced
with the oil-drop method. The
demonstrated increased porosity and enhanced
light adsorption. The AIOOH@MIL-53(Fe) catalyst
achieved a high photodegradation efficiency of

granules

93% towards tetracycline after 120 minutes under
visible light. The
second-order kinetic model with a rate constant of

degradation followed the

0.0021 mg'.L.min. Notably, the granules were

easily recovered and maintained good
regenerability throughout the process. The results
indicate that encapsulating colloidal MOF crystals
with gelled bohmite could be a promising strategy

to broaden their industrial applications.
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