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Abstract—MgFe,0,-decorated UiO-66(Zr)-NH, composites (MFO@UN) with different blending ratios were effi-
ciently prepared by microwave-assisted synthesis. The results indicate that the hybrid composite exhibits high surface
area and magnetic properties. Moreover, combining ferrite into the UiO-66(Zr)-NH, framework produces a hetero-
junction structure and an interfacial interaction that improves the composite's visible-light absorption. Tetracycline
removal experiments show that the MFO@UN composites exhibit excellent photodegradation performance compared
with the pure ferrite and MOE The optimal 1.5 MFO®@UN catalyst (molar Zr4+/MgFezO4=1.5) exhibits the highest
removal efficiency of approximately ca. ~92% after 90 min of pre-adsorption and 160 min of visible-light illumination.
The photocatalytic mechanism investigation reveals that photo-induced holes (h") and -OH radicals predominantly
govern the photodegradation process. Notably, the separation and immigration of the photo-induced holes and electrons
improve due to the heterojunction structures that form between the two semiconductors. In addition, the prepared cat-
alysts are highly recoverable and renewable. These findings suggest that the microwave-derived MgFe,0,@UiO-66(Zr)-
NH, catalyst may be a promising candidate for treating organic contaminants in wastewater.
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INTRODUCTION

Water pollution caused by antibiotic pollutants is one of society’s
main issues. Released antibiotic residues and their metabolites retain
their biological activity, high hydrophilicity, and biological stability,
causing toxicity to aquatic organisms, terrestrial animals, and humans
[1,2]. The most dangerous effect of these pollutants in the environ-
ment is the development of multi-resistant bacterial strains that
can no longer be treated with recently known drugs [3,4]. Thus,
physical, chemical, and biological methods have been applied to
degrade the antibiotics in wastewater. However, these methods come
with multiple side effects. A recent promising strategy is the photo-
reduction of organic contaminants using semiconductors [5-8].
Multiple materials (e.g., TiO,, ZnO, or Cu,0) are widely applied in
the photocatalytic degradation of organic pollutants [9-12]. Unfor-
tunately; these conventional semiconductors exhibit limitations due
to their low adsorptive properties toward pollutants and their poor
responses in the visible-light region [9,13]. Metal-organic frame-
works (MOFs) have also received significant attention because of
these beneficial properties: high surface area, large pore volume, and
designable framework [14,15]. Several MOF structures have been
successfully utilized as photocatalysts for the degradation of organic
pollutants (i.e, MOF-5, MIL-88(Fe), MIL-53(Fe) [16], MIL-125(Ti)
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[17], Co-based MOFs [18], and zirconium-based MOFs [19]). This
demonstrates the possibility that these MOF structures can be excited
under UV-visible-light irradiation. However, the photocatalytic per-
formance of pure MOFs is limited because the separation and im-
migration of the photo-induced charges on the MOFs are not effi-
cient enough [20,21]. Recently, MOF modification with light-har-
vesting semiconductor materials has been considered an effective
strategy for fabricating MOF-based photocatalysts [9,16,21,22]. For
instance, MIL-125(Ti), modified by In,S;, exhibited improved pho-
tocatalytic degradation efficiency toward tetracycline (TC) antibi-
otics. Similarly, g-C;N,-modified UiO-66(Zr) exhibited high photo-
catalytic performance toward dyes under visible-light irradiation
[23]. The prepared Ag,PO,/GO/UiO-66-NH, showed enhanced
visible-light-driven photocatalytic activity compared with a pristine
MOF [24]. In addition, MIL-100(Fe) embedded with Ag;PO, exhib-
ited more remarkable photocatalytic ability than pure MIL-100(Fe)
[25]. These results indicate that combining an MOF with a partic-
ular semiconductor is promising for producing a highly efficient
photocatalyst.

The regeneration and recycling of catalysts are crucial in dimin-
ishing the impact of the disposal of polluted adsorbents on the envi-
ronment. However, most photocatalysts are nanoparticles that are
not quickly recovered after use. Therefore, the development of recov-
erable photocatalysts has recently attracted much attention [26,27].
Magnetic materials are promising candidates for industrial applica-
tion because they can be efficiently recovered using an external field.
Magnesium ferrite (MgFe,O,), one of the representative magnetic
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Scheme 1. The schematic diagram for the synthesis of the MgFe,0,@UiO-66(Zr)-NH, composite.

materials, is widely used for wastewater treatment because of its
chemical stability, good response toward visible light, and conve-
nient synthesis procedure [28-30]. However, the photocatalytic per-
formance of MgFe,O, is low due to the quick recombination that
occurs between the photo-induced electrons and holes [31-33]. In
addition, MgFe,O, has low porosity, inhibiting the accumulation
of contaminants.

In this work, UiO-66(Zr)-NH, frameworks, decorated with
MgFe,0,, were rapidly and efficiently prepared using the micro-
wave-assisted solvothermal synthesis method (shown in Scheme
1). Different hybrid UiO-66(Zr)-NH,@MgFe,O, composites were
obtained by adjusting the MOF/MgFe,O, mass ratio. The structural
and photoelectrochemical characteristics of the prepared materials
were explored by XRD, FT-IR, SEM, TEM, N, adsorption, VSM,
UV-vis DRS and PL methods. The photocatalytic performance of
the UiO-66(Zr)-NH,@MgFe,0, composites was evaluated by remov-
ing the TC antibiotics under visible-light illumination. In addition,
the photodegradation mechanism was elucidated using radical scav-
enging experiments. This study’s results indicate that the MgFe,O,-
decorated UiO-66(Zr)-NH, hybrid composite exhibit lower band-
gap energy and more efficient charge transfer energy than the pris-
tine MOE The results of this study suggest that the microwave-
derived MgFe,0,@UiO-66(Zr)-NH, catalyst may be a promising
candidate for treating organic contaminants in wastewater.

EXPERIMENTAL

1. Synthesis of MgFe,O, Nanoparticles

Nanoparticles of MgFe,O, were fabricated following the procedure
from the authors previous work [31]. Briefly, 2.5 mmol Mg(NO;),-
6H,0 (98%, Sigma-Aldrich) and 5.0 mmol of Fe(NO;);-9H,0 (99%,
Sigma-Aldrich) were dissolved in deionized water to obtain a solu-
tion. Subsequently; citric acid (23 mmol) was added and stirred for
6h to produce a thick gel. The resultant gel was then calcined at
650 °C for 7 h to yield the MgFe,0O, nanoparticles.
2. Microwave-assisted Synthesis of MgFe,0,@UiO-66(Zr)-NH,

The MgFe,O, nanoparticles were dispersed in 50 mL dimethyl-
formamide (DMF) and sonicated in a 200 mL beaker. To the solu-
tion, 1.72 mmol ZrCl, (99.8%, Sigma-Aldrich), 1.72 mmol 2-amino
terephthalic acid (2-amino-1,4-benzenedicarboxylic acid; 99%, Sigma-
Aldrich), and acetic acid were added. Afterward, the mixture was
transferred into a Teflon autoclave and heated in a microwave oven
(ETHOS One, MLS) for 30 min. The microwave irradiation power
was kept at a constant value of 350 W (2.5 GHz) to obtain the desired
temperature of 120 °C. After the reaction occurred, the solution was

centrifuged and the resulting solid product was collected. The solid
product was then washed with N,N-dimethylformamide (DME
99%) and ethanol (EtOH, 99%) at 70 °C for 6 h. Finally, the prod-
uct was dried in ambient air at 120 °C for 12 h. The prepared sam-
ples were denoted as mMFO@UN [the term m indicates the molar
ratio of ZrCl,/MgFe,0, (m=0.5, 1.5, and 2.5)]. Pristine UiO-66(Zr)-
NH, was synthesized utilizing the above procedure without the addi-
tion of ferrite. All samples were heated and vacuumed at 120 °C
for 8 h before use.
3. Characterization

The crystallographic structure of the prepared amino-function-
alized UiO-66(Zr), MgFe,0,, and MFO@UN composites was exam-
ined with an XRD analyzer (MAC-18XHE, Rigaku, Japan) under
Cu-Ko radiation (1=1.54 A). A field emission scanning electron
microscope (Leo-Supra 55, Carl Zeiss S.T.M., Germany) was uti-
lized to obtain the morphology of the samples. The N, adsorption
at 77 K was analyzed utilizing a Micromeritics instrument (BEL-
SORP-max, BEL, Japan). The specific surface area was obtained
via the multiple point Brunauer-Emmett-Teller (BET) method in
the pressure range of 0.05<P/Py<0.1. The pore size distributions
were analyzed using the Horvath-Kawazoe (HK) method. The func-
tional groups of the catalysts were detected via FTIR spectroscopy
(FTIR 4700, JASCO, Japan) at the Core Facility Center for Analy-
sis of Optoelectronic Materjals and Devices of the Korea Basic Sci-
ence Institute (KBSI). The materials’ thermal stability was analyzed
by thermogravimetric analysis (TGA; Q50, TA Instruments, USA)
under air condition at a heating rate of 10°C min"'. The UV-vis
absorbance spectra were obtained through a spectrophotometer
(Lambda 950 UV-vis-NIR, Perkin Elmer, USA). The magnetic
measurements at ambient temperature were analyzed with a vibrat-
ing sample magnetometer (VSM; JDM-13, China). Finally, the fabri-
cated materials' PL spectra were obtained with an FL920 fluorescence
spectrometer (Edinburgh Instruments Ltd.) that was equipped with
a 450 W xenon (Xe) lamp. Total organic carbon (TOC) was mea-
sured by the Shimadzu TOC-VCPH analyzer.
4. Photocatalytic Degradation Tests

The photodegradation of the tetracycline antibiotics (C,,H,,N,Os,
Sigma-Aldrich, 99%) was carried out using a photochemical reac-
tion cell installed with a 500 W Xe lamp and an optical filter (1>
420 nm). The weighed catalyst (80-280 mg/L) was dispersed in 50
ml of TC solution (15-70 mg/L) and stirred in the dark for 90 min.
Afterward, the reaction mixture was continuously stirred and ex-
posed to visible light. The content of the antibiotic in the solution
was measured using a UV-vis spectrophotometer (Optizen PO.P,
Mecasys, Korea) at the 4,,,,=357 nm.
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Fig. 1. SEM images of (a) MgFe,O,, (b) UiO-66(Zr)-NH,, (c) 0.5 MFO@UN, (d) 1.5MFO@UN, (e) 2.5MFO@UN, and (f) TEM image of
1.5 MFO@UN; (g) EDX mapping of Zr, Fe, O, Mg and N on the 1.5SMFO@UN sample.

RESULTS AND DISCUSSION

1. Characterization

The morphology analyses of the samples are illustrated in Fig, 1.
The SEM image of MgFe,O, shows aggregated spheroidal-shaped
nanoparticles with a diameter ranging from approximately 20-50
nm [Fig. 1(a)]. The SEM image of pristine UiO-66(Zr)-NH, shows
octahedral particles with a particle size in the approximate range
of 30-100nm [Fig. 1(b)]. Figs. 1(c)-(e) demonstrate that the micro-
wave-derived MFO@UN composites are highly aggregated parti-
cles; this suggests that the ferrite nanoparticles provide a platform
for the continuous secondary nudleation of the MOF under micro-
wave illumination. The TEM images reveal the well-developed het-
erogeneous structure of the MFO@UN composites [Fig. 1(f)]. In
addition, the SEM energy dispersive X-ray spectroscopy analyses
show that the Mg, Fe, O, N, and Zr elements were dispersed through-
out the samples [Fig. 1(g)].

The crystalline structure of the prepared materials was charac-
terized by XRD analysis, and the results are presented in Fig. 2(a).
The XRD pattern of the MgFe,O, shows the diffraction peaks at
20=30.21°, 35.57°, 43.35°, 57.18°, and 62.72°, all of which were
assigned to the spinel structure of MgFe,O, [7,34]. The XRD anal-
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ysis indicates that the resulting UiO-66(Zr)-NH, structure was a
typical UiO-66(Zr) framework. As shown in Fig. 2(a), the ferrite’s
characterized peaks were slightly shifted on the composites XRD
patterns. In addition, the XRD patterns of the hybrid MFO@UN
composites exhibit reduced peak intensity compared with the pris-
tine samples, suggesting that the MgFe,O, nanoparticles were suc-
cessfully incorporated into the MOF framework. FTIR analyses
were performed to reveal the functional groups of the prepared
materials, as is presented in Fig. 2(b). For UiO-66(Zr)-NH,, the spec-
trum shows a double peak around 3,360-3485 cm™ that is attributed
to the vibration of the NH, (an amino group). In addition, the
bending of the N-H bond (1,624 and 1,586cm™") [35] and the
stretching of the C-N bond (1,256 and 1,338 cm™") of the aromatic
amines [35,36] were observed. The Zr-O bond formed between
the Zr"" and the carboxylate ligand was characterized by the low
wavenumber peak at approximately 640 cm ™. Aspresented in Fig.
2(b), the FTIR spectrum of the MgFe,0O, shows two vibrational
modes (568 and 440 cm™); these modes were assigned to the M,,,,,-
O bridge and the M,,-O bridge, respectively [34]. These peaks
appear on the FTIR spectra of the composite samples with a con-
siderable decrease in their intensity. Furthermore, the resulting com-
posites have similar scopes to the parent MOF but with reduced
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Fig. 2. (a) XRD patterns, (b) FTIR spectra, and (c) TGAs of the prepared samples.

peak intensity, confirming that the hybrid composite was success-
tully prepared without changing the structure of the pristine mate-
rials. TGA analyses were performed for all samples and are shown
in Fig. 2(c). MgFe,0O, demonstrates high thermal stability under the
investigated temperature. The TGA curve of the UiO-66(Zr)-NH,
composite exhibits three weight loss steps, including the evapora-
tion of the solvents (<120 °C), the removal of the solvents inside
the pores (120-300 °C), and the decomposition of the MOF ligand
(>300°C). As demonstrated in Fig. 2(c), the UiO-66(Zr)-NH, dec-
orated with MgFe,O, exhibits improved thermal stability compared
with the parent UiO-66(Zr)-NH,; this is due to the incorporation
of the MgFe,O,.

Figs. 3(a)-(e) show the X-ray photoelectron spectroscopy (XPS)
analyses of the prepared MgFe,O, and the MgFe,0,@UiO-66(Zr)-
NH, composite. The survey scan result proved the existence of Zr,
O, G, N, Mg, and Fe in the composite material [Fig. 3(a)]. The Mg
1s core-level XPS spectrum shows one peak at 1,300 eV, attributed
to the Mg2+ [Fig. 3(b)]. The Fe 2p core-level XPS spectrum shows
two binding energy peaks at 710.3 eV (Fe 2p,,) and 725V (Fe
2p,y), assigned to Fe** in both the MgFe,0O, and composite sam-
ples [15] [Fig. 3(c)]. The high-resolution spectrum of O 1s, show-
ing a binding peak at ~531 eV, is attributed to the O in the Zr-O
bond of the MOF [37]; meanwhile, a lower binding energy peak
located at ~529.5 €V is ascribed to the O of the Fe-O bond in the
MgFe,O, [38] [Fig. 3(d)]. The carbon 1s core-level XPS spectrum
of the pure MOF and the composite reveals the existence of car-
bon in the C-C (~285.5 eV) and O-C=0 (~288.7 ¢V) bonds of the

terephthalic acid [39,40] [Fig. 3(e)]. Note that incorporating MgFe,O,
into the amino-functionalized UiO-66(Zr) resulted in slight shifts
of these peaks compared with the host. This could be attributed to
the electrostatic interaction between the MgFe,O, and the BDC
ligand of the UiO-66(Zr)-NH,.

The textural properties of the prepared catalysts were analyzed
through N, adsorption and pore size distribution, as described in
Figs. 4(a)-(b). The UiO-66(Zr)-NH, shows high N, uptake capacity
because of its high surface area and large pore volume. In contrast,
the bare MgFe,O, exhibits a modest N, uptake capacity, suggest-
ing low porosity. As shown, the incorporation of ferrite into the
framework of UiO-66(Zr)-NH, significantly decreased the N, uptake.
In addition, the pore size distribution reveals that the pore volume
of the composites decreased with an increase in the MgFe,0, load.
Table 1 lists the calculated BET surface area and pore volume of
the fabricated materials, revealing that the porosity of the compos-
ites increased as the Zr*/ferrite molar ratio increased.

Table 1. Textural properties of the prepared samples

Sample BET, m’/g  Total pore volume, cm’/g
MgFe,0, 38 0.08
0.5MFO@UN 169 0.35
1.5MFO@UN 426 0.42
25MFO@UN 856 0.54
Ui0-66(Zr)-NH, 1020 0.71

Korean J. Chem. Eng.(Vol. 39, No. 9)
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Fig. 3. X-ray photoelectron spectroscopy analyses of the prepared samples: (a) Survey scan, and high-resolution XPS spectrum of (b) Mg 1s,

(c) Fe 2P, (d) O 1s, and (e) C 1s.

The magnetic properties of the prepared samples were ana-
lyzed through the VSM spectrum, as shown in Fig. 5(a). The bare
ferrite MgFe,O, shows a saturation magnetization value (M,) of
approximately 61 emu/g, while the M values of 0.5 MFO@UN,
1.5MFO@UN, and 25MFO@UN are approximately 45, 19, and
9 emu/g, respectively. The mass percentage of MOF in 0.5MFO@UN,
1.SMFO@UN, and 25MFO@UN (derived from the M, values)
was approximately 26%, 69%, and 85%, respectively. This indicates
that the ferriteés magnetic saturation was lowered by loading the
amino-functionalized UiO-66(Zr). However, there are insignificant
changes in the coercivity values (Hc) of the hybrid composites com-
pared with those in the bare ferrite [the inset of Fig. 5(a)], imply-
ing that the ferrite structure was not damaged during the com-
posite synthesis. The magnetic property of the resulting compos-
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ite was tested with an external magnet [Fig. 5(b)], and the results
indicate that the ferrite-decorated UiO-66(Zr)-NH, composite was
efficiently isolated from the aqueous media. Fig. 5(c) shows the
UV-vis DRS of UiO-66(Zr)-NH,, MgFe,O,, and the MFO@UN
composites. The pure MgFe,O, has an absorption edge at approxi-
mately 560 nm. The UiO-66(Zr)-NH, displays an absorption edge
at approximately 475 nm that was induced by a charge transfer from
O to Zr in the Zr,O,(OH), clusters and the influence of the NH,-
BDC ligand. All samples respond well to the visible-light region as
they all have absorption edges in the 400-700 nm range. Fig. 5(d)
presents the corresponding Taus plot for the prepared samples.
Accordingly, the estimated bandgap energy of MgFe,O, and UiO-
66(Zr)-NH, was about 2.20 and 2.82 eV, respectively. Notably, the
bandgap value of 0.5MFO@UN, 1.5MFO@UN, and 25MFO@UN
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was approximately 2.68, 2.60, and 2.73 eV, respectively. This is lower
than the bandgap energy of the parent MOE This result indicates
that the MgFe,O,-decorated UiO-66(Zr)-NH, material is not a phys-
ical mixture of ferrite and MOF; instead, its structure is formed
from interfacial interactions and heterojunction structures.

The PL analyses provided information about the recombina-
tion of the photo-induced electron-hole pairs of the photocatalyst.
As demonstrated in Fig. 6, the amino-functionalized UiO-66 MOF
has a strong emission peak at approximately 450 nm, similar to
the previous reports [19,21]. However, remarkably, the PL intensi-

ties were substantially reduced as MgFe,O, was introduced, provid-
ing evidence of a favorable charge transfer within the composite.
2. Removal of Antibiotics

Figs. 7 (a)-(b) show the TC removal efficiency over the prepared
MgFe,0,, UiO-66(Zr)-NH,, and ferrite-decorated UiO-66(Zr)-NH,
composites after 90 min of pre-adsorption in the dark and 160 min
of visible-light illumination. The sole MgFe,O, ferrite shows a mea-
ger removal yield of TC; this could be caused by the fact that the
ferrite has a low surface area and low pore volume. For the pris-
tine UiO-66(Zr)-NH,, the removal efficiency of TC was predomi-
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nantly driven by the adsorption process (about 53%); meanwhile,
the photolytic degradation of TC was negligible. This is because
the amino-functionalized UiO-66(Zr) is highly porous with abun-
dant -NH, groups, so it favors the capture of the antibiotic mole-
cules. However, the charge transfer between the ligand and the Zr-
O oxo-clusters of the framework is not efficient, which inhibits
its photocatalytic performance [22,41]. Compared with the bare
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MgFe,0, ferrite, the adsorption ability of the MFO@UN composites
in the pre-adsorption stage was considerably improved [Fig. 7(b)].
Remarkably, the photocatalytic activity of the hybrid UNH@MFO
composites was significantly enhanced compared with the parent
materials. After 160 min of exposure to visible light, the removal
yield of TC onto the fabricated 0.5MFO@UN, 1.5MFO@UN, and
2.5MFO@UN was approximately 39%, 55%, and 43%, respectively;
the corresponding total removal yield of TC was approximately
64%, 92%, and 81%, respectively. This improvement in photocata-
Iytic efficiency could be due to the synergic effect that occurs when
MgFe,0, and UiO-66(Zr)-NH, are combined; this effect enhances
the photo-induced charge transfer via the interfaces of the semi-
conductors. Indeed, the photocatalytic efficiency on a mechanical
mixer (MIXTURE) containing ferrite and UiO-66(Zr)-NH, (approx-
imately Zr"'/ferrite molar ratio=1.5) was much lower than that of
the hybrid composite. The combination of UiO-66(Zr)-NH, and
ferrite enhanced the interfacial charge transfer efficiency and in-
creased the accumulation of TC onto the catalysts surface; this is
when the TC underwent photocatalytic degradation. Note that the
high loading content of MgFe,0, (Zr""/MgFe,0,=0.5) decreased
the composite’s photocatalytic activity, likely due to the decrease in
their porosity (as mentioned above). Fig. 7(c) shows the pseudo-
first-order kinetic model and the corresponding degradation rate
(k) derived from the photocatalytic kinetic curve of the prepared
catalysts. Accordingly, the k for the prepared samples follows this
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Fig. 8. Effects of (a) catalytic dosage and (b) initial concentration of TC on the TC removal efficiency.

order: 1.5MFO@UN (0.0153 min)>2.5MFO@UN (0.0073 min™")>
05MFO@UN (0.0045 min™)>MgFe;O, (0.0033 min™)>MIXTURE
(0.0025 min™")>UiO-66(Zr)-NH, (0.0006 min ). The hybrid com-
posite 1.5MFO@UN had the maximum photodegradation rate of
0.0153 min ™, which is ~4.6 times higher than the rate of the MgFe,0,
and ~26 times higher than the rate of the UiO-66(Zr)-NH,. The
higher photocatalytic performance of the MgFe,O,-decorated UiO-
66-NH, catalysts suggests that a synergic effect occurs when com-
bining two types of semiconductors into a composite structure;
this effect would enhance the separation and immigration of the
photogenerated species. In addition, the results reveal that the maxi-
mum photocatalytic efficiency was achieved at a particular MOF/
ferrite ratio of the composite; at this ratio, the interfacial charge
transfer within the heterogeneous structure was optimized. To fur-
ther certify the photocatalytic degradation of tetracycline antibiot-
ics and the elimination of subsequent organic pollutants, the total
organic carbon (TOC) removal was performed to assess the min-
eralization ability. As shown in Fig. 7(d), the optimal 1.5MFO@UN
catalyst shows the highest TOC removal efficiency within 160 min
irradiation, reaching approximately 69%; meanwhile, the TOC re-
moval efficiency over the bare UiO-66(Zr)-NH, and MgFe,O, was
approximately 19% and 40%, respectively. The results indicate the
high mineralization potential of tetracycline antibiotics over the
microwave-derived MgFe,0,@UiO-66(Zr)-NH, photocatalyst.

The effects of the catalyst loading and the initial concentration
of the antibiotic solution on the photodegradation performance
are shown in Figs. 8((a) and (b)). As shown in Fig. 8(a), increas-
ing the catalyst dosage from 80 to 220 mg/L increases the contam-
inant’s removal efficiency. However, a higher catalyst amount (260
mg/L) diminishes the photocatalytic efficiency; this was caused by
the shielding effect of the light irradiation or by the self-consump-
tion of the generated radicals by the excess catalyst [31,42]. In addi-
tion, the experiments were performed with various initial concen-
trations of TC, as demonstrated in Fig. 8(b). The results indicate
that the removal efficiency decreased as the concentration of anti-
biotics increased, possibly because a large amount of contaminant
in the solution may block the pores of the catalyst.
3. Renewability Experiment

Renewability is an essential factor that determines a catalysts

possibility of being used on an industrial scale. This study performed
a renewability experiment on the optimal 1.5MFO@UN sample.
After use, the catalyst was recovered with an external magnet and
submerged in deionized water for 6 h. It was then heated at 115°C
under vacuum conditions for 4 h. The obtained catalyst was then
utilized as a regenerated sample. As illustrated in Fig. 9(a), the total
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Fig. 9. (a) Recycled degradation efficiency of 1.5 MFO@UN and (b)
XRD patterns of the catalyst before and after five cycles.
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removal efficiency of the contaminant remained nearly the same
after the first three cycles. After five cycles (190 min), the removal
yield was approximately 80%, suggesting that some of the cata-
lyst’s active sites were blocked or deactivated by intermediates after
several uses. Fig. 9(b) shows the used catalysts XRD pattern, demon-
strating that the microwave-derived MgFe,0,@UiO-66(Zr)-NH,
catalyst was stable after several cycles.
4. Photocatalytic Mechanism

It is well known that photocatalytic degradation is always driven
by photo-induced species such as -O;, -OH, and h'. Benzoquinone
(BQ), isopropyl alcohol (IPA), and triethanolamine (TEOA) were
used to trap these active radicals produced during the reaction.
Reportedly, BQ, IPA, and TEOA are scavengers toward -O;, -OH,
and h', respectively. As depicted in Fig. 10(a), when BQ was added,
there was an insignificant change in the photocatalytic degrada-
tion of TC. Conversely, when IPA or TEOA were added to the
reaction mixture, the removal efficiency of TC was remarkably
inhibited. These results reveal that the photo-induced h* and -OH
species predominantly govern the photodegradation process. As
the prepared hybrid MFO@UN composite responded in the visi-
ble-light region, the electrons and holes were generated during the
irradiation process. The photo-induced species reacted with the
adsorbed water to generate -OH radicals when the redox potential

1.04 :
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0.6
5
)
0.4
—s— MFO@UN
0.2 MFO@UN+BQ .
—a— MFO@UN+IPA 3
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-100 -50 0 50 100 150 200
Time (min)
S TC
b S
( ) Q(o o ©

MgFe,0,@Ui0-66-NH,

Fig. 10. (a) Removal of TC in the presence of different radical scav-
engers and (b) the proposed possible reaction mechanism
for the photodegradation of TC over the MgFe,0,@UiO-
66(Zr) composite.
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conditions were satisfied. The conduction bands (CBs) of MgFe,O,
and amino-functionalized UiO-66(Zr) were approximately -0.62V
versus NHE [43,44] and —0.5V versus NHE [9,21], respectively.
By combining these results with the bandgap values derived from
the UV-vis DRS analyses, the VB values of MgFe,0, and UiO-
66(Zr)-NH, were +1.29 V versus NHE and +2.35V versus NHE,
respectively. As the VB of UiO-66(Zr)-NH, is higher than the poten-
tial energy of H,O/-OH (+2.27 V versus NHE), the photogenerated
h* radicals of an MOF can oxidize the adsorbed H,O molecules to
yield highly reactive -OH radicals. In addition, the CB potentials of
both MgFe,0, and UiO-66(Zr)-NH, are more negative than the
standard potential of O,/-O; (—0.33 V versus NHE) and O,/HOO-
(—0.037 V versus NHE) [45]. Therefore, the electrons in the CB
position of MgFe,0, and MOF can reduce O, to give -O, or HOO.,
followed by the generation of -OH radicals. Note that the CB poten-
tial of MgFe,O, is more negative than that of UiO-66(Zr)-NH,.
Consequently; the electrons generated in the CB position of MgFe,0,
can immigrate to the CB position of the UiO-66(Zr)-NH, frame-
work. Meanwhile, the photoexcited holes from the VB position of
UiO-66(Zr)-NH, immigrated to the less positive VB position of
MgFe,0,. The transfer of the photogenerated species via the com-
posite interfaces may prohibit recombination, and this greatly en-
hances the photocatalytic efficiency. The above analyses describe a
possible mechanism for the photodegradation of tetracycline anti-
biotics over the microwave-derived MgFe,0,@UiO-66(Zr)-NH,
catalyst, shown in Fig. 10(b).

CONCLUSIONS

Hybrid MgFe,0,@UiO-66(Zr)-NH, composites were rapidly pre-
pared by the microwave-assisted solvothermal method. Combin-
ing the nanoparticles of the ferrite and UiO-66(Zr)-NH, frameworks
resulted in a synergic effect, producing heterogeneous structures
with a high surface area and low bandgap value. As the Zr" /fer-
rite molar ratio increased from 0.5 to 1.5 to 2.5, the surface area of
the prepared catalysts increased from 169 to 426 to 856 m’/g, respec-
tively. Additionally; the bandgap values were approximately 2.68, 2.60,
and 2.73 eV, respectively, all of which were lower than the pristine
UiO-66(Zr)-NH, bandgap value (approximately 2.82 eV). The analy-
ses revealed enhanced photo-induced species transfer and sug-
gested that heterojunction structures had formed between the two
semiconductors. As a result, the composite MFO@UN showed im-
proved photocatalytic activity toward tetracycline antibiotics under
visible-light irradiation. The optimal composite MFO@UN achieved
a high TC removal efficiency (approximately 92%) that was signifi-
cantly greater than the removal efficiencies of MgFe,O, (approxi-
mately 48%) and UiO-66(Zr)-NH, (approximately 57%). The pho-
tocatalytic reaction mechanism was primarily controlled by the h*
and -OH radicals. Furthermore, the microwave-derived MgFe,O,@
UiO-66(Zr)-NH, composite was highly recoverable and renewable,
making it a promising photocatalyst for wastewater treatment.
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