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Abstract

In this study, we synthesized MOF/COF hybrid material (NH,-MOF-5/MCOF) by integrating NH,-MOF-5 (Zn) with a
melamine-based COF (MCOF) to target the photocatalytic degradation of methylene blue (MB) dye. Characterization using
SEM, XRD, XPS, FT-IR, and UV-DRS confirmed the synthesized MOF/COF hybrid’s exceptional photocatalytic perfor-
mance under visible light. The addition of H,0, significantly enhanced the photocatalytic degradation, achieving removal
rates of 90%, 92%, and 57% for 11.75 mg L', 30 mg L', and 83 mg L~ of MB, respectively. Kinetic studies revealed first-
order kinetics, with a rate constant nearly 3.5 times higher with added H,O,. We proposed a comprehensive photocatalytic
mechanism elucidated through energy band structure analysis and scavenger tests. Our findings revealed the formation of
a heterojunction between NH,-MOF-5 and MCOF, which mitigates electron—hole recombination, with «OH identified as
the principal species governing methylene blue degradation. Moreover, the NH,-MOF-5/MCOF hybrid displayed excellent
reusability and chemical stability over six cycles. Notably, this H,O,-assisted hybrid material demonstrated the removal of
99% of ibuprofen, a pharmaceutical drug, showcasing its broad applicability in removing organic contaminants in aqueous
solutions, thereby holding great promise for wastewater treatment.

Keywords Energy band - Ibuprofen - Scavenger test - Heterojunction photocatalyst - Organic contaminants - Wastewater
treatment

Introduction

Methylene blue (MB), a cationic dye belonging to the
thiazine class, finds widespread application across vari-
Responsible Editor: Sami Rtimi ous industrial sectors due to its vibrant color and versatile
properties (Slama et al. 2021). In sectors such as textiles,
leather, and printing, MB is commonly utilized for dyeing
cotton, wool, and silk fabrics, as well as in the production
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with high concentrations of MB (Fito et al. 2023; Rapo and
Tonk 2021; Senthilkumaar et al. 2005). Therefore, there is
an urgent need to develop new and effective methods for
the removal of high concentrations of MB from wastewater.

Photocatalytic degradation using semiconductor materials
has emerged as a promising approach for wastewater treatment,
offering advantages such as high efficiency, environmental
friendliness, and versatility (Huang et al. 2018a; Kumari et al.
2023; Wu et al. 2020). Among various photocatalysts, MOFs
and COFs have received significant attention due to their
unique properties such as high surface area, tunable pore sizes,
and diverse functional groups (Ghosh et al. 2020; Krishnaraj
et al. 2020; Younas et al. 2020; Zhang et al. 2022). However,
the practical application of MOFs and COFs as photocatalysts
has been limited due to their poor photoactivity and stability
under visible light irradiation (Gao et al. 2021).

To overcome these limitations, various strategies have
been employed, including doping with metallic or non-
metallic elements, surface functionalization, and hybridiza-
tion with other materials (Li et al. 2019; Wang et al. 2020).
Recently, research has focused on combining the advantages
of MOFs and COFs by developing MOF/COF hybrid materi-
als, which can improve their photocatalytic performance and
stability (Li et al. 2019). For instance, a MOF/COF hybrid
material composed of UiO-66-NH, and BiOBr was found
to exhibit high photocatalytic activity for the degradation of
RhB under visible light irradiation (Bibi et al. 2018). Another
study reported the synthesis of a MOF/COF hybrid mate-
rial based on NH,-MIL-125 (Ti) MOF and TTB-TTA COF,
which showed excellent photocatalytic activity for the deg-
radation of methyl orange under visible light irradiation (He
et al. 2019). Recently, H,O,-assisted hybridization of MOFs
and COFs has attracted considerable attention as a promising
strategy to improve their photocatalytic performance. H,0O,,
as an oxidizing agent, can generate hydroxide radicals and
increase the concentration of active sites on the surface of
MOFs and COFs, leading to enhanced photocatalytic activity
(Islam et al. 2015; Quang et al. 2020; Ren et al. 2021).

In this study, we aim to comprehensively evaluate the pho-
tocatalytic capability of a recently synthesized NH,-MOF-5/
MCOF hybrid material, which is subsequently modified to
significantly enhance its effectiveness for the degradation of
MB under visible light irradiation (Firoozi et al. 2020) and
additionally improve its photocatalytic performance by uti-
lizing hydrogen peroxide (H,0O,) as a co-catalyst. The photo-
catalytic mechanism, reusability, and stability of the hybrid
material and applicability for the other organic pollutants
are also investigated in detail. To the best of our knowledge,
this is the first report on the use of H,0,-assisted MOF/COF
hybrid material as a visible-light-driven photocatalyst for
methylene blue dye degradation, and this could offer a new
approach for the treatment of high concentrations of MB in
wastewater. Moreover, our work provides valuable insights
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into the design and development of MOF/COF hybrid mate-
rials with enhanced photocatalytic performance for the deg-
radation of other organic pollutants.

Materials and methods
Materials

All chemicals and reagents were used without additional
purification and purchased from commercial suppliers as
follows. Zinc acetate dihydrate (Zn(CH;CO,),+2H,0, Merck
Millipore), terephthalic acid (H,BDC, Acros Organics,
98%), melamine (C;H(Ng, Alfa Aesar, 99%), dimethylfor-
mamide (DMF, Acros Organics, 99%), 2-aminoterephthalic
acid (NH,-H,BDC,Thermo Scientific, 99%), triethylamine
((C,H;5)3N, Sigma-Aldrich, 99%), ibuprofen, tert-butyl
alcohol (TBA, C,H,,0, CARLO ERBA Reagent GmbH,
99.5%,), sodium oxalate (Na,C,0, Union Chemical Works
Ltd., 99.0%), chloroform(CHCl,, Thermo Scientific, 99.9%),
acetonitrile (Honeywell, >99.9%), acetic acid (J.T.Baker,
99.5%), hydrogen peroxide (H,0O,, Sigma-Aldrich,30%
(w/w) in H,0), dimethyl sulfoxide (DMSO, Sigma-
Aldrich, 99%), ethanol (C,H;OH, ECHO CHEMICAL CO.,
LTD, >99.5%), methanol (CH;OH, Sigma-Aldrich, >99.8)
Terephthalaldehyde (TA, Alfa Aesar, 98%), and methylene
blue (C,¢H;3N5CIS, Sigma Aldrich).

Synthesis of MOF-5

The synthesis of MOF-5 was conducted using a straightfor-
ward method (Firoozi et al. 2020). In brief, 0.5 g of tereph-
thalic acid was dissolved in 60 mL of DMF, and 2.19 g of
Zn(CH;CO,),-2H,0 was subsequently added to the solution
and stirred for 10 min. The resulting mixture was then trans-
ferred to Teflon-lined stainless-steel autoclave and heated at
100 °C for 12 h. After the heating process, the solid material
that formed was collected, centrifuged, washed with ethanol,
and then dried at room temperature. Figure 1a illustrates the
synthesis procedure of MOF-5.

Synthesis of NH,-MOF-5

NH,-MOF-5 was synthesized according to the literature with
slight modifications (Cai et al. 2020). Briefly, 1.288 g of
Zn(NO;),*6H,0 and 0.288 g of 2-aminoterephthalic acid were
added to 40 mL DMF solvent and mixed by ultrasonication in
a 100-mL beaker for 5-10 min. Then, the resultant solution
was put on a magnetic stirrer, and simultaneously, 2.2 mL of
triethylamine was added dropwise, and the mixture was fur-
ther stirred for 2 h. The residue was collected, centrifuged, and
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Fig. 1 Schematic diagram of synthesis procedures for a MOF-5, b NH,-MOF-5, ¢ MCOF, and d NH,-MOF-5/MCOF

washed with DMF. Then, the collected residue was immersed
in methanol for 3 days and the methanol solution was changed
every 24 h. Ultimately, the obtained white product was dried
at 120 °C and used for further analysis. Figure 1b illustrates
the synthesis procedure for MOF-5-NH,.

Synthesis of melamine-rich COF (MCOF)

Melamine-rich COF was synthesized using the hydrothermal
method. Briefly, 0.25 g of melamine and 0.5 g of tereph-
thaldehyde were added to 25 mL DMSO. The solution was
placed on a magnetic stirrer and mixed until a homogeneous
solution. The obtained solution was transferred into a Tef-
lon-lined stainless-steel autoclave and calcinated to 180 °C
for 24 h. Finally, the resultant precipitate was centrifuged,

washed with DI water, and dried at 80 °C for 12 h. Figure 1c
depicts the synthesis process for MCOF.

Preparation of NH,-MOF-5/MCOF

NH,-MOF-5/MCOF hybrid was synthesized according to
the literature with slight modifications (Firoozi et al. 2020).
0.2 g of NH,-MOF-5, 0.5 g of melamine, 0.5 g of tereph-
thaldehyde, and 5 mL of water were added to 25 mL DMSO.
The solution was mixed using ultrasonication. Later, it was
transferred to a Teflon-lined stainless-steel autoclave and
calcinated at 180 °C for 12 h. Finally, the formed precipi-
tate was collected, centrifuged, washed with ethanol, and
dried at 60 °C. Figure 1d shows the synthesis method for
NH,-MOF-5/ MCOF. Additionally, Fig. S1 illustrates the
proposed structure of NH,-MOF-5/MCOF.
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Characterization

The structural characteristics of the MOF/COF hybrid
were analyzed using Fourier transform infrared (FT-IR)
spectroscopy (Nicolet iS5 FT-IR spectrometric analyzer
using KBr powder). The morphological characteristics
were studied using X-ray diffraction (XRD, Bruker D8)
and scanning electron microscopy (SEM, JEOL-6330).
The chemical composition and electronic states of the
material’s surface were identified using X-ray photoelec-
tron spectroscopy (XPS, VG Scientific ESCALAB 250).
Surface area and porosity analyzer (Micromeritics ASAP
2460) was used to determine the surface area and pore
characterization of MOF/COF hybrid. To analyze the band
gap of the MOF/COF material, UV-vis diffuse reflectance
spectroscopy (DRS) was performed using a UV-DRS
(V-750) spectrophotometer with BaSO, as a reference.
These techniques provided a comprehensive understanding
of the structural, morphological, and electronic properties
of the MOF/COF hybrid material.

Photocatalytic experiment

Photocatalytic experiments were performed to investigate
the efficacy of MOF/COF hybrid as a potential photocata-
lyst for the degradation of methylene blue (MB) dye. The
experiments were carried out separately under visible light
(5 W LED, 400-700 nm) and UV light (100-W mercury
(Hg) vapor lamp, 365 nm) at room temperature. The light
source was positioned 10 cm away from the reaction mix-
ture to ensure uniform illumination.

Before initiating the photocatalytic reaction, the mix-
ture solution was magnetically stirred for 1 h in the dark
to ensure that adsorption—desorption equilibrium was
reached between the dye and the material. This ensured
that any dye adsorbed onto the surface of the MOF/COF
hybrid was desorbed and released into the solution prior
to initiating the reaction.

For the photodegradation of MB dye, different dosages
of the MOF/COF hybrid were added to various concentra-
tions of 25 mL MB solutions ranging from 5 to 100 mg
L~!. The mixtures were kept under UV or visible light
throughout the reaction time. A 3-mL sample was taken
at specific time intervals, and the concentration of the
dye was analyzed using a UV-visible spectrophotometer
(HITACHI U-2900) for recording the maximum absorb-
ance wavelength of MB (4,,,,) at 664 nm.

In order to accelerate the photocatalytic degradation
of MB, various concentrations of H,O, were added to the
mixture as an accelerator. The photoremoval of MB was
calculated using the following equation:
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Photodegradation efficiency (%) =

C0=C 100
c )
where C, (mg L") denotes the initial concentration and C
(mg L) represents the final MB concentration.

The experimental setup was designed to ensure that the
photocatalytic experiments were conducted under controlled
conditions and that the results obtained were reliable and
reproducible.

Results and discussion
SEM analysis

Figure 2a shows the SEM image of synthesized MOF-
5, which consists of irregular flaky particles that tend to
aggregate due to the absorption of water molecules, with
sizes ranging from 2 to 4 pm (Chen et al. 2019). The SEM
image in Fig. 2b confirms NH,-MOF-5’s spherical parti-
cle morphology at the nanoscale (240 nm) with a smooth
surface, aligning with previous studies (Yan et al. 2022).
Figure 2c shows the SEM images of MCOF, illustrating
the porous structure with interlinking randomness particles
(Periyasamy and Viswanathan 2019). Moreover, the SEM
images of NH,-MOF-5/MCOF are shown in Fig. 2d, indicat-
ing that smooth spherical-shaped material of NH,-MOF-5
has altered to a rough surface with well-dispersed MCOF
materials with average particle size 300 nm (Firoozi et al.
2020). It is noteworthy that, despite maintaining the same
particle morphology as NH,-MOF-5, the hybrid material
exhibits a slight increase in average size due to the integra-
tion of MCOF. This observation is consistent with previ-
ous studies on the synthesis of aza-MOF@COF (Peng et al.
2020).

XRD analysis

Figure 3 shows the X-ray diffraction (XRD) spectra of
MOF-5, NH,-MOF-5, MCOF, and NH,-MOF-5/MCOF. We
obtained microcrystalline MOF-5 particles in good agree-
ment with the experimental data published by Hafizovic
et al. (2007), as shown in Fig. 3a (Hafizovic et al. 2007).
In Fig. 3b, the NH,-MOF-5 XRD pattern reveals four char-
acteristic peaks observed at 20=6.31°, 9.84°, 13.96°, and
15.44° corresponding to the (0 0 2), (02 2), (00 4), and (0
2 4) facets, respectively, which were consistent with both
the simulated and synthesized MOF-5 (Wang et al. 2018;
Wen et al. 2019). The XRD pattern of MCOF, as depicted
in Fig. 3c, exhibits a broad peak in the 26 range from 15 to
30°, centered at 21.34°, indicating an amorphous structure
with a low degree of crystallinity, consistent with findings
in the literature (Foulady-Dehaghi and Sohrabnezhad 2021).
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Fig.2 SEM images of a MOF-
5, b NH,-MOF-5, ¢ MCOF, and
d NH,-MOF-5/MCOF

5

The XRD pattern of the synthesized NH,-MOF-5/MCOF
hybrid material, as shown in Fig. 3d, displays a broad peak
similar to MCOF due to the weak intensity of NH,-MOF-5,
indicating the successful retention of the parent MCOF
structure (He et al. 2019). Additionally, low-intensity peaks
from MOFs are also clearly observed, overlapping with
MCOF signals, indicating the successful synthesis of the
NH,-MOF-5/MCOF hybrid material based on the analyses
presented above (Holder and Schaak 2019).

FT-IR analysis

Figure 4 displays the FT-IR spectra of terephthalic acid,
MOF-5, NH,-MOF-5, MCOF, and the NH,-MOF-5/MCOF
hybrid material. FT-IR spectrum of the terephthalic acid
(Fig. 4a) shows strong asymmetric vibration of COO group
at 1697 cm™! (Tellez et al. 2001). Due to formation of
the large MOF-5 structure and the interaction between Zn
atom with COO bond results, this carboxyl band shifted
to lower frequency values (Kayan and Kayan 2021). In
the MOF-5 FT-IR spectrum (Fig. 4b), these characteristic
carboxyl group absorption peaks at approximately 1378
and 1605 cm™! are assigned to the symmetric O = C-O
and asymmetric O =C-O bonded to Zn, respectively
(Hadjiivanov et al. 2021). While the absorption peak at
537 cm™! is attributed to the Zn—O stretching vibration
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(Cai et al. 2020). The absorption peak at 3430 cm™! in
the MOF-5 structure corresponds to the O—H stretching
vibration originating from H,O molecules adsorbed by the
MOF. Similar to MOF-5, NH,-MOF-5 exhibits asymmet-
ric and symmetric carboxyl absorption peaks appearing
at 1579 and 1369 cm™' (Fig. 4c¢). In contrast to MOF-5,
NH,-MOF-5 exhibits new, less intense absorption peaks at
3418 and 3370 cm™!, which are ascribed to N—H stretch-
ing vibrations (Wen et al. 2019). The MCOF FT-IR spec-
trum (Fig. 4d) displays two absorption bands at 1543 and
1352 cm™!, corresponding to the aromatic C-N stretch-
ing vibration originating from the heterocyclic triazine
ring of melamine (Periyasamy and Viswanathan 2019).
The broad absorption peak at approximately 3465 cm™!
is attributed to the O—H stretching vibration derived from
H,0 molecules adsorbed by the MCOF. Two additional
absorption peaks at 1017 and 813 cm™! are assigned to
the aromatic C-H and cyclic C-N asymmetric vibration,
respectively (Periyasamy and Viswanathan 2019). The
resulting NH,-MOF-5/MCOF hybrid FT-IR spectrum
(Fig. 4e) exhibits new and unique absorption peaks at
approximately 1552, 1483, and 1345 cm™!, correspond-
ing to C=N, C=C, and C-N stretching vibrations, respec-
tively. These observations confirm the successful synthesis
of the hybrid material.
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Fig.3 XRD images of a MOF-5, b NH,-MOF-5, ¢ MCOF, and d
NH,-MOF-5/MCOF

XPS analysis

Figure 5 presents the results of X-ray photoelectron spectros-
copy (XPS) measurements for the synthesized NH,-MOF-5/
MCOF hybrid material. As shown in Fig. 5a, the XPS spec-
tra confirmed the presence of C, N, O, and Zn elements in
the hybrid material. Furthermore, the C 1 s deconvoluted
XPS spectra (Fig. 5b) exhibited three well-distinguished
peaks, which were assigned to the C=C bond, C=N bond,
and C-N bond, respectively, with their respective bind-
ing energies of 284.9 eV, 287.1 eV, and 287.7 eV (Yan
et al. 2004). Similarly, the N 1 s deconvoluted XPS spec-
tra (Fig. 5c) displayed two separate peaks at 398.2 eV and
399.4 eV, which were attributed to the C-N bond and C=N
bond, respectively (Yan et al. 2004). The peak at 531.7 eV
in the O 1 s XPS spectra (Fig. 5d) confirmed the formation
of the Zn—O bond (Gadipelli and Guo 2014). Additionally,
two peaks at 1022.3 eV and 1045.3 eV were observed in the
Zn 2p XPS spectra (Fig. 5e) and were ascribed to the 2p 3/2
and 2p 1/2 states of Zn 2p (Peng et al. 2014). The observed
XPS results were consistent with the FT-IR results and con-
firmed the successful formation of the NH,-MOF-5/MCOF
hybrid material.
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UV-vis diffuse reflectance spectra and Tauc plot
analysis

Figure 6a and b shows the UV—vis spectrum and Tauc plot
of the as-synthesized materials. The band gap energy (E,)
for each material was determined using the Tauc method
outlined below (Makuta et al. 2018).

(@.hv)'” = B(hv - E,) )

where a represents the absorption coefficient, hv stands
for photon energy, and E, represents the band gap energy,
while B denotes a constant. The y factor, determined by the
nature of electron transitions, is set to 1/2 for direct tran-
sition band gaps and 2 for indirect transition band gaps.
MOF-5 demonstrated an absorption peak at around 290 nm
and an absorption edge at 364 nm, which falls under the UV
region, corresponding to the band gap of 3.57 eV (Fiaz et al.
2021; Muller et al. 2011; Yang et al. 2014). This observa-
tion confirmed the presence of the organic linker tereph-
thalic acid and the inorganic Zn metal cluster, both of which
contribute to ligand-to-metal charge transfer (LMCT) (Fiaz
et al. 2021). Moreover, the UV—vis spectrum investigation
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of the synthesized MCOF material revealed an absorption
edge at 432 nm which falls under visible region, correspond-
ing to a band gap of 3.20 eV. This observation indicates a
high degree of delocalization and conjugation within the
melamine and phenyl polymeric structure (Huang et al.
2018b). The addition of amine functionality to MOF-5
(i.e., NH,-MOF-5) caused the absorption edge to red shift
to 445 nm, which falls within the visible region. The Tauc
plot analysis further demonstrated a much lower band gap
of 2.76 eV (Fiaz et al. 2021). Consequently, the resulting
NH,-MOF-5/MCOF material exhibited a significant red shift
in the absorption edge to 596 nm, with a very low band gap
of 2.20 eV. This is mainly due to the enhanced conjugation
throughout the hybrid structure, allowing for more efficient
delocalization of electrons, which in turn reduces the energy

gap between the valence and conduction bands, resulting in
a lower band gap.

Photocatalytic removal of MB

MB dye was employed as a model contaminant to investi-
gate the photocatalytic activity of the NH,-MOF-5/MCOF
hybrid material. The solution was kept in the dark with con-
stant magnetic stirring for 1 h prior to each photocatalytic
experiment to ensure adsorption—desorption equilibrium.
After achieving adsorption—desorption equilibrium between
NH,-MOF-5/MCOF hybrid material and MB dye, we evalu-
ate the photocatalytic activity by quantifying the photodeg-
radation of MB dye, using the equilibrium concentration of
MB as the initial concentration for our analysis. Previous
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NH,-MOF-5/MCOF and b Tauc plot of MOF-5, NH,-MOF-5,
MCOF, and NH,-MOF-5/MCOF

studies have demonstrated that various factors, such as pH
and light source parameters, may affect the photocatalytic
efficiency of the material (Reza et al. 2015). Figure 7a indi-
cates that the photocatalytic efficiency of the catalyst is sig-
nificantly better under basic conditions (pH > 7) compared to
acidic conditions (pH < 7). This phenomenon can be attrib-
uted to the zeta potential value (pH,,,.) of the NH,-MOF-5/
MCOF material, which is negative above pH 6 and posi-
tive below pH 6 (Firoozi et al. 2020). At pH > 6, positively
charged MB is more likely to interact with the negatively
charged catalyst, resulting in higher photodegradation of MB
dye. Conversely, at pH < 6, repulsion between the positively
charged catalyst and positively charged MB leads to a lower
photodegradation efficiency of MB. Thus, it can be deduced
that under basic conditions, the NH,-MOF-5/MCOF mate-
rial exhibits higher photocatalytic ability. We also observed
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volume =25 mL)

that at pH 9.5, the degradation of MB reaches its highest
percentage, and further increases in pH result in degradation
percentages that remain relatively constant. Therefore, for
subsequent experiments, we have chosen pH 9.5 as our opti-
mum pH condition, as it demonstrates the most efficient deg-
radation of MB. However, the results suggest that a longer
irradiation time is required for effective dye degradation.
To utilize this material for environmental remediation, we
must test it under higher MB dye concentrations and ensure
it achieves high degradation efficiency within a short period
of time. Therefore, the MB concentration was adjusted to
30 mg L™, and the catalyst dosage was increased from 0.2
to 2.4 g L™!. Figure 7b shows that irradiation with visible
light under basic conditions (pH=9.5) yielded satisfactory
results. Within 5 h of irradiation, the visible light achieved
69% photodegradation of MB dye, whereas the UV light
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irradiation resulted in only 15% photodegradation. This
observation aligns with the UV DRS data, revealing that
the NH,-MOF-5/MCOF material has two weak absorption
bands below 300 nm in the UV region and strong absorption
which falls within the visible light spectrum explains low
photodegradation under UV light (Gupta et al. 2021). Fur-
thermore, the material’s narrow band gap results in limited
activity when exposed to UV light, consequently leading to
areduced generation of electron—hole pairs (Keerthana et al.
2021). Therefore, the parameters were optimized for high-
concentration MB dye (30 mg L") as follows: basic condi-
tions (pH=9.5), visible light irradiation (420-700 nm), and
a catalyst dosage of 60 mg for efficient dye degradation.

A comprehensive comparative analysis of multiple key
parameters, including catalyst type, band gap, light source,
dye concentration, irradiation time, and degradation effi-
ciency, is meticulously presented in Table 1. Notably, our
findings have demonstrated satisfactory outcomes, despite
the use of elevated concentrations of MB dye, in line with
the existing literature.

Effect of hydrogen peroxide (H,0,)-assisted
photodegradation

Hydrogen peroxide (H,0,) is one of the commonly used
oxidants in wastewater treatment. This study investigates
the efficiency of photodegradation of MB dye by using
H,0,-assisted NH,-MOF-5/MCOF material. Initially, a
blank experiment was performed for 5 h under visible light
irradiation, which resulted in a 25% photodegradation of
MB, as shown in Fig. 8a. The result is ascribed to the ability
of MB to absorb visible light in the region of 500-700 nm
and undergo self-degradation (Khan et al. 2022; Liu et al.
2012). Figure 8a also shows the results of control experiment
that when H,0, was added to the MB solution, hydroxyl
radicals were generated in the medium, resulting in a 46%
photodegradation. In contrast, by applying NH,-MOF-5/

MCOF as catalysts, 69% of MB removal was achieved in
5 h. Notably, the addition of H,0,-assisted NH,-MOF-5/
MCOF material resulted in an 80% photoremoval efficiency
within 5 h. The effects of H,0, concentration and initial
MB concentration on the photodegradation efficiency of MB
were further discussed. Figure 8b shows the photodegrada-
tion efficiency of MB increased with the increasing H,O,
concentration, with an optimum concentration of 0.06 mol
L~ H,0,, where the photodegradation efficiency reached
92% within 7 h. Figure 8c illustrates the photodegradation of
different MB concentrations by adding NH,-MOF-5/MCOF-
assisted 0.06 mol L™! H,0,. Results showed that 11.75 mg
L~! MB was photodegraded by 90% within 3 h, while 30 mg
L~' MB and 83 mg L™! MB were photodegraded by 92% and
57% within 7 h, respectively. These results demonstrate the
effectiveness of H,0,-assisted NH,-MOF-5/MCOF material
in treating high concentrations of MB dye photodegradation.

It is also worth noting that the initial MB concentrations
showed a reduction after 1 h of dark treatment, indicat-
ing the hybrid material’s effective adsorption capability,
as depicted in Fig. S2. However, after 1 h, it has reached
to adsorption—desorption equilibrium. Specifically, dur-
ing dark treatment for 1 h, the initial concentrations of
25 mg L~! MB decreased to 11.75 mg L™!, 50 mg L™! MB
decreased to 30 mg L', and 100 mg L™! MB decreased
to 83 mg L™, illustrating the material’s adsorption abil-
ity to remove MB from the solution (Figs. S2, S3). This
observed synergy emphasizes the heightened effectiveness
of the H,0,-assisted NH,-MOF-5/MCOF material when
both adsorption and photocatalytic processes collaborate.
However, it is crucial to acknowledge that the material’s
moderately low Brunauer—Emmett-Teller (BET) surface
area, as illustrated in Fig. S4 and Table S1, limits the effi-
cacy of adsorption alone, particularly for higher concen-
trations such as 25 mg L™' MB or above. In such cases,
the dominant and more effective process shifts towards
photocatalytic activity.

Table 1 Comparison of the removal of methylene blue dye by different materials

Material Dye E,(eV) Lightsource Dyeconc. Time (min) Degradation Ref

(mg LY efficiency (%)
Cd MOF-CdS MB 3.15 uv 20 100 91.9 (Jing et al. 2022)
Ni/Co-MOF MB 2.88 Vis 20 120 71.20 (Shan et al. 2022)
Ni-MOF/BiOBr MB 3.08 Vis 20 120 82.80 (Ma et al. 2023)
(emim),[InK(btec), 5(H,0),] MB 3.15 uv 5 180 90 (Jietal. 2012)
Cu, (4-bpah), (1,3,5-btc),]+8H,0 MB - uv 10 240 50 (Zhou et al. 2012)
Zn,(tkcomm)(llpd), MB 3.26 uv 16 90 78 (Guo et al. 2012)
NH,-MIL-88B(Fe) (50)+H,0, MB 1.14 Vis 30 120 57 (Li et al. 2017)
NH,-MOF-5/MCOF +0.06 mol L™! H,0, (100 pL) MB 2.20 Vis 11.75 180 90 This work
NH,-MOF-5/MCOF +0.06 mol L™! H,0, (100 pL) MB 2.20 Vis 30 420 92 This work
NH,-MOF-5/MCOF +0.06 mol L™! H,0, (100 upL) MB  2.20 Vis 83 420 57 This work

@ Springer



50992

Environmental Science and Pollution Research (2024) 31:50983-50999

(a) —a— NH,-MOF-5/MCOF ‘
100 —e— NH,-MOF-5/MCOF+H,0,
—a— Control (MB+ H,0,) 80%
\’? 80 —v— Blank (MB only)
i
<
=
2 601
N
<
K
St B
5 40
)
=
S
S 201
=
&
0

-100 1 2 3 4 5
Visible light irradiation time (h)

—=—11.75 ppm MB
—e— 30 ppm MB
—a&— 83 ppm MB

~
()
-’
-
=3
=

92%

57%

Photodegradation (%)
2

-1 0 1 2 3 4 5 6 7 8
Visible light irradiation time (h)

(e)

Dark 1 Light
1.01 . ..
0.84 \
0.6 ~—&— Blank (Ibuprofen only)
J —®— 11,0, (Ibuprofen+ Hy05)
5 0.4 —&— NH,-MOF-5/MCOF
—¥— NH,-MOF-5/MCOF +H,0,
0.2
0.0
”
T 7/ t T T T T
60 0 3 6 9 12

Time (min)

Fig.8 a Photodegradation of 30 mg L™! MB dye (25 mL) in the pres-
ence of NH,-MOF-5/MCOF, NH,-MOF-5/MCOF-assisted 0.06 mol
L~! H,0,, control (MB +0.06 mol L™' H,0,), and blank (MB only)
at pH 9.5 (light source—5 W LED, 400-700 nm). b Photodegrada-
tion of 30 mg L™! MB dye (25 mL) in the presence of NH,-MOF-5/
MCOF+0.06 mol L' H,0,, NH,-MOF-5/MCOF+0.02 mol L!
H,0,, NH,-MOF-5/MCOF +0.004 mol L~' H,0,, and NH,-MOF-5/
MCOF+0.0001 mol L™! H,0, at pH 9.5 (light source—5 W LED,
400-700 nm). ¢ Photodegradation of 11.75 mg L~' MB, 30 mg
L™! MB, and 83 mg L' MB dye in the presence NH,-MOF-5/

We also observed some interesting phenomena in the MB
photocatalytic degradation process. Figure 8d illustrates that
as the visible light irradiation time increases, the maximum
absorbance wavelength of MB shifts from 664 to 650 nm.
This shift towards lower values, known as a hypsochromic
shift, indicates the formation of reaction intermediates (Mar-
ban et al. 2011; Matalkeh et al. 2022).
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MCOF-assisted 0.06 mol L~! H,0, at pH 9.5 (MB volume =25 mL,
light source—5 W LED, 400-700 nm). d UV-visible absorp-
tion spectra of 30 mg L~' MB dye in the presence of NH,-MOF-5/
MCOF-assisted 0.06 mol L~! H,0, at pH 9.5 (MB volume =25 mL,
light source—5 W LED, 400-700 nm). e Photodegradation of
3.3 mg L' ibuprofen dye (25 mL) in the presence of blank (Ibupro-
fen only), H,0, (MB+0.06 mol L™' H,0,), NH,-MOF-5/MCOF,
and NH,-MOF-5/MCOF-assisted 0.06 mol L' H,0,, at pH 4 (light
source—5 W LED, 400-700 nm)

We further explored the broad applicability of our
H,0,-assisted NH,-MOF-5/MCOF hybrid by employing
ibuprofen, a widely consumed pharmaceutical and personal
care product, as our model pollutant to assess photocatalytic
activity under visible light. The experimental procedure and
analytical method used to detect ibuprofen are described in
Text S1. Results revealed that in the absence of catalyst, only
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3% of ibuprofen was removed, while H,O, alone removed
30% within 12 min. However, upon introducing NH,-MOF-5/
MCOF, a remarkable 97% removal of ibuprofen was achieved,
indicating the excellent photocatalytic nature of the hybrid
material. Furthermore, when H,0,-assisted NH,-MOF-5/
MCOF was used, 99% of ibuprofen was removed within the
same time frame, demonstrating the enhanced photocatalytic
activity of the material in the presence of H,O,. It is worth
noting that both adsorption and photodegradation contribute
to the removal of ibuprofen. Specifically, adsorption accounts
for 39% of the removal, while photocatalytic degradation con-
stitutes the majority, contributing 60% (Fig. S5).

Kinetic study

Table 2 presents the results of the kinetic analysis conducted
for the photodegradation of MB. These analyses were per-
formed to determine the reaction rate order. The obtained R>
values suggest that the degradation of MB can be effectively
described by pseudo-first-order kinetics, as evidenced by the
high linearity of the relationship with an R* value of 0.983
(Alkaykh et al. 2020; Jawad et al. 2018). The pseudo-first-
order rate equation used for this analysis is expressed as fol-
lows, where C, represents the initial concentration, C denotes
the final concentration, ¢ is the reaction time (h), and k stands
for the pseudo-first-order rate constant (h™H.
Co

In— =kt
n= 3

Table2 Optimizing rate order for MB dye degradation with
NH,-MOF-5/MCOF catalyst

Weight of H,0, Concen- Volume Rate R? value
the catalyst concen- tration of of the order
(NH,MOF-5/ tration the MB  solution
MCOF) (mg) (mol dye (mg (mL)

LY LY
60 0.06 30 25 0 0.954
60 0.06 30 25 1 0.983
60 0.06 30 25 2 0.562

Further analysis was conducted to evaluate the effects
of different MB concentrations and the addition of H,0O,
on the rate of MB degradation using NH,-MOF-5/MCOF
material (60 mg). Table 3 summarizes comparison of the
pseudo-first-order rate constants and R? value with 60 mg
NH,-MOF-5/MCOF material and different MB and H,O,
concentrations. The highest rate (0.728 h~!) was observed
for 11.75 mg L™' MB using both catalyst and H,0, together.
For 30 mg L™' MB degradation, the rate was 0.099 h™!
using only catalyst, whereas adding H,O, (0.06 mol L™
significantly increased the rate to 0.342 h™!, almost 3.5
times higher. This highlights the crucial role of H,O, as an
accelerator for MB degradation using NH,-MOF-5/MCOF.
In addition, when using 83 mg L~! MB, the degradation
rate decreased to 0.118 h™!. It is evident that increasing the
concentration of MB resulted in a corresponding decrease
in the degradation rate.

Photocatalytic mechanism

To gain a comprehensive understanding of the photocata-
lytic mechanism of the NH,-MOF-5/MCOF material, it is
crucial to determine the conduction band (CB) and valence
band (VB) positions of both NH,-MOF-5 and MCOF indi-
vidually. Previous studies have demonstrated that analyzing
Mott—Schottky (M-S) plots for both NH,-MOF-5 and MCOF
materials reveals a positive slope, indicating they belong to
n-type semiconductors (Rajan et al. 2024; Wan et al. 2022).
In their study, Rajan et al. demonstrated that utilizing the
Mott—Schottky (M-S) plot for NH,-MOF-5 material yielded
a calculated flat band potential of —0.49 eV vs. NHE (Rajan
et al. 2024). For n-type semiconductors, the conduction band
(CB) potential is typically 0.1 eV lower than the flat band
potential; thus, the CB potential for NH,-MOF-5 is calcu-
lated to be —0.59 eV vs. NHE (Kalanur 2019). By applying
the band gap equation E, = Eyp — Ecg and considering the
UV-DRS data which revealed an E, value of 2.76 eV for
NH,-MOF-5, the valence band (VB) potential is calculated
to be 2.17 eV vs. NHE. Liu et al. calculated the VB potential
as 1.45 eV vs. NHE through analysis of the VB-XPS spec-
tra of the MCOF material (Liu et al. 2023). According the
above band gap equation, we can calculate the CB potential
of MCOF = —1.75 e vs. NHE.

Table 3 Comparison of the first-order rate constant and R? value with NH,-MOF-5/MCOF material and different MB and H,0, concentrations

Weight of the Catalyst Concentration of the MB  H,0, concentration ~ Volume of the solu-  1st-order rate constant R* value
(NH,-MOF-5/MCOF) (mg) dye (mg L) (mol L") tion (mL) (k;) (™1

60 11.75 0.06 25 0.728 0.995
60 30 0.06 25 0.342 0.983
60 30 0 25 0.099 0.982
60 83 0.06 25 0.118 0.940
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Fig.9 Energy band diagram of
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Based on the calculated band values for each NH,-MOF-5
and MCOF individually, we have illustrated the energy band
diagram as shown in Fig. 9. The mechanism for heterojunc-
tion NH,-MOF-5/MCOF photocatalytic degradation was
proposed (Qian et al. 2019; Saha et al. 2018). Under visible
light radiation, both NH,-MOF-5 and MCOF are excited due
to their narrow band gap, resulting in the formation of elec-
tron (e”) and hole (h™) pairs (Eq. 4). Since the conduction
band (CB) potential of MCOF (—1.75 eV vs. NHE) is more
negative than that of NH,-MOF-5 (—0.59 eV vs. NHE),
electrons generated in the CB of MCOF transfer to the CB of
NH,-MOF-5. Similarly, holes produced from the more posi-
tive VB of NH,-MOF-5 (2.17 eV vs. NHE) transfer to the
less positive VB of MCOF (1.45 eV vs. NHE). These holes
act as strong oxidizing agents and can directly react with the
MB dye molecule since the redox potential of MB (1.77 eV
vs. NHE) is lower than that of NH,-MOF-5 (2.17 eV vs.
NHE), degrading into CO,, H,0, and other byproducts
(Eq. 9). Additionally, the holes can react with hydroxide
ions (OH™) to initiate hydroxyl radicals (¢OH), which further
participate in the dye degradation reaction (Eq. 5). Further-
more, since the CB potential of MCOF is more negative
(—1.75 eV vs. NHE) than the standard redox potential of
0,/05- (=0.33 eV vs. NHE), the photoexcited electron
in the conduction band (e™) reacts with dissolved oxygen
(O,) to generate super oxide radicals (O3 ) (Eq. 6), which
also contribute to the dye degradation reaction (Eq. 9). The
photocatalytic degradation of MB by NH,-MOF-5/MCOF
is increased by 3.5-fold in the presence of H,O,. The role of
H,0, can be explained using the advanced oxidation pro-
cess (AOP), where the formation of strong oxidizing reactive
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hydroxyl radical (¢OH) generated from H,O, can directly
participate in the MB dye degradation reaction (Eq. 7,9)
(Thulasi Karunakaran et al. 2022). Additionally, H,O, can
suppress € /h* pair recombination by acting as e~ acceptor
and producing both hydroxide ions (OH™) and hydroxyl radi-
cals (Eq. 8). These OH™ react with holes (h™) and decrease
the rate of e /h* pair recombination, which contributes to
the increased photodegradation of MB in the presence of
H,0, (Eq. 5, 9). However, increasing the MB concentration
from 11.75 to 83 mg L' causes an increase in the turbidity
of the solution, making it difficult for the visible light source
to penetrate the solution, resulting in reduced degradation
efficiency accordingly (Saha et al. 2018).

NH, — MOF - 5/MCOF + hv — e~ + h* 4)
h* + OH™ - -OH (5)
e +0,—-> 0, (6)
H,0, - 2-0OH (7)
e~ +H,0, - -OH+ OH" 8)

MB + (O; - + h* 4+ -OH) — CO, + H,0 + byproducts
©))
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Fig. 10 Scavenger experiments for the MB photodegradation
(IMB]=30 mg L~!, MB volume=25 mL, pH=9.5, NH,-MOF-5/
MCOF =60 mg, [H,0,]=0.06 mol L, light source—5 W LED, 400-
700 nm, [TBA]=[Na,C,0,]=[CHCl;]=1 mM)

Scavenger test

In order to understand the contribution of different spe-
cies present in the MB degradation, scavenger test was
performed. Scavengers are compounds utilized to selec-
tively quench specific reactive oxygen species (ROS) or
radicals generated during chemical reactions. In this study,

Fig. 11 a Photodegradation
efficiency with respect to cycle

(@)

the scavengers TBA (tert-butyl alcohol), Na,C,0, (sodium
oxalate), and CHCl; (chloroform) were employed for the
purpose of quenching -OH,h* and O; - respectfully. Accord-
ing to Fig. 10, the degradation percentages of MB vary sig-
nificantly when employing different scavengers. When no
scavenger was used, the degradation of MB reached 92%,
indicating the effectiveness of the photocatalytic process in
the absence of scavenger. However, when scavengers were
introduced, TBA resulted in only 31% degradation, CHCl,4
led to 49%, and Na,C,0, exhibited the highest degradation
percentage at 79% which shows that all three species (-OH,
05 -and h*) contribute to the photocatalytic degradation of
MB and -OH is the main species responsible for the photo-
catalytic degradation.

Reusability and stability of the hybrid catalyst

In order to assess the reusability and stability of the
NH,-MOF-5/MCOF material, recycling experiments were
conducted as illustrated in Fig. 11a—c. Specifically, the
resultant solution was filtered and washed with ethanol after
each photocatalytic experiment, and the dried catalyst was
subsequently reused. Remarkably, our catalyst exhibits a
distinct characteristic of increasing photocatalytic activity
from 92 to 100% for up to three cycles and maintains a high
catalytic efficiency for up to six cycles (Fig. 11a, b). This
exceptional behavior can be attributed to surface modifica-
tion of the catalyst material resulting from longer visible
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light exposure, which induces greater passivation of the cat-
alyst nanoparticles (Dan et al. 2011; Kaur et al. 2014). Con-
sequently, the hole—electron recombination rate is lowered,
leading to the increasing of photodegradation efficiency.
Nevertheless, after three cycles, the photodegradation effi-
ciency may decrease due to catalyst loss occurring during
washing and filtration in each cycle (Ranjith and Rajendra
Kumar 2017; Thulasi Karunakaran et al. 2022). Figure 11c
shows the FTIR analysis for both the fresh catalyst and the
catalyst after six cycles of use. The analysis revealed that
the FT-IR spectra of the catalyst remained unchanged, with
the peak positions remaining the same. However, there was
a slight decrease in the intensity of the peaks after multiple
cycles of use. This observation highlights the remarkable
stability of the NH,-MOF-5/MCOF material, indicating that
it retains its structural integrity and key functional groups
even after prolonged use. Overall, our findings highlight
the remarkable reusability and stability of the NH,-MOF-5/
MCOF material, which could pave the way for its application
in large-scale wastewater treatment.

Conclusions

In summary, this study presents the synthesis and charac-
terization of a highly efficient and environmentally friendly
H,0,-assisted NH,-MOF-5/MCOF hybrid material using a
solvothermal method. SEM analysis revealed well-dispersed
MCOF material onto the NH,-MOF-5 surface, while XRD
patterns showed a broad peak indicating the successful
retention of MCOF, with less intense NH,-MOF-5 peaks
confirming the formation of the NH,-MOF-5/MCOF hybrid.
FT-IR spectra supported these findings, indicating the for-
mation of C=N, C=C, and C-N bonds matching literature.
UV-DRS data indicated efficient absorption of low-power
visible light, facilitating the photodegradation process with
a very low band gap of 2.20 eV. The remarkable efficacy of
the H,0,-assisted NH,-MOF-5/MCOF hybrid material in
methylene blue photodegradation was demonstrated, achiev-
ing a 92% removal of 30 mg L~! MB within 7 h, with a
notable 3.5-fold increase in the degradation rate compared
to the material without H,0O,. Furthermore, it exhibits out-
standing reusability, maintaining high catalytic efficiency for
up to six cycles, and remarkable stability without altering
its original structure over the same six cycles. We proposed
a heterojunction formed between NH,-MOF-5 and MCOF,
suppressing e /h* pair recombination and enhancing elec-
tron transport rate, with «OH identified as the major species
alongside O - and h*, also responsible for MB photodeg-
radation. Moreover, the H,O,-assisted hybrid material effi-
ciently removed 99% of ibuprofen from aqueous solutions
in just 12 min, suggesting its potential applicability in the
removal of various organic pollutants.
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