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The properties of metal organic frameworks (MOFs), surface area, porosity, and functionality make them an ideal
material for heterogenous catalysis. We developed a MnO>@quasi-MOF (MnO»@q-MOF) catalyst by incorpo-
rating MnO», into a MIL-53 (Fe) structure with reduction of KMnO4 to MnO, followed by a mild heat treatment at
300 °C. MnO,@q-MOF showed higher exposed metal sites due to thermally induced decarboxylation and higher
activity because of in situ MnO, formation while preserving the porosity and crystalline structure of MIL-53 (Fe).

We activated potassium peroxymonosulfate (PMS) using our MnO,@q-MOF catalyst for decomposition of
methylene blue and HEPES in water. The MnO,@q-MOF catalyst outperformed both MIL-53 (Fe) and unsup-
ported MnO; in the degradation of dye and was reusable. The primary mechanism of PMS activation was
revealed to be a singlet oxygen (105) mediated process.

1. Introduction

The safe disposal of industrialized effluents has lagged behind the
high rate of upscale material production, which has resulted in massive
pollutant discharges into the environment [1]. These industrial effluents
often contain high amounts of organic substances, including toxic,
non-biodegradable, and recalcitrant compounds, which require imme-
diate action to prevent environmental disturbance [2,3]. Advanced
oxidation processes (AOP), typically defined as in situ formation of
reactive oxygen species (ROS) for the decomposition of pollutants, offers
a possible solution for addressing this issue [2,4,5]. Potassium perox-
ymonosulfate (PMS) is a robust oxidant that has been increasingly used
in sulfate radical-mediated AOPs (SR-AOP) as the primary source of
sulfate radical anion (SO47), singlet oxygen (0,), hydroxyl radical
(*OH), and superoxide radical (057) [6]. The sulfate radicals have high
oxidation capabilities, minimum pH dependency, high redox potential,
and oxidation selectivity that could replace currently used, yet costly,
hydrogen peroxide [7,8]. However, the use of PMS as a reactive oxygen
species (ROS) generator requires a transition metal catalysts or high
energy activation like thermal or UV radiation [6]. The former activa-
tion method, generates nonrecoverable secondary pollutants that may
also compromise the water treatment process while the latter (thermal
or UV radiation), are not energy efficient and costly [7]. Thus, the
development of efficient and reusable heterogeneous catalysts for PMS
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activation in water is desired [9-11]. New materials such as metal
organic frameworks (MOF) can offer a platform to design robust,
non-leaching and heterogeneous catalysts for different applications [12,
13].

MOFs are three-dimensional (3D) porous materials that form by the
coordination of metal nodes with organic ligands [14,15]. The diversity
of available metal nodes and organic linkers make their topological net
and 3D structure tunable for various applications through bottom-up
fabrication processes [15]. One of the challenges of using MOFs for
catalysis is to make uncoordinated metal sites readily available by
activation that often requires high temperatures treatment [16]. Once
activated, these sites can react with a guest molecule or coordinate with
water losing their activity which results in poor catalytic performance
[17]. To overcome these problems, MOFs have been functionalized with
a secondary metal nanoparticle (NPs) creating a hybrid material
[18-20]. In this way, the MOF stabilizes the metal NPs within the
confined space of the pores, this prevents aggregation of the high surface
energy NPs, as well as reduces metal leaching [21]. The drawbacks of
this method are pore blockage and weak interactions between the metal
nodes with the guest NPs [22-24]. Alternatively, pyrolysis of organic
linkers to expose active metal sites, creating metal oxides from MOF
metal nodes, has been shown to boost the catalytic activity [25,26].
There are drawbacks to pyrolysis, however, such as MOF structural
collapse caused by extended high-temperature treatments, which results
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in a decrease in surface area, crystallinity, and porosity [22-24].
Therefore, a synthetic route that retains the MOF structure, and showing
metal oxide catalytic activity is highly sought-after.

First reported in 2018, controlled pyrolysis of MOFs has been shown
to preserve the high crystallinity, surface area and porosity of the
original MOF, while exposing additional active metal sites [22]. This
new material, with the hybrid properties of a MOF and metal oxide, is
called a quasi-MOF and features exposed metal sites that can interact
with metal nanoparticles (NPs) as guest molecules and thus increase
catalytic activity [22-24,27,28]. Based on this recent material fabrica-
tion method and considering the requirements of aqueous pollutant
treatment such as safety, recoverability, and low cost, we synthesized a
new type of quasi-MOF catalyst.

In this study, we chose MIL-53 (Fe), a member of the family of Iron
(IID)-terephthalate MOFs. MIL-53 (Fe) has large 1D pores suitable for
encapsulation of NPs and is an excellent source of iron. MIL-53 (Fe) is
also stable in boiling water, organic solvents, and in acidic conditions
[29,30]. Incorporating Mn into iron-containing MOFs during the initial
MOF synthesis has been shown to improve the rate of Fenton reaction for
the destruction of tetrachloroethylene and trichloroethylene in water
[12]. The combination of Fe and Mn into a single MOF catalyst has been
shown to provide a synergistic effect on the activation of PMS [31-33].
However, this improvement comes with the cost of coordinating metal
sites with host molecules, and quick catalytic activity loss [18,22,34].
Therefore, to benefit from the presence of Mn and higher activity while
addressing the above-mentioned issues, we chose to introduce MnOs as a
secondary site in the structure of our quasi-MOF. Our MnO,@q-MOF
catalyst takes advantage of the porosity of the original MOF while
providing a platform for stabilizing small particles of MnO5 within the
confined space of the pores. We studied our new catalyst, MnO,@q--
MOF, for its ability to activate PMS and the impact on the MnO,@q--
MOF/PMS system to decompose methylene blue (Mb) and
N-2-hydroxyethylpiperazine-N’-2-ethanesuflonic acid (HEPES) as
model organic pollutants in aqueous systems.

2. Materials and methods
2.1. Chemicals

All the chemicals, solvents, and reagents were used as received. We
used Milli-Q water for all experiments unless otherwise specified. Re-
agent grade ethanol (EtOH), both absolute, and denatured with 5%
methanol, and methanol (99%) were obtained from IBI Scientific, Bio-
world, and Fischer chemical, respectively. We purchased the following
items from sigma Aldrich (ACS or reagent grade): terephthalic acid
(99%), methylene blue (Mb, 95%), acetonitrile (99%, HPLC grade) N, N-
dimethylformamide (DMF, 99.9%), iron(Ill) chloride hexahydrate
(FeCl30.6 Hy0, 97%), potassium permanganate (KMnO4, 99%), tert-
butanol (t-BuOH) (99%), 1,4-benzoquinone (BQ), L-histidine (His),
2,2,6,6-tetramethyl-4-piperidone (TEMP, 98%), 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES, 99.5%), and 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, >97%).

2.2. Instrumentation

X-ray photoelectron spectroscopy (XPS) and X-ray powder diffrac-
tion (XRD) measurements were obtained on a Scientia Omicron ESCA
2SR machine equipped with an Al Ka high power X-ray source and a
Bruker D8 Advanced Eco with Cu Ka radiation X-ray diffractometer. To
study textural and morphological properties of these samples, we used a
scanning electron microscopy (SEM) with a Zeiss Gemini 500 micro-
scope and transition electron microscopy (TEM) with a FEI F20 micro-
scope with STEM mode. The FTIR spectrum of the materials were carried
out on an IRAffinity-1S (Shimadzu, Japan) equipped with an ATR
module. Thermogravimetric analysis (TGA) with a starting temperature
of 25 °C under a Ny atmosphere with a heating rate of 10 °C min~! was
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carried out on a TA Instruments Q500 Thermogravimetric Analyzer. Ny
adsorption-desorption isotherms were collected at 77 K on samples that
were degassed and stored under vacuum at 150 °C for 24 h using a
Micromeritics ASAP 2460 to evaluate porosity and surface area. Sub-
sequently, we obtained specific surface areas, using the modified Bru-
nauer-Emmett-Teller (BET) method.

2.3. Synthesis of MIL-53 (Fe)

MIL-53 (Fe) was synthesized following a previously reported method
with some modifications [35]. Specifically, terephthalic acid (1 mmol,
0.206 g) and FeClze6 HyO (1 mmol, 0.375 g) were added to a
Teflon-lined autoclave containing 15 mL of DMF. The autoclave was
held at 135 °C for 20 h. After cooling, the reaction mixture was trans-
ferred to a centrifuge tube and centrifuged at 12,000 g for 10 min. The
orange solid (Fig. 1) was heated and suspended in EtOH, stirred at 65 °C
for 2 h, and then filtered. This procedure was performed an additional
three times, and the resulting powder was dried in a vacuum oven at 70
°C for 12 h. The characterization of the isolated orange MIL-53 (Fe)
powder matched literature values [36].

2.4. Synthesis of MnO2@q-MOF

To 250 mL of aqueous KMnO4 solutions, concentrations ranging
from 5 to 100 mg/L, was added 10 mL of 1 M H3SO4. The MIL-53 (Fe)
(0.1 g) was dispersed in the KMnOy4 solution by sonication for 30 min.
The mixture was stirred for 2 h at 60 °C, transferred to a centrifuge tube
and centrifuged (12,000 g for 10 min), then the pellet was washed with
EtOH and water approximately ten times, and decanted. The resulting
light brown powder (Fig. 1) was dried at 60 °C for 2 h and was heated at
300 °C under a flow of N3 for 2 h to obtain MnO,@q-MOF.

2.5. Degradation of Mb and HEPES using MnO>@q-MOF/PMS

Degradation conditions were varied to explore the effects of different
concentrations, temperatures, pH levels and added ions. The condition
for the optimized catalytic system is as follows: Into a 500 mL beaker
was added 300 mL of a 50 mg/L aqueous solution of organic pollutant,
followed by 0.2 g/L of the MnO,@q-MOF. Using 0.1 M NaOH or
0.1 M H3SO4 solution, the pH of the mixture was adjusted to 7. After
allowing sufficient time (30 min) for the catalyst to be adequately
dispersed, 0.18 g PMS was added to achieve a final concentration of
2 mM. To monitor the kinetics of dye degradation, we withdrew 0.5 mL
of the reaction mixture at pre-arranged time intervals and passed them
through a 0.22 mm polyvinylidene fluoride mesh membrane to separate
the catalyst. To these samples, ethanol (0.5 mL) was instantly injected to
quench radicals prior to filtration.

We selected Mb and HEPES as model organic pollutants to study the
MnO,@q-MOF/PMS system. Mb was selected for system optimization
because it can be monitored using UV/Vis. Using a SHIMADZU UV/Vis
spectrophotometer (UV-2550), we were able to monitor the degradation
kinetics of Mb at a maximum wavelength of 664 nm. HEPES was
selected as a widely used buffer in the pharmaceutical industry to show
the generalized applicability of this catalytic system; the degradation
kinetics for HEPES were studied by LC-MS/MS.

An LC-MS/MS (Thermo Q Exactive) ion trap with electrospray
ionization in a positive mode was used to determine the degradation
intermediates of both Mb and HEPES. Specifically, a reversed-phase C18
(Luna Phenomenex 5 pM 4.6 x100 mm) column was used for separation
at room temperature. HEPES degradation intermediates were detected
with an isocratic elution of 10% acetonitrile and 90% water containing
0.1% formic acid for 15 min with a flow rate of 0.4 mL/min. Mb in-
termediates were detected by an isocratic elution (75% methanol and
25% of a 20 mM ammonium formate solution in water) for 15 min and a
flow rate of 0.4 mL/min.
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Fig. 1. A photographic representation of the catalyst synthesis.

2.6. Kinetic study of Mb decomposition

A pseudo-first-order kinetic model was used to describe Mb decom-
position using the MnO,@q-MOF/PMS system:
G

n— =

G — kgppt

Where Cy and C; (mg/L) are the initial and the concentration at time t,
respectively, kapp, is the apparent rate constant, and t is reaction time. We
evaluated the impacts of different catalyst dosages (0.05-0.20 g/L), the
pH level (3—9), reaction temperatures (25-45 °C), and PMS dosages
(1-4 mM) on the kinetics of Mb degradation. Multiple coexisting anions
(NaCl, NaSO4 NaH,PO4, NaHCO3) were also added to the reaction sys-
tem to assess their effects on degradation rate. Several radical scaven-
gers were investigated, including EtOH, His, t-BuOH, and BQ to quench
radicals in the reaction system. Utilizing DMPO and TEMP as spin
trapping reagents, we detected ROS by electron paramagnetic resonance
(EPR) spectroscopy. Concentrations of leached iron and manganese
were quantified using inductively coupled plasma/mass spectroscopy
(ICP/MS). To demonstrate the reusability of the catalyst, after each run
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the catalyst was filtered, rinsed with copious amounts of a 50:50 mixture
of EtOH and water, and dried at 60 °C.

3. Results and discussion
3.1. Characterization of MnO,@q-MOF

To synthesize MnO,@q-MOF, there were three key steps; synthesis of
MIL-53 (Fe), in situ generation of MnOg in MIL-53 (Fe) structure using
KMnOy4 solution and controlled thermal treatment under nitrogen to
expose the Fe nodes and producing Fe-O to enable their interaction with
the guest MnO, inside the pores (Fig. 1) [22]. We found out that the
presence of Fe-O on the catalyst promotes adsorption of hydroxyl groups
on the body of the catalyst and is crucial for PMS activation [31].

3.1.1. XRD pattern of MnO2@q-MOF

The XRD pattern of MIL-53 (Fe) has several sharp peaks at 20
(degree)= 8.8, 10.6, 15.2, 17.4, and 20.54, indicative of the high crys-
tallinity of the sample (Fig. 2a) which is consistent with previously re-
ported results [30] and that were in good agreement with the simulated
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Fig. 2. a) XRD of patten of MIL-53 (Fe), MnO,@q-MOF and the simulated pattern of MOF acquired from The Cambridge Crystallographic Data Center (CCDC), b)
FTIR of commercial MnO,, Fe;03, MIL-53 (Fe), MnO,@MOF (before thermal treatment), and MnO»,@q-MOF, ¢) TGA analysis of MnO>@q-MOF (before thermal

treatment), and d) N, adsorption-desorption of MIL-53 (Fe) and MnO,@q-MOF.
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pattern. After introducing KMnO,4 and its subsequent reduction to MnO»,
the intensity of most of the peaks decreased, but the quasi-MOF still
retained a crystalline structure which suggested that post-synthesis
treatments could be considered mild. Specifically, the peak around
20= 8.8 showed broadening, which could be attributed to the decar-
boxylation of MIL-53 (Fe) [22-24,27]. The peak at 20=10.6° dis-
appeared from the spectra, which could be correlated to the breathing
effect of MIL-53 (Fe) upon pore filling with MnO, and the consequential
altering of the unit cell parameters, ¢ and b [37]. In the spectra of
MnO;@q-MOF, we did not find any peaks associated with MnOs,
revealing the amorphous nature of the encapsulated MnO, as it has
added to the MIL-53 (Fe) framework. The observed changes in the XRD
spectra indicate that the amorphous MnO, nanoparticles were incor-
porated into the pores of the MIL-53 (Fe) [22,23]. Additionally, we
observed a broadening of the peaks in the XRD with increasing the
concentration KMnO4 (Fig. S1) which could be correlated to the
increasing the amount of amorphous phase of MnOs in the crystalline
MIL-53 (Fe) framework [38].

3.1.2. FTIR of MnO>@q-MOF

FTIR was used to identify the functional groups of MnO,@q-MOF
before and after modifications. The MIL-53 (Fe) spectra showed asym-
metric and symmetric stretching of the carboxyl group (COO)
embedded in the body of the MIL-53 (Fe), at 1395 and 1550 cm’!
(Fig. 2b). The band around 560 cm’! is associated with the Fe-O bond of
the metal cluster. The sharp bands in the FTIR of MIL-53 (Fe) indicate an
ordered and defined structure for the MOF [39]. When MIL-53 (Fe) was
treated with the KMnOg, broadening of the carboxylic acid bands at
1395 and 1550 cm’! was observed. This broadening was attributed to
the sensitivity of FTIR to the electromagnetic environment, suggesting
the presence of MnO in the structure [39]. We also assigned the broad
band in the 400-550 cm™ area to Mn-O and Fe-O stretching vibrations.
After the controlled pyrolysis, we correlated the decline in the intensity
and the broadening of the bands at 1395 and 1550 cm™ to the partial
decarboxylation of the MIL-53 (Fe) and carbon dioxide release from the
structure, which suggest exposure of metal nodes [22,23].

3.1.3. TGA of MnO2@MOF

To determine the best temperature for partial decarboxylation and
deligandation of the MnO;@MOF (MIL-53 (Fe) treated with KMnO4
prior to pyrolysis), we used TGA to find the point at which we could
expose metal sites without complete structural collapse. The weight loss
during thermal treatment of MnO2@MOF could be categorized into two
temperature stages: one around 150 °C and the other above 380 °C
(Fig. 2¢). We assigned the weight loss at 150 °C to the water evapora-
tion, accounting for almost 5 wt% of the total sample. The significant
weight loss between 380 °C and 500 °C is due to decarboxylation and
deligandation with an additional weight loss of 25 wt% of the total
sample. Based on the TGA results and previous reports, we selected
300 °C as the optimum temperature for thermal treatment of the
MnO;@MOF. This temperature is sufficient to modify the MIL-53 (Fe)
crystalline structure without complete destruction [22-24].

3.1.4. N, adsorption-desorption isotherms of MnO2@q-MOF

We investigated the impact of the incorporated MnO and the sub-
sequent pyrolysis on pore volume and specific surface area of MIL-53
(Fe) and MnO,@q-MOF using N2 adsorption-desorption isotherms
(Fig. 2d). The initial BET surface area of 346.9 mz/g for MIL-53 (Fe)
decreased to 108.5 m2/g for MnO,@q-MOF. Similarly, the measured
pore volume of 0.135 cm®/g for MIL-53 (Fe) decreased to 0.119 cm®/g
for MnO>@q-MOF (Table S1), suggesting that the pores of the MIL-53
(Fe) framework may be occupied by MnO, and/or blocked by some of
the larger particles [40]. Nevertheless, the calculated surface area for
MnO,@q-MOF is two to two hundred times greater than both previously
reported manganese oxide and Fe-Mn paired catalysts [31,32,41], which
is a significant finding since the surface area plays a crucial role in
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3.1.5. SEM images of MnO,@q-MOF

SEM was used to explore the morphology and structure of MnO,@q-
MOF. The SEM images of MIL-53 (Fe) showed perfect hexagonal
bipyramidal morphologies varying from 500 nm to 5 mm in size, which
agrees well with previous reports (Fig. 3a(i-iii)) [13,36]. SEM images of
MnO,@q-MOF revealed a similar crystalline structure to the MIL-53 (Fe)
indicating the mild nature of the pyrolysis treatment (Fig. 3b (i-iii)),
however, the crystals of the MnO»,@q-MOF are elongated along one axis
with respect to MIL-53 (Fe), indicating both the flexible nature of the
lattice and the resulting structural changes caused by the incorporation
of MnO, and pyrolysis [37,43,44]. Further, the smooth surface of
MnO,@q-MOF particles implies that the main growth of MnO, particles
occurred inside the pores rather than on the lattice surface [45,46].

Elemental mapping of the MnO,@q-MOF obtained from the energy
dispersive X-ray (EDX) mode indicate that C, Fe, and O are uniformly
distributed throughout the quasi-MOF, but Mn distribution varies based
on the particles’ size (Fig. 3e). For larger particles, it is predominately
found on the outer shell of the catalyst with decreasing distribution
toward the core. In smaller particles, it appears to be distributed evenly.
The coexistence of C and O in the catalyst emphasizes that the phthalate
linkers are still present in the catalyst after thermal treatment.

3.1.6. TEM analysis of MnO,@q-MOF

TEM images of MIL-53 (Fe) and MnO2,@q-MOF revealed the bipyr-
amidal morphology of the parent MOF (Fig. 3c(i-iii)) which agreed with
the SEM results; the surface of the crystals is smooth, and the dark color
of the crystals indicates that the MOF crystals are densely packed. After
pyrolysis, the crystalline shape of the parent MOF is retained, while the
edges and surfaces appear rough (Fig. 3d(i-iii)). The MnO,@q-MOF
particles are also brighter and less dense, implying that the partial loss of
phthalate linkers from the parent MOF has reduced packing density,
indicating decarboxylation of MOF while retaining the crystalline
structure and the successful synthesis of a quasi-MOF [23,27]. The dark
spots are indicative of iron and manganese oxide formation and exposed
metal sites [27].

3.1.7. XPS analysis of MnO2@q-MOF

The survey XPS spectrum of MIL-53 (Fe), indicates the existence of
Fe, O, and C with the peaks at binding energy (BE) around 710, 529, and
284 eV, respectively (Fig. 4a). The survey XPS spectra of MnO»,@q-MOF
not only shows the same peaks associated with Fe, O, and C, but also
indicates a new peak around 641 eV that proves the presence of Mn in
the catalyst after introducing MnO, and the subsequent thermal treat-
ment, which are in good agreement with the mapping analysis results
[33]. Due to the surface-based nature of XPS, we carried out ICP/MS
analysis to estimate the amount of Fe and Mn contained in MnO,@q--
MOF, which detected 43.1 mg/g of Mn and 216.3 mg/g of Fe using acid
digestion.

High-resolution XPS of MIL-53 (Fe) and MnO>@q-MOF to confirm
that the crystallinity of the MIL-53 (Fe) lattice is preserved, and partial
decarboxylation and deligandation occurred after the thermal treatment
(Fig. 7). The high-resolution XPS spectra of C 1 s of MOF and MnO,@q-
MOF has peaks at 283.85, 285.13, and 288.52 eV which correspond to
C—C=H, C—C—=C, and O—C=0 bonds, respectively (Fig. S2a and c).
The existence of the same peaks after MIL-53 (Fe) modification indicates
the retention of the phthalate linkers after thermal treatment. The high-
resolution XPS spectra of O 1 s MIL-53 (Fe) where Peaks at 532.9, 532.1,
and 531.1 eV were observed in the high resolution XPS spectra of O 1 s
MIL-53 (Fe) and correspond to C—=0, C—O0, and Fe—O bonds, respec-
tively (Fig. S2b). Peaks at 532.9, 532.1 eV related to the C—=0 and C—O
bond and at 531.6 and 530.03 eV correspond to Fe—O and Mn—O
bonds, respectively (Fig. S2d). The decrease in the intensity ratio of the
carbon-oxygen bonds to metal-oxygen bonds in MnO,@q-MOF clearly
implies the incorporation of MnO,, and partial decarboxylation and
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111

d(iii

Fig. 3. SEM images of a(i), (ii) and (iii) MIL-53 (Fe), b(i), (ii) and (iii) MnO>@q-MOF and TEM images of C(i), (ii) and (iii) MIL-53 (Fe), d(i), (ii) and (iii) MnO.@gq-
MOF e) elemental mapping of MnO,@q-MOF for carbon, oxygen, manganese, and iron (scale bar: 2 pm).

deligandation of MIL-53 (Fe) framework [33].

The Fe 2p spectra consist of two peaks related to the spin-orbit
splitting of Fe 2p3,» and Fe 2p; 5 (Fig. 4b). Fe(III) shows characteristic
peaks around 725 and 711 eV with a shake-up peak at 719 eV, and Fe(II)
shows peaks at 723 and 709 eV with a shake-up peak at 715 eV [13,36].
The higher BE peak around 713 eV indicates an interaction between Fe
(II1) and Fe(II). Further, the decreased intensity ratio of Fe(II):Fe(IIl)
from 0.24 to 0.21 in the deconvoluted Fe 2p spectrum of MIL-53 (Fe) and
MnO,@q-MOF indicate oxidation of Fe(II) by KMnOy after the chemical
modification of the MIL-53 (Fe) [12,36].

A characteristic spin—orbit doublet of Mn 2p3,» and Mn 2p; /5 in the
Mn 2p spectra, where the two are distanced by 11.9 + 0.1 eV was
observed (Fig. 4d). Mn 2p3,, peak is further resolved into four peaks
with BE at 645.6, 642.5, 641.3, and 640.0 eV corresponding to the
shake-up signal, Mn(IV), Mn(II), and Mn(II), respectively [33]. These
results indicate that MnOy presence is in the form of Mn (IV), Mn (III),
and Mn (II) with different ratios.

3.2. Catalytic performance of MnO2@q-MOF

We investigated the catalytic performance of MnO,@q-MOF toward
PMS activation and the degradation of Mb with various ratios of MnOo,
catalyst, PMS dosages, different pH levels, and temperatures (Fig. 5).

3.2.1. Effect of MOF modification on catalytic activity and its comparison
to individual components on Mb removal

The degradation rate of Mb using MnO,@q-MOF/PMS system can be
best described by a pseudo-first-order kinetic model, and the system
achieved more than 97% of Mb degradation within 80 min (Fig. 5a). In
contrast, MnO,@q-MOF and PMS alone achieved less than 5% and 30%
of Mb degradation, respectively. These results show that MnO,@q-MOF
alone has a negligible impact on Mb adsorption and decolorization
without introducing PMS to the system (Fig. 5a). PMS alone also did not
completely oxidize the dye, underlining the role of the catalyst in acti-
vating PMS. Further, results indicated that the MIL-53 (Fe) also had low
catalytic activity toward the activation of PMS, where only 20% of the
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Fig. 4. a) XPS survey spectra, high-resolution spectra of b) Fe 2p of MIL-53 (Fe), ¢c) Mn 2p of MnO,@q-MOF, and d) Fe 2p of MnO,@q-MOF.

dye was degraded within 80 min of the reaction suggesting not only
poor redox properties of Fe (III)/Fe (II) in the nodes MIL-53 (Fe) and
emphasizing the role of the Mn in this catalyst.

Last, we used MnO, alone as a catalyst (the detailed characterization
is provided in SI, Fig. S3) for PMS activation and showed that this system
only achieved 50% degradation of Mb within 80 min. This higher
degradation level relative to the MIL-53 (Fe)/PMS system is due to MnO,
activity. The inferior performance of MnO, alone, as compared to
MnO,@q-MOF/PMS system, shows the higher catalytic activity of
nanosized MnO; encapsulated within the MIL-53 (Fe) framework. This
also highlights the function of the exposed Fe sites in the catalyst and the
possible synergistic effect between the MnO5 nanoparticles and the Fe
[12,31,47].

3.2.2. Effect of MnOy concentration in MnO2@q-MOF

We explored the effect of MnO3 ratios in the Mb degradation reaction
by changing the KMnOy4 concentrations in the synthesis of MnO>@gq-
MOF. As shown in Fig. 5b, by changing KMnO4 concentration from 5 to
15 mg/L, the reaction rate constant (k) improved from 0.0029 to
0.0122 min™!, showing a 90% improvement, and emphasizing the role of
MnO; in the MnO,@q-MOF activity. Further, increasing the concen-
tration from 15 to 50 mg/L changed the rate constant (kgpp) from 0.0122
to 0.0322 min?, demonstrating a 30% improvement in the reaction ki-
netics (Table S2). However, increasing the KMnO,4 concentration to
100 mg/L decreased the rate constant (k) to 0.0196 min!. This
decrease in reaction rate (kqpp) constant suggests that 50 mg/L concen-
tration of KMnOy is the optimum concentration which provided suffi-
cient activation sites but did not reduce the surface area dramatically.
We concluded that the surface area was compromised when more than
50 mg/L KMnO4 was used in catalyst preparation, resulting in decreased
catalytic activity [33,48,49]. Therefore, we chose the catalyst synthe-
sized with 50 mg/L concentration of KMnOyj as the optimum catalyst for
the rest of our studies as it performed most efficiently in removing Mb.

3.2.3. Effect of MnO2@q-MOF dosage
As it is shown in Fig. 5c and tabulated in Table S2, increasing the
catalyst dosage from 0.05g/L to 0.2 g/L markedly improved the

reaction rate constant (kgp) by 55% (0.0141-0.0322 min’l), indicating
the essential role of the catalyst dosage in the degradation kinetics.
Results show that 0.05 g/L of MnO»@q-MOF is sufficient to degrade Mb
up to 95.7% within 120 min, while 0.2 g/L of MnO,@q-MOF reached
100% degradation within 120 min. Further increasing the catalyst
dosage provides more reaction sites for the PMS activation leading to
more ROS generation. As such, we chose 0.2 g/L of MnO,@q-MOF as the
optimum value for carrying out the rest of the studies since the highest
reaction rate constant (kqyp) was recorded at this concentration
(Table S2). Finally, the PMS and catalyst dosages should be adjusted to a
proper ratio to maintain maximum efficacy [6].

3.2.4. Effect of PMS dosage

Fig. 5d displays the impact of PMS dosage with the optimum amount
of the catalyst (0.2 g/L) on Mb removal. The reaction rate constant (kgpp)
of Mb degradation with 1, 2, and 4 mM of PMS was found to be 0.0173,
0.0321, and 0.0242 min'l, respectively (Table S2). Results showed that
fewer ROS are produced at lower concentrations of PMS, resulting in a
slower reaction rate. In contrast, at the highest concentrations of PMS,
excessive production of ROS leads to a self-quenching phenomenon [6].
Further, it has also been reported that PMS competes with Mb for
adsorption sites on catalysts, and its excessive amount can slow down
the reaction [50]. Therefore, we found the optimum amount of PMS for
Mb degradation to be 2 mM. The reaction rate constant (k) does not
change linearly with respect to PMS dosage, meaning that PMS con-
centration does not play a role in the reaction kinetic equation and
confirming the pseudo first order reaction rate.

3.2.5. Effect of pH

To elucidate the role of pH on the degradation of Mb, first, we con-
ducted an adsorption study before adding PMS to the system. The Mb
adsorption is less than 1% for pH 3, 5, and 7 but at pH 9 the material
absorbed 9.3% of the Mb and equilibrium adsorption (q.) was 23.3 mg/
g after 30 min (Table S3). This trend was predicted considering the pH of
zero charge (pHy,) for the material is 7.6. At pH 9, the material surface
is negatively charged, and thus, can interact with Mb electrostatically.
We also investigated the effect of pH on the degradation efficiency of Mb
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Fig. 5. The decomposition kinetic of Mb a) in different reaction systems, Degradation condition: [Mb]= 50 mg/L, [PMS]= 2 mM, [Catalyst]= 0.15 g/L, b) different
loading of MnO,, Degradation condition: [Mb]= 50 mg/L, [PMS]= 2 mM, [MnO, @q-MOF]= 0.15 g/L, c) catalyst dosage, Degradation condition: [Mb]= 50 mg/L,
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50 mg/L, [PMS]= 2 mM, [MnO, @q-MOF]= 0.15 g/L, and f) effect of temperature, Degradation condition: [Mb]= 50 mg/L, [PMS]= 2 mM, [MnO, @q-MOF]=

0.15 g/L, inset graph is the thermodynamic fitting curve of activation energy.

due to the pH-dependent activity of PMS [6]. We performed the
degradation reaction at four different pH levels of 3, 5, 7, and 9, and
monitored the reaction kinetics (Fig. 5e). Increasing the pH from 3 to 9
improved the degradation of Mb, with an observed increase in the rate
constant (kqpp) of 43% (0.0254-0.0449 min™). At lower pH levels of 3
and 5, the poor degradation efficiency can be attributed to two phe-
nomena. First, hydronium ions can protonate the peroxide bond of
HSOs5 inhibiting the activation of PMS by active sites of the catalyst.
Second, hydronium ions serve as scavengers for ROS, reducing the
degradation efficiency. At higher pH levels, however, it is easier to
generate metal-OH species, which are important for the PMS adsorption
on the surface of catalysts, resulting in reaction rate acceleration [31].

3.2.6. Effect of temperature

As shown in Fig. 5f, the temperature expectedly had a profound
impact on the Mb degradation kinetics. Our results showed that
increasing the temperature from 25° to 35°C halved the reaction time to
degrade 96% of Mb, and the rate constant (kgp,) increased from 0.0322
to 0.0369 min’. Further increase of temperature to 45 °C completely
degraded Mb in less than 20 min, and the rate constant (k) reached
0.0458 min™!, revealing an endothermic nature to the degradation re-
action [12]. The reaction rate increase with temperature can be attrib-
uted to thermal activation of PMS, and more production of ROS in a
shorter reaction time [12]. The inset graph in Fig. 5f shows the ther-
modynamic fitting curve obtained from Arrhenius’s equation [51].
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Based on the thermodynamic fitting curve obtained from this equation,
the activation energy is calculated, 12.4 kJ/mol which is within the
range of some previous reports [12].

3.3. MnO;@q-MOF stability and reusability

We evaluated the catalyst stability based on leached metal levels
detected using ICP/MS analysis. Based on Pearson soft/hard acid-base
theory, metal nodes and ligands in a MOF structure can be considered
Lewis acids and Lewis bases, respectively [52]. Based on this theory,
MOFs with a combination of high valence metals (hard acid) and oxygen
terminated ligands (soft base) are resistive to metal leaching and dis-
solving in acidic and neutral pH, while low valence metals (soft acid)
and nitrogen terminated ligands (hard base) are more stable in alkaline
and neutral pH [53]. Accordingly, based on the elements present in
MIL-53 (Fe), we expect it to be more stable in an acidic and neutral
environment. We compared the ICP/MS detected metal ion levels at the
different pH levels, which clearly indicated the low amount of leached
metal ions at acidic and neutral pH levels (Table S4). The leached metal
ions detected in our system are 0.678 mg/L for Fe and 0.504 mg/L for
Mn at neutral pH, which are considerably lower than the metal ion
leaching in some previous reports [54,55]. In basic conditions, pH 9,
however, leached Fe and Mn are 7.069 mg/L and 0.799 mg/L, respec-
tively, considerably higher than acidic and neutral conditions. At pH 9,
iron starts to leach out as Fe (III) from the metal nodes of the MIL-53 (Fe)
since hydroxide ions can participate in a ligand exchange reaction with
terephthalic acid. This is a known drawback of MOFs; they cannot be
used over a wide range of pH levels due to metal ion loss through ligand
exchange reactions. Although Mn leaching at pH 9 still follows the same
trend as other pH levels, it is slightly higher which can be correlated to
the exposure of small MnO, NPs stabilized and encapsulated within the
pores of the MIL-53 (Fe) framework upon leaching of iron [56]. Since the
surface energy of these small NPs is high, they are often prone to higher
leaching [57].

These stability results are significant since most bodies of water have
either slightly acidic or neutral pH levels, and MnO>@q-MOF/PMS can
be efficiently utilized to remove pollutants from these systems.

We evaluated the reusability of our MnO,@q-MOF in four consecu-
tive runs of the degradation reaction under a similar experimental
setting (Fig. S4). Mb degradation efficacies over four cycles were 100%,
100%, 98.7%, and 97.6% within 80 min of reaction, respectively. We
also measured the amount of leached metal after each run using ICP/MS,
and the results showed (Table S4) that low amounts of both Fe and Mn
leached, and 0.504, 0.346, 0.401, and 0.238 mg/L of Mn dissolved from
the MnO»,@q-MOF in four cycles, respectively, suggesting excellent
stability, reusability, and efficiency of MnO,@q-MOF for PMS
activation.

3.4. Mechanism of MnO,@q-MOF/PMS system for Mb degradation

We separately studied the reaction intermediates of Mb degradation
as well as PMS activation to find the underlying mechanism of the
MnO,;@q-MOF/PMS system for Mb degradation.

3.4.1. Determining intermediates of Mb degradation

We investigated the degradation intermediates of Mb with LC-MS/
MS in the positive mode using the fraction at 30 min to detect most
intermediates in the reaction pathway (Fig. S5). Based on the identified
products and literature, we proposed that the Mb degradation can be
divided into two possible pathways (Fig. S6) [58-61]. In the first
pathway, Mb loses the chlorine group to produce Azure B (m/z 284) in
the aqueous environment. A subsequent loss of two methyl groups in
two consecutive stages from one of the amines produces Azure A (m/z
256) and Azure C (m/z 242), respectively. This degradation pathway can
be continued by further demethylation, oxidation, and chromophore
cleavage to produce intermediates with m/z 228 and 138. In a parallel
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pathway, ring-opened sulfoxide intermediates (m/z 304) were detected,
which originated from the interaction of the Mb with the surface of the
catalyst and oxidation [61]. Subsequently, this pathway also can be
continued by chromophore cleavage and smaller degradation products
with m/z 123, 137, 153, 217, 206, 109. Lastly, mineralization could
terminate both pathways to form SO?{, NHZ, CO,, and H,0. We can
conclude that the detection of hydroxylated intermediate with m/z 214,
109, and 206 suggests the mediation of *OH in the system [61].

3.4.2. Identification of primary ROS generated by PMS activation

PMS can generate a diverse range of ROS such as 105,057,505, and
*OH [33,62,63]. To reveal the generation and the contribution of each
ROS, we performed quenching experiments (Fig. 6a). We started with
EtOH where the a-hydrogen can react with both *OH (k = 1.2-2.8 x10°
M sy and SO5~ (k = 1.6-7.8 x10% M!s™}) followed by +-BuOH which
lacks an a-hydrogen and therefore is more selective toward *OH and
react 1000 times faster with *OH than SO5~ [64]. When 200 mM of EtOH
is added no degradation inhibition of Mb was observed, however, at 2 M
EtOH the reaction showed an 18% degradation inhibition. t-BuOH
showed comparable results at 200 mM with no Mb degradation inhibi-
tion was observed, but at 2 M t-BuOH the inhibition was found to be
10% (Fig. S7a). These results suggest that ROS other than SO3~ and *OH
are involved in the degradation mechanism.

To further investigate the role of remaining ROS (other than SO~
and *OH) involved in the degradation reaction, we used two different
radical scavengers. First, BQ which can react with the superoxide anion
radical (037) (k = 0.9-1 x10° M 1s)) [65], and second, His, a scav-
enger for singlet oxygen (*0,) [33]. We observed that 30% and 32% of
Mb was degraded in the presence of BQ and His, which suggests that
both 0% ~and 10, contribute to the degradation of Mb.

To validate the quenching experiments results, we used EPR spec-
troscopy (Fig. 6b and c). We used DMPO as a spin trapping agent to
detect SO5~ and *OH in the form of DMPO-SO4 or DMPO-OH adducts. In
the presence of PMS alone (the control experiment), no signal was
detected for either DMPO adduct, which confirms that the catalyst is
responsible for the activation of PMS. The same experiment in the
presence of both the catalyst and PMS resulted in a seven-line signal
with an intensity ratio of 1:2:1:2:1:2:1 (hyperfine splitting constants ay
=7.26 G, agp= 3.94 G and ay.= 3.94 G), corresponding to the detection
of 5,5-dimethyl-2-oxo-pyrrolidine-1-oxyl (DMPOX) instead of expected
adducts such as DMPO-SO4 or DMPO-OH. The DMPOX signal attenuated
as the reaction progressed, suggesting that DMPO over-oxidizes in the
presence of MnO,@q-MOF/PMS due to its reaction with highly active
radicals such as 'O, and/or O%~. However, the lack of selectivity of
DMPO toward SO3 and *OH and simultaneous reaction with 03,104,
and ROO® mean that the EPR results in water are inclusive and neither
prove nor exclude the presence of SO3~, and *OH [66,67]. However,
considering the results of LC-MS/MS and the quenching experiments, we
suspect their presence in the degradation mechanism.

To further probe the ROS involved in this reaction, we performed
EPR with DMPO in a methanol:water (9:1) solution using DMPO as the
spin trap to trap O3~ (Fig. 6b). The presence of methanol in the system
helps quench other radicals. The adduct signal of DMPO with O3~
(DMPO-OOH) was detected confirming the presence of O3~ in our sys-
tem [68,69].

To confirm the role of 10, we used TEMP as a spin trapping agent and
EPR spectroscopy. As expected, no defined EPR signal was detected from
the control (PMS) solution. However, in the presence of MnO;@q-MOF/
PMS system, we detected a characteristic 3-fold peak with an intensity
ratio of 1:1:1 indicative of a TEMP-'0, adduct with hyperfine splitting
constant ay = 16.89 G (Fig. 6¢). The EPR signal of the TEMPO radical
persisted for more than 60 min and confirmed the role of 10,and 0%~ in
the oxidation of Mb.

To explore the origin of singlet oxygen (105) generation and its ki-
netics, we performed a degradation reaction under two conditions. First,
we carried out the degradation experiments in DO, where singlet
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Fig. 6. a) effect of scavengers on oxidation of Mb, b) EPR spectra with DMPO, c) EPR spectra with TEMP, and d) effect of D,O and nitrogen purging, Degradation

condition: [Mb]= 50 mg/L, [PMS]= 2 mM, [MnO, @q-MOF]= 0.2 g/L.

oxygen lifetime is higher than its lifetime in HyO [33]. Second, we
carried out an experiment while purging N through the system one hour
prior to adding the catalyst and PMS. The nitrogen purge was used to
eliminate any singlet oxygen that might be incidental from dissolved
oxygen, the metal oxide surface, or PMS [33,70].

The experimental results in DyO show a 6.8% (0.0322-0.0344 min‘l)
increase in kg, which clearly shows that singlet oxygen is the primary
ROS in our system. In addition, the results of the experiments (Fig. 6d) in
the solution carried out under nitrogen atmosphere showed a 5.3%
decrease in kgp, (0.0322-0.0304 min’l), compared to the control (no Ny
purge). Despite the slight decrease in the reaction rate, we can conclude
that the singlet oxygen primarily originates from PMS in the presence of
the MnO,@q-MOF. Further, this experiment was conducted at pH 7,
which excludes the possibility of PMS self-dissociating to singlet oxygen
(k = 0.2 M~ s ~1) as has been observed in basic environments [6].

3.4.3. Possible mechanism for Mb degradation by the MnO,@q-MOF/PMS
system

To uncover the underlying reaction mechanisms for the MnO,@gq-
MOF/PMS catalytic system, we first excluded the contribution of
leached metal ion in the activation of PMS for Mb degradation. To do
that, we set up control experiments which only included 0.504 mg/L of
Mn (II) and 0.678 mg/L of Fe (III) in the presence of 2 mM PMS. We
chose these concentrations based on the concentrations of leached metal
ions detected using ICP/MS. The control experiments indicate that 25%
of Mb degradation in the presence of Mn (II) and Fe (III) ions and PMS
(Fig. S7b), revealing the contribution of free leached ions to the PMS
activation. The low concentration of free metal ions detected confirm
that the MnO,@q-MOF/PMS system is a heterogeneous catalyst and the
activation of PMS happened on the surface of the catalyst.

We then used high-resolution XPS to identify the contribution of Mn

and Fe to the functional sites on the MnO,@q-MOF surface. The nature
and contribution of each metal ion to the activity of the catalyst were
compared before and after the degradation reaction. The spectra of the
fresh MnO,@q-MOF showed that Mn is present in the catalyst in three
different oxidation states: Mn (II); Mn (III) and Mn (IV). After reaction,
however, the deconvoluted spectra of Mn 2p (Fig. S8b and d) of
MnO,@q-MOF indicated an increase in the amount of Mn (IV) ions and a
decrease in the amount of Mn (II) and Mn (III) ions. Further, the ratio of
Mn (II): Mn (III): Mn (IV) which was 3:9:5 in the fresh catalyst changed
to 1:3:7 after reaction, providing further evidence that PMS activation is
a result of a redox-mediated process (Table S5). In addition, the Fe 2p
spectra reveal the presence of Fe (II) and Fe (III) in both fresh and used
catalysts (Fig. S8a and c) and the ratio of Fe (II) and Fe (III) remained
almost the same. The minimal contribution of Fe to PMS activation can
be attributed to the redox potential of Fe (III)/Fe (II) (0.77 eV), which
makes the conversion of Fe (III) to Fe (II) by PMS thermodynamically
unfavorable. The reduction potential of Fe (III)/Fe (II) is lower than that
of HSO5 /S04~ (2.5 —3.1 V) and HSO5/SO%™ (1.1 V) [31]. In addition, it
has been suggested that the transfer of electrons from Fe (II) to Mn (IV) is
not thermodynamically favored [31].

The minimal variation in the ratio of Fe (II)/Fe (III) indicates a low
possibility of electron transfer between Mn and Fe (Table S5). Fe could
operate as a reservoir for hydroxyl ions bound to the surface of the
catalyst that Mn can borrow and then facilitate activation of PMS [31].
This transfer of hydroxyl ions between Fe and Mn is crucial for PMS
adsorption and activation. Hydroxyl ions adsorbed onto the catalyst
surface provide substitution sites for PMS on the catalyst surface through
an ion exchange process: the more hydroxyl ions, the more PMS is
adsorbed [31,71,72].

Considering our results from the determination of the most prevalent
ROS species, we propose that 102 formation may arise from the
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recombination, or direct oxidation of O3~ intermediates formed on the
manganese dioxide (Egs. 1-3), and Mn (III) and Mn (II) are the func-
tional catalytic sites for PMS activation. The mutual presence of singlet
oxygen and superoxide has been detected in previous studies, where
they showed that superoxide radical and singlet oxygen are the main
ROS generated form PMS activation [65,73-75].

We believe that the mechanism for our catalytic system involves first
the adsorption of PMS onto the surface of the catalyst, subsequently, Mn
(III) and Mn (II) activate the HSO5 through electron transfer to produce
0%~ which then combines with water to form 'O, which ultimately
degrades Mb. 0, has a high affinity toward electron-rich compounds
with unsaturated bonds like Mb, as well as heteroatoms in the structure
of electron-rich organic compounds allowing it to degrade organic
compounds effectively. Mn (IV) produced from this process could then
reduce to Mn (III) by HSO5 and regenerate the catalyst.

Mn(Ill) /Mn(Il) + 2HSO; >Mn(IV) /Mn(Ill) + O3~ + 2HSO; (€]
205 +2H,0—'0, + H,0, + 20H 2
0,~'0, ©)

We found this mechanism to be in agreement with the finding of Fan
et al., who also suggested the involvement of superoxide anion as an
intermediate in the generation of singlet oxygen in a Mn(II) doped g-
C3Ny4/PMS system [65].

3.5. General applicability of MnO2@q-MOF

HEPES, a widely used Good’s buffer in the pharmaceutical industry
due to its superior biocompatibility and buffering capabilities. The ever-
increasing use of HEPES in the industry (projected global market growth
from 52 million USD in 2020-70 million USD by 2026) [76], and lack of
enough study on toxicity and fate of HEPES in the aquatic environment
motivated us to study its degradation. As such, we chose HEPES as a
second model contaminant to demonstrate the general applicability of
the catalyst. For the first time, we demonstrated the catalytic degrada-
tion of HEPES at 25°C at pH 7. We meticulously followed the
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degradation kinetics and reaction intermediates using LC-MS/MS tech-
nique, but the degradation rate was very fast, and we were unable to
measure any kinetic data accurately. Based on the degradation in-
termediates detected by LC-MS/MS (Fig. S9), however, we proposed a
mechanism which include three major pathways for HEPES degradation
(Fig. 7). In the first pathway, successive cleavage of the side chains of
HEPES results in the generation of intermediates with m/z 222 and 194,
respectively. In the second pathway, the piperazine ring breakage pro-
duces two intermediates with m/z 226 and 182. In the last and third
pathway, we detected the n-oxide and hydroxylated derivatives of
piperazine rings with m/z 255 and 271. The degradation of these in-
termediates to mineralization produces SOZ%~, NHJ, CO5 and Hy0. Our
results validate developing a low-cost, sustainable, and high-efficiency
system for organic micropollutants degradation. Although promising,
more studies on the kinetics of the degradation mechanism and products
are necessary for the further development of such systems.

3.6. Effect of environmental conditions

Unlike the controlled conditions of the reaction environment in the
lab, natural polluted water sources contain a mixture of various anions
that can have inhibitory effects on advanced oxidation processes (AOP)
by consuming generated radicals and resulting in lower catalytic effi-
ciency [63,77,78]. Therefore, we simulated such conditions by intro-
ducing four different anions to the reaction mixture and studied their
effects on the Mb degradation in the presence of our MnO.@q--
MOF/PMS system.

To start, we replaced the Milli-Q water with tap water to study the
effect of naturally occurring ions in the potable water and compare it to
the control experiments using deionized water (Fig. 8a). Our results
showed that the Mb degradation rate (Table S6) is slower in tap water
than in deionized water and the rate constant (kqyp) reduced from
0.0322 to 0.0173 min’}, which is expected due to the inhibitory impact
of different ions on PMS activation or consumption of ROS [33].

We chose chloride ion (Cl™) as the first and most ubiquitous anion
present in aqueous-based environments to study [33,79]. The measured
concentration of this ion can be as high as 21 mM in groundwater [79].

. Q OH
N v/ o) /o o N +‘N’o o (I?_/—\W N
NH HN 1] _/
HO—:S—/_ __/ Ho_g_/_ Ho_ﬁ_/_ __/ HO 'OS‘
5 o) o
m/z 222.10 m/z 226.06 m/z 255.10
o] NH NH //\ 9 /~OH 0 OH
Q /N MH Ho-s— ’ QNN Q N N
- or
HO-3 S o) HO-$ — HO-$ —
0 o) OH & Ho
m/z 194.07 m/z 182.04 P
CO,+H,0+S0,2+NH,4*

Fig. 7. Proposed HEPES degradation pathways based on LC-MS/MS results.
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The Cl™ concentration is dependent upon radical scavenging activity
such that after a critical concentration, it can act as a degrading com-
pound by generating active chlorine radicals [79]. Our measured
degradation kinetics indicated similar behavior (Fig. 8a). When we
utilized 4 mM CI™ in our reaction system, we observed a minimal
inhibitory effect in the reaction rate and reduced kg, of Mb oxidation to
0.0316 min™. At a higher concentration of 20 mM, the generation of
chlorine radical species (Cl37) resulted in a rapid 96% degradation of Mb
within 15 min, and kg, reached 0.0444 min’. We attribute these rapid
degradation kinetics to direct oxidation of chloride by PMS and the
formation of Cl3~ as highly reactive chlorine species [79]. The potential
mechanism of reactive chlorine species production are as follows [80,
81] (Egs. 4-7):

2CI” + HSO; + H*—S0% +Cl, + H,0 4
Cl” +HSO5 —SO;” +HOCI (5)
2CI” + 505 =S80 +-2Cr* ©)]
Cl 4+ CI'>Cly” @)

Phosphate anion (HyPOjz) is another commonly found anion in
wastewater and is known to have an inhibitory effect on PMS/catalyst
systems by quenching reactive radicals and generating weaker H,POj or
HPOZ™ radicals [82] and HoPOjz can also bind to the catalyst’s active
sites, preventing PMS activation [83]. We found that increasing the
HyPOZ concentration from 10 mM to 20 mM, resulted in a cumulative
inhibitory impact and a sharp decrease in kg, from 0.0191 to
0.0119 min! (Fig. 8b). Sulfate anion (SO%’), however, showed almost
no suppression on Mb oxidation rate (Fig. 8c). The rate constants (kqyp)
for 10 and 20 mM SO%’ were 0.0320 and 0.0321 min’!, respectively,
comparable to the control experiment (0.0322 min™D).

Bicarbonate (HCO3) anion is the second most commonly found after
Cl™ in natural bodies of water, with concentrations ranging from 50 to
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200 mg/L [84]. We observed a slight decrease in kg, (0.0316 min’l)
when HCO3 concentration was between 0 and 2 mM (Fig. 8d). However,
we observed an increase in kqpp (0.0499 min‘l) with increasing the bi-
carbonate concentration to 10 mM. We think this increase in reaction
rate is due to the buffering effect of HCO3 and an increase in the pH
solution, which may lead to self-decomposition of PMS [79,85,86].
Some of the observations in the literature are not consistent with our
results, and a few researchers reported an inhibitory effect of HCO3on
the reaction rate by radical consumption [63,87]. In our system the
buffering properties of HCO3 is advantageous because our reaction rate
is faster at higher pH levels.

4. Conclusions

We fabricated a novel quasi-MOF catalyst, MnO,@q-MOF, using an
inexpensive MOF, MIL-53 (Fe), through in situ reduction of KMnOg4 to
MnOy. Further, we partially eliminated some of the phthalate linkers
from the MIL-53 (Fe) base structure by using a controlled thermal
treatment, providing more available sites to interact with MnOs inside
the pores. We evaluated the performance of our catalyst by degradation
of Mb in various conditions such as catalyst dosages, PMS concentra-
tions, KMnO4 concentrations, and pH levels. We also showed that our
catalyst preserved its performance after even 4 usage cycles without
substantial activity loss. Using both chemical probes as radical scaven-
gers and EPR, we found that the 10, is the dominant radical responsible
for degradation. Last, we studied the effect of most found anions in
wastewater, including Cl~, HCO3, SO%’, and HyPOjon our catalyst
performance. We showed that CI~ and HCO3 improve the degradation
rate at higher concentrations while H,PO3 only showed an inhibitory
effect at all concentrations and SO~ demonstrated almost no effect on
our system. Finally, we used our developed MnO,@q-MOF/PMS system
for the degradation of HEPES at 25 °C and pH 7 as a proof-of-concept of
broad applicability of our catalyst. Our results validated the potential of
a low energy input, non-hazardous, efficient, and reusable wastewater
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treatment method for eliminating organic micropollutants.
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