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Impressive Imidacloprid (IMD) degradation and bacterial inactivation were attained through the photocatalytic
activation of peroxymonosulfate (PMS) via a novel, N-doped MgO@Fe304, under visible light. After complete
characterization (XPS, XRD, FT-IR, FE-SEM, EDX, HRTEM, DRS, BET, VSM, and EIS), using [PMS]=75 mg/L, [N-
MgO@Fe304]=150 mg/L at pH=5.6, around 95% of 10 mg/L IMD was degraded within 60 min; highly synergic
interactions between the various catalytic routes were revealed. Extensive scavenger tests and EPR studies
revealed that SO§, HO®, and 'O, are generated and play a key role in IMD degradation. Tap water experiments
proceeded unhindered, and only the presence of high HCO3 and POE’ concentration resulted in a decrease in the
IMD degradation efficiency, while negligible leaching, magnetization, notable separation, and reusability
properties were well-preserved for six repetitive cycles. Finally, E. coli disinfection was achieved before IMD
degradation, possibly affected by its transformation byproducts. The overall efficacy of N-MgO@Fe30, indicated
the potential for implementation in contaminated waters.

1. Introduction

Over the last decades, urbanization and the trend of increasing
population growth caused to enhance the need for intensified crop
production. The most important challenges for governments are to
secure adequate amounts of food, which increased agronomic crops in
the world. To safely cultivate products against pests, insects, and herbs,
different types of pesticides such as organochlorine, organophosphorus,
carbamates, and pyrethroids are applied by farmers [1]. Consequently,
along with agrochemical substance consumption and often abuse, severe
pollution of water resources through the run-offs and agro-industrial
wastewater has occurred. The main issue about pesticides as emerging
pollutants is their unwanted accumulation in human tissues via the food
chain, which causes humans to exposure to a high concentration of
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toxins [1,2].

Imidacloprid (IMD) is a neonicotinoid insecticide, which is broadly
applied to protect crops against herbivorous pests, for instance, green-
flies, aphids, weevils, and other harmful insects. It is also used as a seed
dressing agent to prevent the transmission of plant pathogens, and for
this reason, has attracted growers’ attention; for instance, China’s IMD
consumption reached 11.4 thousand tons in 2011 [3,4]. Because of its
worldwide use, the residues of IMD in water supplies have been reported
to range from 0.0021 to 3.623 ng/L. Due to its high hydro-solubility
(0.51 g/L), stability (190 d), and mobility, IMD induces water quality
problems around the globe countries. Additionally, IMD has demon-
strated a toxic character in human health and non-targeted animal
species, such as bee colonies. Hence, it is utterly important to develop an
effective method for treating contaminated water with this kind of
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pesticide [3,5-7].

In addition, microbial pollution is another critical aspect of water
quality; apart from the chemical contaminants of emerging concern
(CECs), the presence of microorganisms in effluents must be dealt
simultaneously with the presence of CECs. Chlorination has been the
method of choice conventionally used for water disinfection. Despite its
unique merits, including the residual activity in the treated water for
preventing regrowth and post-treatment growth of bacteria, chlorine
reacts with the organic matter resulting in forming toxic by-products
[8]. Therefore, Advanced Oxidation Processes (AOPs), a family of
methods capable of simultaneously eliminating CECs and microbial
contamination, are of great importance and thus have attracted the in-
terest of researchers in the field.

Among the AOPs tested for the degradation of pesticides [9], the
photocatalytic methods are an interesting technological option that has
been applied in the degradation of various recalcitrant organic com-
pounds. Photocatalytic oxidation driven by visible light is a growingly
chosen variant among the other light sources, like UV radiation,
resulting from its economic character and safety energy point [10]. As
the light reaches the reaction solution, the electron in the catalysts is
excited and moves from the valance band to the conduction band.
Consequently, active species such as electron-hole pairs and other
reactive intermediates are generated, and degradation of pollutants
takes place by both direct and indirect redox reactions [11-13]. Semi-
conductor materials including TiOs, ZnO, BiOj, Aly03, Cus0, some
metal oxides, and a few nonmetals have been reported in photocatalytic
oxidation applications for accelerating contaminant degradation due to
their optical characteristic and suitable potential for light exploitation
[14-18]. Among the various metal oxides already tested, magnesium
oxide (MgO) has gained broad attention due to a series of advantages,
such as its accessibility, cost-effectiveness, chemical balance, harmless
nature, and high specific surface area [19,20].

Considerably, in several studies, MgO has been successfully
employed in photocatalysis (alone), enhancing ozonation, adsorption,
and biological processes, to remove organic and inorganic compounds
[21-24]. However, the photocatalytic activity of MgO under visible light
is limited by intrinsic properties, such as its wide bandgap, which results
in decreased photogenerated electron-hole pair induction [21].
Accordingly, multiple attempts have been dedicated to minimizing the
energy gap and improving the photo-efficiency. Doping of semi-
conductors with nonmetals like C, P, F, and S might be an attractive
alternative to both shifting in absorption edge toward the visible light
range and decreasing the electron-hole recombination rate and
providing efficiency to catalyst activation under visible light [25-27].
Under this scope, nitrogen is an interesting dopant for alteration of the
electronic structure of materials, inducing favorable conditions above
the valence band by promoting the number of active sites and oxygen
vacancies [28]. In addition, nitrogen species indicated the best result for
modification of TiOy and ZnO due to their minimum energy for disso-
ciation, stability, easy replacement with oxygen, and narrowing
bandgap [29,30].

Besides bandgap engineering, photocatalysis is often presented with
an additional challenge, i.e., secondary catalytic pollution. The recovery
of nanocomposites from the reaction mixture is a serious problem
resulting from their small size. Different methods were reported for
solving this problem. Recently, magnetic catalysts have attracted in-
terest in catalytic applications, inducing easy separation, and high
reusability [31]. In many studies, compositing magnetite (Fe304) with a
prepared catalyst can be an excellent suggestion for this problem [32,
33]. However, the modification of a catalyst can enhance its
photo-activity, but sometimes it can result in fast recombination of
carrier species or a shift in the photo-produced reactive intermediates
generated, causing a decrease in its efficacy. To overcome this draw-
back, an electron acceptor for instance oxygen or peroxymonosulfate
(PMS) can be applied with the aim to exploit the ample electron exci-
tation and produce further oxidative species [34].
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In this context, although the superoxide radical anion of oxygen
(057) generated from molecular oxygen can lead to the removal of
pollutants and bacterial inactivation, sulfate radicals and hydroxyl
radicals generated from PMS and/or the valence band vacancies are
some more of the possible photo-produced reactive species. Sulfate
radical-based AOPs (SR-AOPs) including the sulfate (SO3") and hy-
droxyl (HO®) radicals have received wide attention in environmental
applications [11,19]. These radicals are very important reactive species
in degradation reactions [7,35,36]. SO}~ is generated mainly through
activation of peroxymonosulfate (PMS) by UV radiation, heating, and
reaction with transition metals such as Ni(II), Mn(IV), Fe(II), Ce(III), and
Ag(D) has a long lifetime (30-40 ps) and oxidation potential between 2.5
and 3.1 V [37]. In the case of HO®, its oxidation potential is between 1.8
and 2.7 V vs. NHE and can also be generated from PMS (more likely at
neutral/basic pH values), or the occurring photocatalytic processes by
using semiconductors such as TiO3, ZnO, or WO3 [38].

Taking into account the above considerations, this work was aimed
at developing a visible-light assisted photocatalytic PMS activation
process with a novel, nitrogen-doped, magnetite-containing MgO nano-
catalyst. We modified MgO through one-step doping by nitrogen, with a
new approach into facile preparation of catalysts for PMS activation and
photocatalytic reactions, followed by anchoring functionalized Fe3O4
nanoparticles. The novel catalyst was fully characterized by a wide array
series of tests, for its chemical, functional and mechanical properties.
Using this heterogeneous system, the photocatalytic degradation of IMD
and inactivation of bacteria by the simultaneous generation of oxidative
species were scrutinized. Accordingly, several experimental factors
including pH, catalyst and PMS concentration, the effect of water an-
ions, and catalyst stability over reuse were carried out in this work.
Besides IMD removal, the bactericidal efficacy of the photocatalytic
process was also assessed, in competitive IMD degradation/disinfection
tests. Moreover, via the study of mineralization, dichlorination, deni-
trogenation, and intermediate degradation products generation, com-
bined with ample scavenger study tests and EPR analysis, the underlying
photo-catalytic mechanisms, and the pathway to degradation of IMD are
proposed.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals and reagents used in the present study were of
analytical grade and used as received. In this work, all solutions were
prepared with deionized water.

2.2. Preparation of FesO4 nanoparticles

The preparation of the magnetite nanoparticles was performed ac-
cording to a previously published method [39]. Briefly, 1.36 g of
FeCl3.6 Ho0, 2.4 g of sodium acetate, and 0.4 g of NagCqHs07.2 HyO
were dissolved in 40 mL ethylene glycol. The solution was stirred for
1.5 h, then transferred to a Teflon-lined stainless-steel autoclave and
heated at 200 °C for 15 h. After cooling to room temperature, the
product was collected by an external magnet, rinsed with deionized
water and ethanol several times, and dried in an oven (80 °C for 5 h).

2.3. Synthesis of N-MgO@Fe304

N-MgO was synthesized based on the sol-gel method. Briefly, 2.0 g of
Mg(CoH302)2 was dissolved in 100 mL of distilled water and stirred for
30 min. Then, an equal ratio of urea to magnesium was added to the
above solution, and stirring was continued for 2 h. Sufficient volume of
ammonia solution was added to the above mixture and was stirred for
18 h to form the gel. The prepared gel was centrifuged (5000 rpm) and
washed with water/ethanol several times. The washed gel was dried in
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an oven (110 °C for 2 h). Finally, the as-prepared product was heated
and calcined at 500 °C for 2 h at a heating rate of 4 °C min'. The same
procedure was used for synthesizing plain MgO, but without using urea.

To prepare the Fe3O4 anchored to the MgO or N-MgO, 0.02 g of as-
made Fe304 were dispersed in 10 mL of methanol, then 0.66 g of PVP
and 20 mL of DMF were added to the solution, and the mixture was
sonicated for 6 h. Afterward, the as-prepared Fe3O4 nanoparticles were
separated from the reaction media by a magnet and then dried in an
oven (at 80 °C for 5 h). Following, 0.02 g of as-prepared Fe3O4 and 0.1 g
of MgO or N-MgO materials were separately dispersed in 20 mL distilled
water. The ratio of MgO or N-MgO to Fe3O4 was selected based on the
published literature [40,41]. The two suspensions were mixed for
10 min and were then sonicated for 5h. Finally, the product was
collected by an external magnet, rinsed with deionized water several
times, and dried in an oven at 80 °C for 8 h.

2.4. Material characterization methods

The crystalline phase of the prepared catalyst was detected based on
the X-ray diffraction (XRD, KEFA) template in the 20 scanning range
from 10 to 80° and Cu as anode material with Kal of 1.5406. The
chemical bonds were identified by a Fourier transform infrared spec-
troscopy (FTIR, Perkin Elmer) in the frequency range of
400-4000 cm ™. The surface structure and elemental distribution of the
as-prepared catalyst were determined by field emission scanning elec-
tron microscopy (FESEM, XL30 Philips) coupled with Energy-dispersive
X-ray spectroscopy (EDAX). The actual size of N-MgO@Fe304 was ob-
tained by transmission electron microscopy (TEM) using Philips CM30.
The specific surface area was characterized by Brunauer-Emmett-Teller
(BET, Belsorp mini II) in the condition of nitrogen adsorption/desorp-
tion at 77 k. To measure, the magnetic properties of the catalyst, a
vibrating sample magnetometer (VSM, LBKFB) was used. The energy
bandgap and photoelectronic properties were evaluated by differential
reflectance spectroscopy (DRS, Shimadzu), respectively. X-ray photo-
electron spectroscopy (XPS) was performed using an Escalab 250
apparatus. Inductively coupled plasma (ICP, Varian) analysis was used
to measure the concentration of the residual metals. Electrochemical
impedance spectroscopy (EIS) analysis was carried out by Potentiostat/
Galvanostat (IVIUM Vertex) with the open circuit potential using glassy
carbon as working electrode, Calomel as reference electrode frequency,
NaySO4 (0.3 M) solution, the frequency of 0.01 Hz-10° Hz, and the
amplitude of 0.01 V. Finally, the identification of intermediates during
the IMD photodegradation was conducted by Liquid Chromatography-
Mass Spectrometry (LC/MS) analysis (2695 HPLC-Micromass Quattro
micro API, Waters Alliance).

2.5. Photocatalytic experiments and analytical methods

The photocatalytic performance of N-MgO@Fe304 for IMD degra-
dation was conducted in a batch-quartz photoreactor (diameter of 10 cm
and volume of 50 mL). In the photo-based processes, four 6-W Xenon
lamps were used to irradiate the reactor from the top. The emission
spectrum of the lamps shown in Fig. S1 indicates that they emitted
photons with the dominant wavelengths of 450 nm with a light intensity
of 43 mW/cm? at 555 nm with a light intensity of 19 mW/cm?. All ex-
periments were conducted at room temperature and atmospheric pres-
sure. In addition, all catalytic experiments were conducted in triplicates
and the average results were reported. The standard deviation was
predominantly below 5% in most of the experiments, showing the
repeatability of the results; to prevent messing up the figures, the error
bars were not shown (included only in cases with higher SD).

Three main types of reactions were run with IMD as a target: pho-
tocatalysis, PMS catalytic activation, and PMS-assisted photocatalysis:

A. In the photocatalytic experiments, a predetermined amount of
catalyst was dispersed into 15 mL of IMD solution (10 mg/L) with a
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target pH in the reactor and the stirrer and the lamps were imme-
diately switched on. After the specified reaction time was up, the
lamps and the stirrer were turned-off and 5 mL of sample was filtered
through a syringe filter (0.2-um pore size). The residual concentra-
tions of IMD and total organic carbon (TOC) were then determined in
the filtrate.

B. In the PMS catalytic activation experiments, the same procedure as
the photocatalytic experiments were undertaken except that a given
amount of PMS was added to IMD solution with (no irradiation).

C. In the PMS-assisted photocatalytic experiments, the same procedure
of photocatalytic experiments along with adding a given amount of
PMS to the solution was employed. It should be mentioned that the
adsorption (no irradiation and PMS addition) and visible light acti-
vation (VL/PMS) processes were also conducted as the control
measures.

The concentration of IMD was measured by a high-performance
chromatography (HPLC, Eclipse Plus C18 column; 3.5 um, 4.6 x
100 mm, Agilent) with a UV detector at 275 nm. The mobile phase was a
mixture of water and acetonitrile (1:1 vol%) injected at a flow rate of
1 mL/min. The concentration of TOC was determined using Shimadzu
TOC Analyzer (TOC-L CSH/CSN). The performance of the developed
catalytic process was then evaluated based on IMD and TOC removal
efficiencies calculated using the following equation:

Removal efficiency(%) = <1 — %) x 100 1
0

in which, Cy and C; are the initial and final concentrations of IMD or
TOC. All the experiments were conducted at least in duplicate, and the
mean of the results is reported.

The main intermediates formed during the degradation of IMD in the
PMS-assisted photocatalytic process as the best-performed process
among the tested ones operated under optimum experimental conditions
were identified using liquid-chromatography-mass spectroscopy (LC-
MS, 2010 A/Shimadzu) coupled with an Eclipse Atlantis T3, C18 column
(2.1 x 100 mm, 3.0 um particle size) at ambient temperature. The mo-
bile phase of this analysis consisted of acetonitrile (containing 0.1%
formic acid], and water (containing 0.1% formic acid), with an injected
flow rate of 0.2 mL/min, and a sample volume of 5 pL. In addition, the
following conditions were selected for the Mass spectrophotometer: gas
nebulizer: nitrogen (N2), capillary volt: 4.0 kV, Cone volt: 30 V, flow
gas: 200 L/h, while source and desolation temperatures were 120 °C and
300 °C, respectively. The spectrophotometer scanning was collected for
the 50-500 m/z range.

2.6. Electron paramagnetic resonance (EPR) experiments

A Bruker EMX 10/12 EPR spectrometer and the following experi-
mental conditions were employed for the EPR measurements: micro-
wave power: 20 mW; modulation amplitude: 1.0 G; and modulation
frequency: 100 kHz. Samples were placed in a Wildman Suprasil/
aqueous quartz ware flat cell (volume of 150 pL, 60 mm in length) and
were irradiated simultaneously to acquire the EPR signal with a Xe lamp
(0.12 W/cm?). The probes TEMP (2,2,6,6-tetramethylpiperidine) and
DMPO (5,5-dimethyl-1-pyrroline-N-oxide) were from Sigma-Aldrich
and TCI Europe, respectively, and used as received. D;O was
employed as a solvent for the EPR experiments conducted in the pres-
ence of TEMP.

Detection of 102 was carried out as follows: TEMP (1.2 mM) was
added to an aerated mixture of N-MgO@Fe304 (150 mg/L) and PMS
(75 mg/L) in D20 at pH ca. 6. Afterward, the sample was vortexed for
1 min and submitted to EPR under simultaneous irradiation using a
380 nm cut-off filter. Control samples of TEMP (1.2 mM) and only N-
MgO@Fe304 (150 mg/L) or PMS (75 mg/L) in aerated D,O were also
analyzed.
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EPR experiments for the detection of HO®*/ SOj;~ were performed as
follows: DMPO (10 mM) was added to a de-aerated aqueous mixture of
N-MgO@Fe304 (150 mg/L) and PMS (75 mg/L) at pH ca. 6. Then, the
sample was vortexed for 1 min and submitted to EPR under simulta-
neous irradiation using a 435 nm cut-off filter. EPR measurements in the
absence of light acted as a reference.

For the detection of O5~, DMPO (10 mM) was added to an aerated
aqueous mixture of N-MgO@Fe304 (150 mg/L) at pH ca. 6, in the
absence of PMS. Then, the sample was vortexed for 1 min and submitted
to EPR under simultaneous irradiation using a 320 nm cut-off filter. EPR
measurements were also carried out in aqueous ethanol (1:4, v:v) to
eliminate the interference of DMPO-OH.

2.7. Disinfection experiments: bacterial methods and protocols

The bacterial targets used in this study are Escherichia coli and
Enterococcus sp. wild-type strains, supplied by DSMZ Germany (Strain
No. 498) and a natural isolate from urban secondary effluent via selec-
tion by Slanetz-Bartley selective Agar, respectively. The assessment of
the photocatalytic efficacy using the specific two model microorganisms
provides a trustworthy estimation for naturally occurring bacterial
gram-negative and gram-positive pathogens in nature and or wastewater
effluents. The cultivation method has been previously published [42,
43].

For the enumeration of microorganisms, 1 mL of sample was taken
from the experimental matrix and spread-plated in 9-cm Petri dishes
with Plate Count Agar (PCA, Sigma-Aldrich) when targeting E. coli or
Slanetz-Bartley Agar (SBA, Panreac) when experimenting with Entero-
coccus sp., respectively. Dispersion was performed by the standard
spread plate method, followed by incubation for 24 or 48 h at 37 °C
before the manual enumeration of E. coli and Enterococcus sp. All tests
were performed at least twice (biological replicates), in duplicate series
(statistical replicates), and by enumerating at least two consecutive al-
iquots (technical replicates). The graphed values show the average of the
different tests, and the vertical bars indicate the standard deviation from
the mean value.

v (a)
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3. Results and discussion
3.1. Characterization of N-MgO@Fe304 nanoparticles

The crystallographic structure of bare MgO, N-MgO, and N-MgO@-
Fe304 catalysts is evaluated in Fig. 1 by XRD analysis. According to
Fig. 1a, all diffraction peaks positioned at 36.9, 42.9, 62.3, 74.7, and
78.6 for sample “MgO” show the pure MgO planes 111, 002, 022, 113,
and 222, respectively (Reference card code: 98-002-2099). As shown in
the N-MgO plane, doping N atom has not changed the crystal phase of
MgO. Moreover, the intensity and sharp peaks in the N-MgO plane could
be attributed to improving its crystallinity in comparison with plain
MgO. Regarding reference card code 98-006-1937 for Fe3Oa, the
diffraction peaks at 2 thetas of 30.2, 35.7, and 57.3 degrees in the XRD
pattern of the N-MgO@Fe30,4 and N-MgO@Fe304 materials were related
to 022, 113, and 115 planes of Fe3Oy, respectively, which proved the
presence of cubic structure of Fe3Oy4 in the final, as-prepared materials
[39]. Therefore, observing the main diffraction peak of MgO (at 42.9
degrees) and of FegO4 (at 35.7 degrees) shows that the composite was
well-prepared, and that compositing N-MgO with Fe3O4 did not change
the crystal phase of MgO, and that the main characteristic peaks of MgO
were observed in the N-MgO@Fe304 composite.

The FTIR spectra of the as-made N-MgO, MgO@Fe304, and N-
MgO@Fe304 materials are presented in Fig. 1b. A broad peak at about
1480 cm™! and moderate peaks at 3464 cm! and 3530 cm™! are
related to strong C-N and N-H bonds, respectively, which are formed by
amine group deformity. It should be noted the sharp absorption peak at
about 3600 cm™! is associated with the stretching vibration of -OH
bonds from hydroxyl groups on the surface and the HoO molecules. This
result also demonstrated the successful formation of Fe/Mg-O according
to the wideband in the range 400-1000 cm™!. The other absorption
bands at 1677 cm ™! (for N-MgO), 2351 cm ! (for N-MgO@Fe304), and
2960 cm ™! are associated with the C-O and C-H functional groups,
respectively [44,45].

The surface morphology of the as-prepared N-MgO@Fe304 nano-
composite by FESEM images is presented in Fig. 1c. As it can be seen, the
N-MgO@Fe304 nanocomposite had a regular structure with nanosheet
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Intensity (a.u)

Transmittance

b) N-MgO v

MiRas TEscan]

Rurc Fesen

T T T
10 20 30 40 50 60 70 80 500 1000 1500 2000
2 theta (degree)

N Kol 2 Mg Kal 2

(e-3)

Fe Kal

Tl e
Tam Tum

Tam

T T T
2500 3000 3500 4000

‘Wavenumber (cm'l)

Fig. 1. XRD images of pure MgO, N-MgO, and N-MgO@Fe304 (a), FTIR patterns of as-prepared nanoparticles (b), FESEM images of N-MgO@Fe30, (c), EDX analysis
of N-MgO@Fe304 (d), Elemental mapping of N-MgO@Fe304 (e), and TEM (f), HRTEM (g) and SAED (h) images of N-MgO@Fe304. (Fig. S2 depicts the TEM

of MgO@Fe304,).
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morphology. To identify the elemental percentages in the as-made N-
MgO@Fe304 nanocomposite structure, the EDX analysis was applied in
conjunction with an SEM image: based on the EDX analysis shown in
Fig. 1d, the co-existence of Mg, O, Fe, C, and N elements on the N-
MgO@Fe30,4 was identified. The presence of these elements on the
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surface of the N-MgO@Fe304 nanocomposite was confirmed by the SEM
elemental mapping analysis of the powder (Fig. le). The element of
carbon identified in the EDX/mapping elemental analysis comes from
the linker used for composing N-MgO particles with FesO4 particles.
To further examine the morphology and dispersion of the

After reaction
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Fig. 2. The deconvoluted high-resolution XPS spectra of N-MgO@Fe30, before (left column) and after the reaction (right column).
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synthesized nanoparticles, the TEM analysis was conducted (Fig. 1f),
and the HRTEM image is shown in Fig. 1g. According to the TEM image
(Fig. 1f), the N-MgO has nanosheet morphology, and Fe3O4 nano-
particles were dispersed in spherical and regular shapes as black spots on
the N-MgO nanosheets. Accordingly, the N-MgO nanosheets were well-
decorated with spherical Fe3O4 particles. The presence of the spherical
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Fe304 particles on the N-MgO nanosheets was reconfirmed by observing
the lattice fringes in the HRTEM images of the composite shown in
Fig. 1g. The spots and loops observed in the selected area electron
diffraction (SAED) (Fig. 1h) indicate the polycrystalline structure of the
as-made material. Based on the SAED image shown in Fig. 1h, the MgO
planes of (002), (022), and (222) were present in the composite.
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Fig. 3. BET analysis of the as-synthesized N-MgO@Fe30,4 and its BJH plot (inset) (a), Magnetic hysteresis plot of N-MgO@Fe3;04 nanosheet (b), DRS analysis (c) and
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S. Akbari et al.

For further compositional and chemical characterization of the as-
prepared N-MgO@ Fe304 catalyst, XPS analysis was performed before
and after the photodegradation of IMD molecules. As can be seen, from
the survey spectrum results in Fig. 2a-f, the presence of Mg 2p, O 15, N
1 s, and Fe 2p was confirmed in the catalyst structure. In the case of Mg
2 s (Fig. 2a) before reaction, two peaks located at 47.9 and 48.35 eV can
be introduced as MgCO3 and MgO components [46,47]. As shown in
Fig. 2¢, the O 1 s spectrum of the as-prepared N-MgO@Fe304 catalyst is
composed of two peaks, at 530.3 and 531 eV, which are assigned to Fe-O
bonding and lattice oxygen of MgO, respectively [48,49]. Based on
Fig. 2e, the deconvolution of the Fe 2p spectrum in the fresh catalyst
indicated peaks of Fe 2p3/2 at 713 eV and Fe 2p;,, at 723 and 729 eV
which were dedicated to Fe3+, Fe®** and Fe3+, respectively [50,51]. As
can be seen in Fig. 2g, the N 1 s spectrum of fresh catalyst was decom-
posed into three peaks at 397.8, 399.8, and 402.3 eV which were
assigned to replacement of oxygen atom by N (Mg-N), amines group
(N-H bonds) and adsorption of N atoms on MgO surface (N-O), respec-
tively [52].

Porosimetry and specific area estimation of the as-prepared nano-
composite were measured by the BET technique. Based on Fig. 3a, the
surface area, total pore volume (p/pg =0.99), and mean pore diameter of
N-MgO@Fe30, nanosheets were determined to be 66 m2/g, 0.39 cm®/g,
and 23 nm, respectively. Based on the curve results (BJH plot) and
IUPAC classification, the isotherm of the as-prepared N-MgO@Fe304
was type IV, which indicates a mesoporous structure. In addition, this
scale of material molecules can be beneficial for oxygen transfer and
enhanced photocatalytic reactions [53]. As shown in Fig. 3b, the
magnetization property of as-synthesized nano-catalyst was character-
ized by the VSM method and found between — 10,000-10,000 Oe. The
obtained results estimate the magnetic value of N-MgO@Fe304 at about
7.1 emu/g. According to the literature, the magnetization of pure MgO
is 1.03 emu/g [54], a significantly lower magnetization effect than the
as-made catalyst in this work, which confirms the magnetite anchoring
on the oxide. The presence of Fe3O4 in the structure of N-MgO@Fe304
(8 wt%) enhanced the magnetic property of the catalyst and effectuated
easy separation of the catalyst from the reaction solution under a regular
magnetic field (see the photo in inset Fig. 3b).

Furthermore, Fig. (3c-d) depicts the DRS results of N-MgO applied
for determining the bandgap energy (Eg) of the as-made samples using
Egs. (2 and 3).

Eg = 1240/ 2
(Ahv) = a (hv — Eg)n/, 3

where ) is the wavelength (nm) adsorption edge of samples, and A, h, v,
and a are constant values; the Plank’s constant, light frequency, and
absorption coefficient, respectively [11]. The values of Eg were calcu-
lated from the slope of (ah)? vs. v (eV) plot to be 2.7 eV for N-MgO
(Fig. 3d). Considering the wide bandgap of MgO [21], it is shown that
doping nitrogen atoms into the lattice structure of MgO considerably
narrowed its bandgap, resulting in shifting the light absorption towards
the visible region and thus improving the visible light photo-activity of
MgO in the composite.

Fig. (3e-f) compares the EIS spectra of the as-synthesized MgO, N-
MgO, and N-MgO@Fe304 catalysts. The catalysts had a smaller arc
radius under light irradiation than in dark conditions. In addition, N-
MgO either as a single catalyst or in the composite with Fe3O4 trans-
ferred a higher current and had a smaller arc radius than plain MgO. This
can be attributed to the reduction of bandgap after N doping and the
favorable crystalline structure of the catalyst [55]. It also means that in
the N-MgO-containing catalysts, the production of carrier agent pairs
including holes and electrons was accelerated under light, and doping
MgO with N atoms could inhibit the electron-hole recombination and
enhance electron transfer. In addition, it should be noted that the
presence of Fe3O4 (containing both Fe?* and Fe3* ions) in N-MgO,
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corresponded to a lower recombination rate of photoinduced agents (h",

e.)) [55].

3.2. Catalytic activity of N-MgO@Fes04: process parametrization

3.2.1. Effect of solution pH on the photocatalytic degradation of IMD
The effect of solution pH on IMD removal in the N-MgO@Fe304/
PMS/light process is shown in Fig. 4a. The IMD degradation yield was
69%, 76%, 51%, and 45% for pH of 4, 5.6, 7, and 9, respectively, after
30 min. Based on the results, increasing pH towards alkaline conditions
decreases IMD degradation efficacy. Thus, we report that pH= 5.6 was
ideal for this system. This value is derived from the following facts:

i) The pHy,c of N-MgO@Fe304 was calculated at about 8.5, which
revealed the catalyst surface was positively charged below that.

ii) IMD pKal = 1.6 and pKa2 = 11.1, meaning that it is in non-
ionized form in the solution with the selected pHs.

iii) In addition, the pKa of PMS is 9.4, which means that it is nega-
tively charged at a pH lower than 9.4, and the main species of
HSO5 will be formed in the solution [56]. In this condition, the
interaction of catalyst surface with PMS species can be simplified
the activation process toward increasing removal efficiency at
acidic pH. As can be seen in Fig. 4a, the final pH for 7 reached 9.2,
which could be attributed as an important reason for decreasing
efficiency at this pH.

iv) In an alkaline solution the presence of OH leads to a reaction

with SO3~ which eventually generates HO® radicals [56]. It

should be noted that HO® is non-selective with a short lifetime

compared to SO;" resulting in low degradation yield at pH= 9

[57].

Therefore, given that the k%?: 3+1x10% M1s7! at pH

6.02-8.64 [58] and KM2—[2.7-3.8]1x10° M~! s7! at pH
6.02-7.92 [59,60], the last point (i.e., point iv) is not a drawback,
but rather explains the higher “acidic” efficacy, compared to the
alkaline conditions.

v

—

3.2.2. Effect of PMS presence/absence on IMD degradation in the N-
MgO@Fe304/ Visible light process: photocatalytic IMD degradation vs. PMS
activation

The effect of adding different amounts of PMS to the N-MgO@Fe304/
Visible light photocatalytic process in IMD degradation was investigated
and the results are shown in Fig. 4b,c. IMD degradation efficiency (and
its rate) in the photocatalytic process in the absence of PMS was 32%
(0.007 min~1) within 60 min, while it improved to 37% (0.009 min 1)
when 25 mg/L PMS was added to the reaction. Further increase in PMS
concentration in the photocatalytic process to 50 and then 75 mg/L led
to improvement of IMD degradation to 52.2% (0.013 min~1) and 88.4%
(0.037 rnin_l), respectively, confirming the dominant role of PMS on
IMD removal efficiency. The improvement of IMD degradation in the
photocatalytic process in the presence of PMS can be related to the
increased production of HO® as well as to the formation of SO}~ from the
PMS activation in the photocatalytic process by Eq. (4). SO;~ can also
react with water molecules to form more HO®* through (Eq. 5) [61].
The greater amount of PMS concentration up to the optimum level, the
higher the radical formation potential and thus the greater IMD degra-
dation percentage.

Activator + PMS——HO" and /or SO5~ 4

SO}~ + H,0—HO® + SO2™ +H* (5)

However, the IMD degradation decreased to 59.1% (0.016 minY)
when the concentration of PMS was increased to 100 mg/L. Additional
PMS beyond the optimum level could act as self- scavenging of main
radicals that recombine to less oxidative species, forming weaker radical
species like SO§ (E°=1.1 V) and HO3 (0.1 V) resulting in inhibiting the
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tration=75 mg/L, catalyst dosage=100 mg/L, reaction time=30 min). Effect of PMS concentration on IMD degradation efficiency (c) and rate (d) in the N-
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degradation process, as proposed by Egs. (6-10). Besides, overdosing on
PMS can reduce the rate of reactions due to the saturation of catalyst

active sites [34,62,63].

SO}~ +S0;™—S,02”

HO® + HO*—H,0,

©
)

HO*+ SO; —HSO; ®
HSO; +S0; —»S0; +S0;” +H" ©)
HO* +HSO; —»S0;™ + H,0 (10)
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3.2.3. Effect of N-MgO@Fe304 concentration on IMD degradation

The effect of N-MgO@Fe304 concentration between 0.05 and 0.3 g/L
on catalytic degradation of 10 mg/L IMD in the VL/PMS-assisted process
was investigated at a PMS concentration of 75 mg/L, solution pH of 5.6,
and the results are shown in Fig. 4d-e. As can be observed in Fig. 4d, only
27.3% of IMD could be degraded with kops value of 0.006 min~! within
60 min reaction time in the non-catalytic VL/PMS process. The rela-
tively low IMD removal in the VL/PMS process can be related to the
inefficacy of low-energy visible light photons used in the present study
to activate PMS and thus to the less reactive species generated in the
process [11]. Adding N-MgO@Fe304 at concentrations up to 150 mg/L
to the VL/PMS process accelerated the IMD degradation up to 94.7%
within 60 min (0.052 min~!). This effect can be ascribed to the
increased abundance of active reaction sites on the catalyst’s surface
resulting in the acceleration of photochemical reactions and thereby
reactive species formation based on Eqs. 11 and 12. On the other hand,
the synergistic effect between the N-MgO@Fe304 and PMS (Eq. 13) can
photo-catalytically activate PMS and produce further SO}~ during the
reaction [64]. The oxidation of PMS to generate SOz~ is also thermo-
dynamically possible but given that the concentration of water is orders
of magnitude higher than the PMS, it is not expected to affect consid-
erably the process.

ho

N — MgO@Fe;0, e  +h" an

h* +OH —HO"* (12)

HSO; +¢ —HO + SO;” or HSO; +h*—S0; +H* 13)

When the concentration of the catalyst was further increased to 200
and then 300 mg/L, the degradation of IMD decreased to 76%
(0.026 min~!) and 63% (0.018 min~') under similar conditions
(Fig. 4d). The decrease in the performance of the process at increased
catalyst concentration can be attributed to the accumulation of nano-
particles in the suspension that led to the increase in the turbidity of the
reaction medium and prevented the penetration of photons. This can
limit the photocatalytic interactions and thus the formation of reactive
radicals resulted in decreasing the IMD degradation percentages [11].

It should be noted that with increasing the concentration of catalyst,
the amount of active surface sites increases and as a result, the presence
of ROS species will be higher, so self-quenching of these species might be
occurred based on Egs. (6) and (7). The agglomeration of catalyst par-
ticles might cause this effect [34,65]. Based on the findings shown in
Fig. 4d.e, the optimum experimental concentration of N-MgO@Fe304 in

Applied Catalysis B: Environmental 317 (2022) 121732

the N-MgO@Fe304/VL/PMS process was 150 mg/L.

The visible-light activity of N-MgO@Fe304 material made in the
present study to degrade IMD was compared with previously reported
catalysts in the literature (Table 1). The catalytic potential of the as-
made N-MgO@Fe304 material was compared with the relevant hetero-
geneous results reported, based on the pseudo-first-order reaction con-
stant (kops) and rate (rops) calculated from Eqs. (14) and (15),
respectively, as a normalization measure.

Co
In{ — ) = Kkopbs-t 14
H(C> b a4

t
Tobs = Kos-Co (15)

C, and C; in the Egs. (14) and (15) represent the IMD or TOC concen-
trations at the beginning and time t of the reaction.

Considering the values of rops for the degradation of IMD given in
Table 1 for different catalysts, we confirm that the N-MgO@Fe304 had a
superior performance among most of the other reported catalysts for
IMD degradation, considering the operation conditions (in terms of
catalyst concertation, type of light source, and light intensity). We note,
however, that the higher values of ryps reported in some of the studies
summarized in Table 1 are those obtained employing higher amount of
catalyst, higher light intensity, and/or mercury UV lamps, with potential
severe secondary environmental pollution. In the other words, we
observed a considerable photocatalytic rops value for the N-MgO@Fe304
irradiated with visible light under relatively mild conditions.

3.2.4. Elucidating the catalytic activity of the prepared materials and
synergies among the constituents of the N-MgO@Fe304/PMS/VL process
The photocatalytic activity of the prepared materials (Fe304, MgO,
N-MgO, MgO@Fe304, and N-MgO@Fe304) under visible light, and the
efficacy in activating PMS, and catalyzing the VL/PMS process were
investigated with IMD removal activity index, and the results are
depicted in Fig. 5. As shown in Fig. 5, all the as-synthesized materials
presented low IMD adsorption; the adsorption efficiency of IMD onto
Fe304 MgO, N-MgO, MgO@Fe304, and N-MgO@Fe304 materials was
13.1,19.1, 21.0, 22.3, 24.1%, respectively, at the contact time of 60 min
under the selected conditions. It is observed that compositing Fe3O4 with
MgO or N-MgO did not considerably affect its adsorption properties
(Fig. S3). The visible-light photocatalytic activity of the as-synthesized
materials was also investigated and the IMD removal was found to be
18.1, 25.0, 48.1, 23.2, and 57.8% in the photocatalytic process with
Fe304, MgO, N-MgO, MgO@Fe304, and N-MgO@Fe304, respectively. It

Table 1
Comparison of the photoactivity of N-MgO@Fe304 in comparison with other catalysts used for IMD degradation.
Catalyst Experimental conditions Degradation Mineralization Ref.
Type Conc. (g/ Light/W IMD (mg/ pH Time Percentage Rate (mg/L. Percentage Rate (mg/L.
L) L) (min) (%) min) (%) min)
g-C3Ny 0.05 VL/300 W 20 7 300 90 0.13 - - [3]
Z- WO3/polyimide 1 VL/225 W 20 7 180 73.2 0.07 - - [6]
OCN-10/PMS 0.5 Xe/500 W 3 4.2 120 94.5 0.075 41.6 - [71
TiO, 1 UVA/15W 25 9 20 100 - 30 - [60]
TiOy 0.24 UVA/120 W 100 7 120 98.8 3.50 19.1 - [66]
TiO/H-ZSM-5 1 Xe/100 W 10 7 40 96.4 0.69 - - [67]
TiOy 1.5 UVA/15W 10 6.5 240 83.6 0.07 - - [68]
H3PW;5040/ 3.6 VL/225 W 8 7 318 83 0.04 - - [69]
TiO2-ny03
H3PW;12040/La-TiOy 0.6 Xe/300 W 10 5 60 98.2 0.74 - - [70]
Ferrioxalate reagent 0.24 UVA /9 W 20 3.2 120 90 - 85 - [71]
GO/CuFe,04-CdS 10 tungsten/ 10 8 100 100 0.62 - - [72]
300 W
Au-Sn02-CdS 0.003 LED/30 W 1 4 180 95 0.02 - - [73]
N-MgO@Fe304 0.15 VL/24 W 10 5.6 60 57.8 - - - This
study

N-MgO@Fe304/PMS 0.15 VL/24 W 10 5.6 60 94.7 0.52 63.8 0.25 This
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is observed in Fig. 5a that the photocatalytic activity of N-MgO was
around x2 times higher than that of MgO under similar experimental
conditions, confirming that doping MgO with nitrogen considerably
increased its activity under visible light. The improved photocatalytic
activity of N-MgO can be attributed to its lower bandgap, utilized under

10
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visible light. Indeed, MgO has a wide bandgap and when it was doped
with N (making N-MgO) the new bandgap above the valence band ob-
tained about 2.7 eV (Fig. 3c-d), which in turn could improve its light-
harvesting capacity and accelerate its photo-activity [54]. This phe-
nomenon can be related to the species of N such as NJ and N, according
to (Egs. 16 and 17) [74]. Furthermore, considering the XPS results, the N
dopant replaced oxygen atoms in the MgO lattice to form oxygen defects
and increased the separation yield of electron-hole pairs on the MgO
surface, so it possibly prevents the recombination of photogenerated
agents and thus enhances the photocatalytic activity [28,74].

N, +e —NJ (16)

NY +e” >Ny a7

In addition, comparing the photocatalytic activity of MgO and N-
MgO materials with those of their composited form with Fe304 shown in
Fig. 5a, depicts that FezOy4 slightly decreased the visible light photo-
catalytic activity of MgO catalyst. It can be related to low optical
behavior and thus the low photocatalytic activity of Fe3O4 under the
selected condition (Fig. 5a), as well as to the long bandgap of the MgO.
In contrast, compositing FesO4 with N-MgO considerably improved its
photocatalytic activity by 20% (57.8% in the N-MgO@Fe304/VL to
48.1% in the N-MgO/VL processes). This improvement is shown because
N-MgO has a low bandgap thus the transfer of charge carriers between
N-MgO and Fe3O4 can affect the photocatalytic behavior of the N-
MgO@Fe304 catalyst (see below, Fig. 6). Indeed, due to the difference
between energy gaps, a part of the h™ formed in the VB of N-MgO could
transfer to the VB of Fe304 and the e in CB of Fe3O4 migrated to the CB
of N-MgO [32,49]. It resulted in improving the separation of the
electron-hole pairs generated in N-MgO and Fe3O4 materials present in
the composite, thus forming more reactive species including HO* (Egs.
13 and 14), led to an increase in IMD removal.

Therefore, considering the negligible IMD removal using direct
photooxidation by visible-light photons and only 20.8% adsorption of
IMD onto N-MgO@Fe304 (Fig. 5a), achieving 57.8% of IMD removal in
the visible-light photocatalytic process with N-MgO@Fe304 confirms
the high activity of the as-made catalysts with a noticeable synergy
between visible-light and N-MgO@Fe304. In parallel, synergy was not
observed between the visible light and the MgO@Fe304, reconfirming
the role of doping MgO with N in considerably improving its catalytic
activity under visible light irradiation.

Furthermore, the potential of the prepared materials for activation of
PMS was also evaluated and the results are included in Fig. 5a. It is
observed in Fig. 5a that the N-MgO@Fe304 had the highest potential for
activation of PMS among the tested materials; 35.4% of IMD was
removed in the N-MgO@Fe304/PMS process, whereas it was 22.1% in
the MgO/PMS, 29.9% in the MgO@PMS, and MgO@Fe304/PMS pro-
cesses under the same selected conditions. In comparison, the perfor-
mance of the MgO@Fe30,4/PMS process in removing IMD was 19.6%
under the same experimental conditions. Therefore, the behavior of the
prepared materials in catalyzing PMS was similar to that of their pho-
tocatalytic activity, i.e., the N-MgO had higher potential than the MgO
in catalyzing PMS, and N-MgO@Fe304 had higher potential than the N-
MgO in catalyzing PMS. It is seen in Fig. 5a that doping MgO with N, in
addition to improving the photocatalytic activity, could also increase its
catalytic potential in the activation of PMS, since IMD removal in the N-
MgO/PMS process was 1.4 times that in the MgO/PMS one.

Also, the as-made catalyst easily adsorbed the negative form of PMS,
resulting in high photogenerated electron transfer from the catalyst
surface to oxidant and its effective activation to form reactive radical
species [75]. In addition, the presence of N in the catalyst might promote
the activation of PMS through a non-radical mechanism by producing
102 [37], as shown in Eq. (18).

250" +H,0-2HSO0; +'0, 18
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Fig. 6. EPR spectra recorded in aerated D,O upon irradiation (Xe lamp with a 380 nm cut-off filter) of: a) no photocatalyst or oxidant; b) N-MgO@Fe304 (150 mg/L);
¢) PMS (75 mg/L); d) N-MgO@Fe30,4 (150 mg/L) and PMS (75 mg/L); e) N-MgO@Fe30,4 (150 mg/L) and PMS (75 mg/L) in dark. TEMP (1.2 mM) was used in (a-e)
as a spin trap. (f) EPR experiment of an aqueous deaerated mixture of DMPO (10 mM), N-MgO@Fe304 (150 mg/L), and PMS (75 mg/L) at pH ca. 6 under Xe lamp
irradiation (a 435 nm cut-off filter was employed). Black symbols correspond to the DMPO-SO, signal and green symbols correspond to the DMPO-OH signal.

Moreover, although Fe3O4 showed low optical behavior, its
anchoring on N-MgO had some synergistic effect on PMS activation. As
per Fig. 5a, the N-MgO@Fe304 material had the highest visible-light
photocatalytic property as well as the highest potential for activating
PMS, among the as-prepared materials. Therefore, the mutual catalyti-
cally benefit of the N-MgO@Fe304 as a visible-light photocatalyst and as
a PMS activator was investigated. Another interesting point found in
Fig. 5a is that adding PMS to the VL/N-MgO@Fe304 photocatalytic
process resulted in further improvement of the IMD removal from 57.8%
to 94.7%, under the selected conditions. Considering the point that IMD
removal in the VL/PMS process was around 27.3%, and the results given
in Fig. 5a, considerable synergy in IMD removal was achieved when N-
MgO@Fe30,4 was added to the VL/PMS process. To understand the
visible-light catalytic activity of N-MgO@Fe304 and the effect of PMS on
boosting the performance of the N-MgO@Fe304/VL photocatalytic
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process in the degradation of IMD, the kinetics of these processes were
evaluated (Fig. 5b) and compared in terms of the value of kqps (Fig. 5¢).
It was found that the VL/PMS, N-MgO@Fe304/PMS, N-MgO@Fe304/
VL, and N-MgO@Fe304/VL/PMS processes removed IMD at the PFO
rate constants of 0.006, 0.007, 0.013, and 0.052 min’l, respectively,
under the selected conditions. Accordingly, a synergy factor of 2 was
calculated from Eq. (19) for the process developed from coupling the N-
MgO@Fe304, PMS activation, and visible light irradiation in removing
IMD.

Kobs[catalyst/ VL /PMS]
Kobs[catalyst/ VL) + Kops[catalyst/PMS] + Kobs[VL/PMS]
(19)

Furthermore, the N-MgO@Fe304 with a high optical property could
be excited under visible light, resulting in the photogeneration of e~ and

Synergy factor =
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h* according to Eq. (11); these photogenerated species could then
counterpart in activating PMS with the subsequent formation of SO}~
and HO® (Egs. 12 and 13). Specifically, the activation of PMS could be
accelerated by contributing conduction electrons based on Eq. (13). PMS
acted as an electron acceptor reducing the recombination rate of
photoinduced agents and giving rise to SO}, a reactive species that
could enhance IMD removal efficiency. Moreover, conduction electrons
could also reduce Oy to O3 (Eq. 22), that eventually could either
participate in the degradation of IMP or result into 105, an additional
reactive species. In addition, even without visible light irradiation,
Fe*"could react with PMS for the formation of Fe*" producing SO;~ and
then active sites of Fe*" can activate PMS to produce more SO;™ [34,63].

Fe’* + HSO; »Fe** + H' + SO%~ (20)
Fe?* + HSO; »Fe’* + HO™ + SO;~ (21)
e +0,-05 (22)

MgO as a non-redox active oxide might change the coordination
environment of Fe, thus changing the direction of the transfer of a
photogenerated electron between PMS and transition metal, and thus
inducing 0 generation. Finally, molecular IMD could be degraded in
the N-MgO@Fe304/VL/PMS process by reactive species formed through
a chain of reactions, simplified in Eq. (23), to simple intermediates [49].

IMD + [SO;” +HO® + O} + h* + 05| >product (23)
3.2.5. Evidence on the formation of reactive species: EPR study

EPR experiments were carried out to shed light into the photo-
generation of the potential reactive species (HO®, SOY, 10, and 0%)
upon irradiation of the complex system formed by N-MgO@Fe304 and
PMS, which eventually could participate in the degradation of IMD.
First, EPR experiments were conducted in the presence of a radical spin
trap of 10, (TEMP, 1.2 mM), which results in the formation of a stable
TEMPO radical with a well-known pattern signal [42]. The formation of
102 was explored in the presence of N-MgO@Fe304 (150 mg/L) and
PMS (75 mg/L) in aerated D20 at pH ca. 6 under Xe lamp irradiation (a
380 nm cut-off filter was employed). Control experiments in which only
TEMP was employed and in the presence of only N-MgO@Fe3O4
(150 mg/L) or PMS (75 mg/L), all in aerated D,O were performed in
parallel (Fig. 6a-c). Results showed the formation of the typical TEMPO
signal in all cases, although the highest intensity of TEMPO was found
when N-MgO@Fe304 and PMS were irradiated together (Fig. 6. d). The
formation of TEMPO in the presence of only N-MgO@Fe304 or PMS is
attributed to the initial TEMP oxidation (TEMP:™), followed by subse-
quent deprotonation and reaction with O;. This process has been
described for aerated TEMP mixtures in the presence of other oxidants
[76]. Nevertheless, from the comparison of the intensity of the TEMPO
signal formed within the control mixtures and in the presence of
N-MgO@Fe304 and PMS, ca. 10% of the signal intensity can be safely
attributed to the formation of 102. To further confirm the formation of
10, an additional experiment was carried out in which the decrease in
the absorbance of the probe anthracene 9,10-dicarboxylic acid was
attributed to the initial formation of an oxetane [77], according to the
Fig. S4. Thus, a mixture of anthracene 9,10-dicarboxylic acid (23 pM),
N-MgO-Fe304 (150 mg/L), and PMS (75 mg/L) was irradiated (Xe lamp
coupled with a 380 nm cut-off filter) in parallel in H;O and D,0, see
Fig. S5 left and right, respectively. The higher decrease in the absor-
bance of anthracene 9,10-dicarboxylic acid when the experiment was
carried out in D20 vs HoO was in agreement with the formation of 10,
with a lifetime one order of magnitude longer than in HpO [42].

Furthermore, EPR experiments in the presence of DMPO (10 mM)
were performed to provide evidence of the photogeneration of in-
termediates of radical nature such as HO®*/SO}~ upon irradiation of de-
aerated aqueous mixtures of N-MgO@Fe304 (150 mg/L) and PMS
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(75 mg/L) at pH ca. 6 (a 435 nm cut-off filter was employed). It is re-
ported that both intermediates react efficiently with DMPO giving rise to
DMPO-SO4 and DMPO-OH, respectively. Results showed the typical
signal patterns corresponding to DMPO-SO4 and DMPO-OH (Fig. 6f),
while no signals were obtained in the absence of irradiation (data not
shown). The DMPO-SO4 signal could be safely attributed to the trap of
SO; ™ generated from the reduction of PMS according to Egs. (13) and
(21). On the other hand, the DMPO-OH signal could have two different
origins: irradiation of N-MgO@€Fe304 gives rise to the generation of
vacancies in the valence band that can generate HO®, according to Eq.
(12); however, it is also known that the lifetime of the DMPO-SO4 adduct
in Hy0 is very short, and quickly evolves to DMPO-OH [78]. Thus, the
appearance of DMPO-OH does not represent unambiguous evidence for
the direct formation of HO® in the photogenerated vacancies of the VB,
or because of the ferric photo-reduction.

To provide further evidence on the photogeneration of HO®, an
additional experiment was carried out in which the non-emissive ter-
ephthalic acid gave rise to the emissive hydroxyterphthalate derivative
[79], shown in Fig. S6. Thus, an aqueous mixture of terephthalic acid
(50 mM), NaOH (2mM), N-MgO-Fe3O, (150 mg/L), and PMS
(75 mg/L) was irradiated (Xe lamp coupled with a 380 nm cut-off filter)
for up to 120 min (Aexc = 315 nm, see Fig. S7). The results demonstrating
the formation of the fluorescent derivative prove the previous sugges-
tions for the formation of HO® in the process.

Furthermore, the excitation of electrons to the conduction band of
the photocatalyst and the role of oxygen as electron acceptor may lead to
the generation of superoxide radical anion (03~), according to Eq. 22.
Attempts were made to trap the potentially formed O3 as DMPO-OOH.
For this purpose, aerated aqueous mixtures of N-MgO@Fe304 (150 mg/
L) and DMPO (10 mM) at pH ca. 6 were irradiated in the absence of PMS
(a 320 nm cut-off filter was employed). However, no signals that could
be attributed to the formation of DMPO-OOH were observed. Even
more, the experiment was repeated in an ethanolic-aqueous mixture to
quench the hydroxyl radical and enhance the prospects to detect DMPO-
OOH. However, we did not observe any signal that could provide posi-
tive evidence on the formation of O3 . This means that O3 is either not
formed, or gets quickly transformed to other species, e.g., singlet oxygen
(Eq. 24):

h*+05"-»0) or 2H"+20; =0} +H0, 24

Hence, from the EPR experiments, we can provisionally conclude
that the irradiation of mixtures of N-MgO@Fe30,4 and PMS in aerated
aqueous media gives rise to the formation of 102 (as was demonstrated
when TEMP was used as a spin-trap), and to the formation of SO}~ (as
proven from the formation of DMPO-SO4). The direct formation of HO®
was proven from the formation of the fluorescent adduct of hydrox-
yterphthalate. Nevertheless, the results obtained did not allow quanti-
fication of the different species.

3.2.6. Mechanism of IMD degradation in the N-MgO@Fe304/VL/PMS
process

To identify the type of species formed in the N-MgO@Fe304/VL/PMS
process, IMD removal was compared in the absence and presence of
several scavengers, such as p-benzoquinone (p-BQ), tert-butanol (TBA),
ethanol (EtOH), sodium azide (SA) and oxalate (OX), as the scavengers
of the photoproduced reactive intermediates formed and potentially
IMD-degrading species (including O3, HO®, SO}, 10, and h™). The re-
sults are shown in Fig. 7, demonstrating the inhibition of IMD removal
percentage (Fig. 7a) and rate (Fig. 7b) in the presence of the selected
scavengers. The percentage (rate) of IMD degradation in the N-MgO@-
Fe304/VL/PMS process decreased from 94.7% (0.052 min~") under
normal conditions, down to 77.6% (0.028 min~1) in the presence of
pBQ, or to 62.7% (0.018 min’l) in the presence of OX, to 53.2%
(0.012 min™!) in the presence of TBA, to 35.9% (0.007 min~Y) in the
presence of EtOH, and to 15.2% (0.003 min~1) in the presence of SA
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reac-

(Fig. 7a). Since the concentration of scavengers in the test was several
orders of magnitude greater than that of IMD, it can be considered that
all the reactions were run under saturated quenching conditions.
Therefore, the inhibition order of scavengers on IMD degradation effi-
cacy in the N-MgO@Fe304/VL/PMS process was as follows:
SA>EtOH>TBA>0X>pBQ. It is found that TBA, EtOH, and SA had the
highest inhibition effect on IMD degradation in the developed process.
Thereby, by using OX in the IMD degradation can be observed that the
photo-generated holes in the catalyst played a clear contribution in this
process because OX would prevent the reaction between the holes and
water molecules to generate HO® [77]. The clear inhibition effect ob-
tained in the degradation of IMD by the presence of EtOH and TBA as
scavengers of HO® and SO}~ suggests the participation of both radicals.

Moreover, IMD degradation results were deeply analyzed based on
the bimolecular rate constants (k) of HO®* with EtOH, TBA, and IMD(k ca.
1.9 ><109, 6.0 x10% and 2.7-3.8 x10° M! s’l, respectively), those
described for SO3~ with EtOH, TBA, and IMD (k ca. 3.5 x 107,
4.0 x10° M Is7% and 3+1 x10% M~Is7!, respectively) [58,80],
together with the typical reported values for the lifetime of SO}~ and
HO® (ca. 1 microsecond and 100 microseconds, respectively) [81,82].
Interestingly, if the main radical involved was HO®, the same decrease in
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the degradation would have been observed in the presence of EtOH or
TBA at concentrations as high as 0.1 M. Thus, the higher effect observed
in the presence of TBA could be attributed to the participation of SO;~.
However, the fact that the IMD degradation was not affected by
increasing the quencher amounts of TBA and EtOH from 0.1 to 1 M (see
Fig. S8), reveals the involvement of other reactive species in this process.

Based on the scavenging tests results, the IMD degradation resulted
to be slightly lower by the presence of SA (Fig. S9) than that produced by
the presence of EtOH (Fig. 7). This finding could be explained by the
participation of a non-radical mechanism such as 105, which might have
arole in IMD removal [49,81,82]. Thus, as SA reacts with HO® and SO}~
with a rate constant of 1.2 x 10, 2.5 x 10° M~ s, respectively, but
also with singlet oxygen (*O,) with a k ca. 2 x 10° M~ !s™!, this last
quenching reaction could explain the best inhibition produced by SA
[83].

Nevertheless, since complete inhibition was not produced also using
SA, it could indicate that O3~ might be participating in the IMD degra-
dation. In this context, pBQ was used to prove this contribution but the
results were not clear, because this quencher can not only scavenge
superoxide anion at a rate of 1 x 10° M~ ! s7!, but also HO" at a rate of
2.19 x 10°M s ' and SO;~ at 2.5 x 10° M~ ! s~1. However, the effects
observed cannot be explained by considering only the concentration of
pPBQ used and its rate constants [84], and considering that we did not
detect any EPR signal we suggest that its importance must not be critical.
In overall, the mechanisms deduced to be involved in the degradation of
IMD in the N-MgO@Fe304/VL/PMS process are presented in Fig. 8.

From the XPS analysis, the binding energy in the used catalyst
(Fig. 2b) was centered at 50 eV, which can be related to the oxidation
state of MgO, as Mg?*. Also shifting the peak after reaction from 47.9 to
49.2 eV showed the formation of Mg(OH), during the oxidation of
surface carbonaceous materials [46,47]. After IMD degradation
(Fig. 2d), a small change in the position of the peaks was observed for O
1 sat531.3 and 532.2 eV, which can be assigned to the formation of Mg
(OH), and the adsorption of water molecules on the catalyst’s surface,
respectively [47-49]. In addition, a new peak at 710 eV observed in the
catalyst after reaction (Fig. 2f) was assigned to Fe?", which demon-
strated that Fe>* has been partly reduced to Fe?* [50,51]. It should be
noted that the peaks at 397.8 eV vanished, and other peaks were shifted
toward 399 and 407.2 eV in the catalyst after the reaction (Fig. 2h),
which indicates the amine groups were decomposed during the photo-
catalytic process [52].

3.3. Assessing the N-MgO@Fe304 applicability: water matrix influence,
stability & reusability, and IMD degradation pathways

3.3.1. Effect of competing anions presence on IMD photocatalytic
degradation

The performance of common water anions, i.e., CI~, NO3~, HCO3~
and PO,%~ were evaluated on IMD degradation in the N-MgO@Fe304/
VL/PMS process. The experiment was also conducted for IMD removal in
tap water as a matrix containing a mixture of these anions. As can be
seen in Fig. 9a, Cl"and NOs~ did not considerably affect IMD degra-
dation, indicating a slight quenching reaction with reactive species [58].
The small hindering effect of CI~ on the process can be related to the
reaction between Cl”and HSO; which transformed to HOCI and Cl,
with lower redox potential than SO} (Egs. 25 and 26) [63], but pos-
sessing a small oxidative power that could still degrade/oxidize IMD.

HSO; +Cl"—S02™ +HOCI (25)

HSO; +2CI° + H'—S02™ + Cl, + H,0 (26)

Similar to chloride, by adding NO;™ to the reaction medium, some
species such as NO; (2.3 eV) and NO; (1.03 eV) can be formed with
less oxidative potential compared to SO;~ and HO® based on (Eqgs. 27 and
2.8) that decreased IMD decomposition [63].
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NO;~ +ROS—NO; + OH™ /SO;” 27)

NO; 4+ H,0 + ¢ —NO; + 20H" (28)

However, the degradation of IMD was significantly inhibited by
HCO;~ and PO, so that it decreased from 94.7% in absence of anions
to 44.5% and 56.2% in the presence of HCO; and PO,>", respectively,
under the selected conditions. HCO;~ reacts with HO®, SO}~ and h*
resulting in the formation of HCO3*~ and CO;*~ species with lower redox
potential (1.78 eV) through (Eqs. 29-31) [63,81,82].

HCO; ™ +HO*—»H,0 +COs*~ (29)
HCO;™ 4 SO} —S02™ 4+ HCO;*~ (30)
HCO;™ +h*—>H,0 + CO;*~ (31)

Similarly, the addition of PO} exhibited a negative performance on
the oxidation process by trapping radical agents (Egs. 32 and 33). In
addition, it could block the active sites on the catalyst surface and pre-
vent to penetration of photons or the formation of a complex between
PMS and N-MgO@Fe304 [85-87].

HPO]™ +HO*—OH™ +H, +HPO,"” (32)

HPO;™ +S0; —SO; +HPO,"” (33)

Wang et al. [88] reported the same inhibition influence of anions for
degradation of bisphenol A by the Ag-g-C3N4/PMS/visible light process.
Another point observed in Fig. 9a is that the degradation of IMD in
spiked tap water in the N-MgO@Fe304/VL/PMS process was 91.5%,
deducing that the developed process was not highly influenced by the
water matrix of natural water, thus it could perform well for treating
mildly contaminated water sources. In addition, a slight reduction in
IMD removal efficiency can be attributed to the high amount of TDS that
can interfere with reactive species and trap them in the oxidation pro-
cess, and the small reduction of water transmittance. Hence, the pres-
ence of anions in tap water in the standard range had no adverse effect
on degradation reaction [63].
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3.3.2. Recyclability and durability of N-MgO@Fe3s04 over repetitive cycles
of IMD photocatalytic degradation

The recyclability of the prepared N-MgO@Fe304 material catalyzing
the activation of visible light and PMS was examined for six consecutive
runs and the results are shown in Fig. 9b. After six consecutive cycles of
the catalyst reuse, an IMD removal of over 78% could still be achieved in
the N-MgO@€Fe304/VL/PMS process, indicating the slight reduction of
degradation efficiency after the sixth reuse cycle and proving excellent
recoverability of the catalyst. Within the first 5 cycles, the efficacy is
within the margin of error, hence negligible differences are reported.
From the 5th cycle and onwards, the relatively low deactivation of
photocatalytic performance could be resulting from catalyst reduction
during separation, loss of active catalyst surface sites by washing, and
bond formation with by-products excluding penetrate light, PMS acti-
vation, and generation of ROS species [11,63]. From the point of eco-
nomic view, the demonstrated efficient reusability is a critical property
for its potential application.

For further confirmation, the sustainability of recovered N-MgO@-
Fe3O4 was more evaluated by XRD, FTIR and TEM imaging and
comparing the results before (Fig. 1) and after (Fig. S10). Fig. S10a
depicts the XRD pattern of the reused N-MgO@Fe304 material,
observing the main diffraction peaks of MgO and Fe3O4 in the reused
catalyst after six times reuse, confirming that the structure of the catalyst
did not considerably change during the photocatalysis process. In
addition, the FTIR spectra of the reused N-MgO@Fe304 material was
also observed (Fig. S10b), indicating that the main surface functional
groups of the as-prepared material were almost fully preserved during
the reuse tests. In addition, comparing the TEM images of the catalyst
before and after reuse (Fig. S10c) we see that there is no considerable
change in the morphology of the N-MgO@Fe304 after being used as
catalyst in the developed process.

XPS analysis was also applied to further evaluate the reusability
capacity of N-MgO@Fe304 before and after IMD degradation (Fig. 2d, f,
h). Based on the results, all the binding energies including Mg 2p, O 1 s,
N 1s, and Fe 2p orbitals were relatively close to the fresh catalyst,
further confirming the structural impeccability of the reused N-
MgO@F6304.

To investigate the stability of as-made N-MgO@Fe304 material, the
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amount of iron and magnesium leached to the solution was measured
during the repetitive cycles by ICP analysis. The findings (Table S1)
summarize the significant Fe and Mg leached from the catalyst into the
solution during six repetitive reusing cycles of the as-made catalyst.
These results showed that the as-made catalyst is stable and durable
[89]. In addition, the low concentration of Fe and Mg in the solution
during the reuse cycles implies that the contribution of the leached ions
in generating homogeneous IMD degradation reactions was negligible.

3.3.3. Insights on IMD decomposition: denitrogenation/dechlorination,
mineralization, and reaction intermediates towards its elimination

Along with IMD degradation, the mineralization of IMD during the
photocatalytic process was measured by TOC analysis. Accordingly,
TOC removal was observed at about 47.5, 63.8, 79, and 91% for 30-, 60-,
90-, and 120-min reaction times, respectively (Fig. 9c). As expected, the
synergistic effect between the as-made catalyst/light and PMS played a
significant role in mineralization at a later stage time compared to IMD
removal due to resistant rings and molecules. Besides, the electron-hole
pairs can be generated and then by activation of PMS, lead to IMD
mineralization to inorganic compounds (Eq. 32).

Catalyst/VL/PMS

CyH;90,N;5Cl + 17.50,
+ HC1

9CO, + 5HNO; + 2H,0

(32)

According to Table 1, Tan et al. [7] obtained 41.6% TOC elimination
for the concentration of 3 mg/L IMD under visible light process at
120 min. In another study conducted by Zabar et al. [66] TOC removal
was 19.1% in the TiO2/UVA process operated at IMD of 100 mg/L, pH of
7, and time of 120 min. In the present study, a high degree of TOC
removal at 120 min can demonstrate that the IMD molecules were
effectively broken down into smaller intermediates.

In addition, dechlorination and denitrogenation of IMD were inves-
tigated in the photocatalytic/PMS process under optimum conditions
and the results are depicted in Fig. 9c. It is seen that the dechlorination
almost corresponded to the degradation of IMD and over 99% of
dechlorination was observed at the reaction time of 90 min. This can be
related to the low energy bond of C-Cl (Table S2), which was easily
cleaved, and chloride was released into the solution. Nearly complete
dechlorination of IMD in the TiO2/UVA process after 120 min has been
reported by Kitsiou et al. [71]. However, based on Fig. 9c, the rate of
denitrogenation in the reaction time below 60 min was low due to the
high energy bond of C-N and particularly C=N bonds, and to the low
oxidation state of nitrogen in IMD [66]. Nonetheless, it improved by
extending the reaction time and reached around 90% in 120 min where
91% of IMD was mineralized, due mainly to increased formation of
reactive degrading species. The denitrogenation being so similar to the
mineralization suggests that most of the nitrogen-containing bonds
resisted degradation and resulted in the conversion of nitrogen in IMD
molecules to inorganic nitrogen species. The efficacy of IMD minerali-
zation and denitrogenation was 90% and 50%, respectively, in the
TiOg/UVA/Fe3+/H202 process [71].

Finally, for a deeper understanding of the pathways, which lead to
IMD degradation, the intermediates’ identification was conducted by
LC-MS spectra under optimum conditions at 120 min (Fig. 10). Pure IMD
solution was injected before irradiation which indicated peaks at a
retention time of 2.24 min with m/z = 256. Based on the observed
peaks, eight different intermediates were identified from IMD degra-
dation, including Imidacloprid urea (m/z = 212), Imidacloprid desnitro-
olefine (m/z = 209), Imidacloprid guanidine (m/z = 238), 6-chloroni-
cotinic aldehyde (m/z = 141), 2-chloro-5-methylpyridine (m/z = 115),
Pyridine (m/z = 71.5), Guanidine (m/z = 41.5), 1-Buten (m/z = 49).

The main intermediates identified during the degradation of IMD in
the developed process are given in Table 2. Accordingly, two different
pathways proposed for IMD decomposition are shown in Fig. 10. IMD
molecules can be degraded to product P1 under visible light that is
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Fig. 10. Proposed pathway for IMD decomposition in the N-MgO@Fe304/VL/PMS process (IMD=10 mg/L, pH=5.6, PMS=75 mg/L, time=120 min).

decomposed to product P2 and P3 via attack of ROS. It should be noted
that the presence of product P3 in pathway I revealed that IMD miner-
alization has been successful. It is a non-toxic compound and easily
degrades into a simple product. Following the degradation trend,
demethylation of product P4 can be transformed to product P5, which is
finally transformed into product P6 during the dechlorination.
Continuing the oxidation reactions of IMD intermediates with the
generated reactive species caused the decomposition of benzene rings
with cleavage of N-C and N-N bonds and the formation of products P7
and P8. The intermediates formed in both pathways are finally con-
verted to Hy0, CO2, CI" and NHj mineral products. As a result, since the
N-C bond has almost the lowest energy compared to the other bonds in
the structure of the IMD molecule (Table S2), the degradation of IMD
could mainly begin with the cleavage of the N-C bond between the
pyridine and imidazolidine rings by the oxidative species formed in the
reaction [90-92]. Prolonging the reaction could lead to the further
breaking down of the intermediates into CO,, NO3, and CI" [90].
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3.4. Bacterial inactivation of the N-MgO@Fe30,4/VL/PMS process:
analogies and differences with IMD, and IMD presence effects on
disinfection

To expand the investigation on the catalytic capacity of the devel-
oped process, the inactivation of a gram-Negative and a gram-Positive
bacterial strain was assessed. The kinetics are contrasted with experi-
ments including IMD presence and/or with the different experimental
conditions selected, all under visible light (the tests presented are all
under VL since dark adsorption had a negligible effect and VL at this
wavelength did not lead to PMS activation, and the applied wavelength/
intensity did not exert bacterial inactivation [100,101]; hence these data
are not shown); the results are presented in Fig. (11 a-c).

The main difference in the presented disinfection tests compared to
IMD degradation is that the dominant pathways have mildly altered
effects (Fig. 11a). PMS is effectively inactivating E. coli, due to its direct
effects on the cell [93,94], as previously seen in literature [11,42]. IMD
degradation was only mildly affected by PMS (slightly over 20% in a
60 min reaction time) while PMS in 10 min was found to inflict total
inactivation. Interestingly, although IMD degradation is low by PMS, the
by-products of degradation were toxic for E. coli and acted
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Table 2

The degradation intermediates identified during the degradation of IMD in the developed process.
(By)product Experimental m/z Best possible chemical formula Structure Adduct Reaction time (min)
IMD 256 CoH1CIN5O, (\NH [M+H] 2.24

]
/\

cl
P1 238 CoH1CINsO [M+H] 2.17
9H10 5 l A 7\‘
F
¢ >N Z N
N H
NO
P2 212 CoH0CIN3O /\\ [M+H] 2.18
N\ _-NH
LT
\ /
N
cl
P3 141 CeH4CINO H [M+H] 1.29
\ 0
L
a” N
P4 113 CsH4CIN S [M+H] 1.18
|
a” N
P5 71.5 CsHsN ~ [2 M+ACN+Na] 3.04
L
N
P6 49 C4Hg //\ [2 M+CAN+H] 4.29
P7 209 CoH11CIN4 I\ [M+H] 2.15
N (NH
s | NH
N N
Cl
P8 59 CHsN3 H-N [2 M+Na] 4.30
2 U NH,
NH
synergistically; the time for total bacterial inactivation was halved. We be an indication of a change in the reactive species that dominate
note that this effect is clearly deriving from the IMD by-products, as the inactivation, as well as the localization of the damage:
parent compound (IMD itself), did not have a toxic/inhibitory effect on
bacteria over the reaction time (and extended to longer times; see i) PMS alone will surely react with the cellular membrane, but its
Fig. S11). possible intracellular action is yet to be determined;
When N-MgO@Fe304 (denoted as Cat.) was introduced into the ii) The addition of the catalysts enhances the radical generation in the
system (Fig. 11b) the pathways were altered anew. The time necessary bulk instead of the intracellular domain, which may be less germi-
for total inactivation was slightly longer than in its absence. This could cidal since key intracellular targets may no longer be hit and
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Fig. 11. Inactivation of bacteria via the developed N-MgO@Fe30,4/VL/PMS
system. A) VL/PMS-induced inactivation of E. coli in absence of the catalyst. B)
Photocatalytic N-MgO@Fe304/VL/PMS inactivation of E. coli. C) Comparison of
the photocatalytic N-MgO@Fe30,4/VL/PMS inactivation of E. coli vs. Entero-
coccus sp.

inactivation may relie on the extracellular process, i.e. the rupture of
the membrane by sequential PPRI attacks.

Given the above considerations, it cannot be excluded that PMS is
acting intracellularly or a more complex mechanism is present, as has
been recently postulated [102].

Moreover, the addition of IMD in the bulk considerably delays bac-
terial inactivation. The first phase of inactivation is characterized by a
lag, which is an effect of the distribution of the same amounts of active
species to more targets, as well as the higher rates of reaction with IMD
rather than E. coli (HO® and SOj~ react with IMD with rate constants of
2.7-3.8 x10° M~ 1s71 [59], and 3 + 1 x 108 M~ s7}, respectively [58],
while for E. coliis 2.8 x 105M's?and 1.39 + 0.1 x 10°M 's71) [95,
96]; this probably means that HO® is surely produced in the system,
driving an exogenous inactivation [97]. Hence, in a possible
co-existence of targets, such as wastewaters, a delay in inactivation will
occur, but is not expected to importantly overpass the time envisioned.

Finally, the inactivation of Enterococcus sp. was compared with the
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respective of E. coli under the N-MgO@Fe304/VL/PMS system
(Fig. 11c). Within the studied time (15 min) only 1 log inactivation of
Enterococcus sp. was attained, vs. the total inactivation of E. coli. Taking
into account that E. faecalis (of the same bacterial family) has a second-
order reaction rate with SO}~ of 6.71 + 0.1 x 10° M~} s [96,98],
which is x5 times higher than the respective for E. coli [95,99], this may
imply a HO®-dominated degradation mechanism, and that the
gram-Positive cell-wall components (possibly peptidoglycan) confer
higher resistance to extracellular oxidation mechanisms.

In summary, bacterial inactivation was more notable and rapid,
compared to IMD, and was possible even in the presence of competitive
IMD concentration levels. As such, the application of the N-MgO@-
Fe304/VL/PMS system could be an option for the simultaneous disin-
fection and decontamination of effluents. Nevertheless, besides the
evaluation of our developed photocatalytic process, the results of
Enterococcus sp. compared to E. coli stress the necessity to expand the
targets when studying the disinfection of aqueous matrices.

4. Conclusions

In this study, N-MgO@Fe304 nanosheets were successfully synthe-
sized by a sol-gel method as a novel photocatalyst for IMD degradation
by PMS activation under light. The N-MgO@Fe304/VL/PMS process
indicated high IMD degradation and mineralization rates under opti-
mum conditions, which involve very low catalyst and PMS concentra-
tions. This feature renders the system relatively economic, considering
the available photocatalytic materials in literature. Furthermore,
assessing the stepwise construction of the catalyst, the synergies among
the different components, and the catalyst and visible light and PMS,
lead to high synergy and ultimately a high reaction rate, compared to the
existing published studies.

In addition to investigating the common parameters (PMS dosages,
catalyst concentration, solution pH, reaction time), the effect of scav-
engers and water matrix were also checked on the trend of IMD removal
under the photocatalytic/PMS process. The order of negative effect of
water matrix on IMD degradation was HCO3 >PO§' >NO3 >Cl’; only the
first two could completely block the process, albeit in very high con-
centrations, while experiments in tap water presented insignificant
differences, which allow consideration for further use in natural waters.

Scavenger experiments and EPR analysis revealed that HO®, SO}
and 10, are generated and all three reactive species play significant role
in the IMD degradation mechanism exerted by the N-MgO@Fe304/VL/
PMS process. These allowed the elucidation and description of the basic
decomposition mechanisms and the suggestion of the IMD degradation
pathway towards its complete mineralization. Besides, based on the
results of XPS, XRD, TEM and ICP after reaction, the introduced catalyst
showed that it has high reusability and stability. Insignificant leaching
was measured, while for at least 5 re-use cylces, the efficacy of the re-
action remained well above the 80% found by the pristine catalyst.

Finally, the experiments in presence of bacteria showed that
compared to IMD, E. coli are expected to be eliminated much faster. They
also revealed the possible implications of IMD transformation (in-
termediates, dechlorination by-products) which enhanced bacterial
killing. However, the above considerations were not validated against
Enterococcus sp., which indicates the need for a larger battery of disin-
fection tests necessary, to confirm proper disinfection. Nevertheless, the
first results demonstrate the high efficacy of the composite catalyst and
permit considerations for further use in environmental remediation
applications.
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