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ABSTRACT

A novel nano-scale zeolite encapsulated with iron ions (zeolite@Fe) was prepared, and used as a
heterogeneous Fenton-like catalyst to participate in zeolite@Fe/H,O, reaction. The zeolite@Fe mate-
rial was characterized by X-ray diffraction, Fourier-transform infrared spectroscopy, scanning elec-
tron microscopy-energy-dispersive X-ray spectroscopy, and X-ray photoelectron spectroscopy, and
the findings proved that zeolite@Fe was successfully achieved, and Fe® rich nano spherical-like
shape material was formed on the surface of zeolite. The methylene blue (MB) was used to verify
the catalytic activity of zeolite@Fe in Fenton-like reaction, and the reaction mechanisms were illus-
trated by spin-polarized density-functional theory computation. The experimental results stated
that the addition of zeolite@Fe and H,O, remarkable improved the degradation of MB. In addi-
tion, this Fenton-like reaction system could be achieved at a relatively wide and mild pH range.
The temperature had a significant effect on zeolite@Fe/H,O, reaction, and the reaction process
could be better described by the first-order reaction kinetics model. Also, zeolite@Fe was stable
in Fenton-like reaction after four times of reusing. Moreover, the findings of theoretical structure
model and charge density distribution for zeolite@Fe suggested that *OH radicals forming by a
large amount of free OH groups were the predominant reactive species responsible for MB deg-
radation. Furthermore, after the complex interaction between H,O, molecules and Fe elements,
Fe active sites on the surface of zeolite@Fe were able to tear H,O, molecules apart, forming a free
OH group and H group while capturing one O element.

Keywords: Fenton-like reaction; Zeolite; Catalyst; Density-functional theory calculation; Theoretical
structure model; Charge density distribution

1. Introduction

Recent years, a large amount of organic wastewater is
continuously discharged to the receiving water in China.
Organic wastewater, which is harmful to the human
health and ecological environment, is mainly discharged
from papermaking, leather, food production and other

* Corresponding author.

industries [1]. This type of wastewater often contains a
great quantity of carbohydrates, fats, cellulose, and other
organic substances [2]. If discharged directly, it could easily
cause the water nutrition, the death of animals and plants,
the destruction of soil structure, and other problems.
Accordingly, appropriate treatment techniques for organic
wastewater are continuously attracted more attention [3].
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At present, there exist many effective treatment methods
for organic polluted wastewater, such as biological deg-
radation [4-6], adsorption [7-9], classical oxidation tech-
niques [10,11], etc. However, each treatment method has
its own obvious advantages and disadvantages. The bio-
logical method has the advantages of high efficiency, low
cost, convenient operation, and friendly environment,
but the microorganism in biological degradation is diffi-
cult to domesticate. The adsorption is simple to be oper-
ated, whereas the recovery rate of adsorbent is relatively
low, and in most situations the cost is relatively high.
The reaction conditions of classical oxidation techniques
are mild, and easy to control, whereas the strong oxi-
dizers are expensive and the removal efficiencies are low.

The advanced oxidation process (AOPs) is a technique
that directly mineralizes organic pollutants or increases
the biodegradability of pollutants through the oxidation
[12]. It exhibits great advantages in the treatment of envi-
ronmental hormones and other trace harmful chemical
substances. Meanwhile, AOPs can completely mineralize
or decompose most organic substances. In this case, AOPs
displays a better application prospect in the treatment of
organic polluted wastewater [13-15]. Advanced oxidation
technology commonly generates free radicals with strong
oxidizing ability [12,14,16]. Under the reaction condi-
tions of high temperature and high pressure, electricity,
sound, light irradiation, or catalysts, the macromole-
cules in organic substances are oxidized into low-toxic or
non-toxic small molecular substances. According to the
different ways of free radicals generation and reaction
conditions, advanced oxidation technology can be divided
into photochemical oxidation [17,18], catalytic wet air oxi-
dation [19], sonochemical oxidation [20], ozone oxidation
[21], electrochemical oxidation [22], Fenton oxidation,
and Fenton-like oxidation [23-25], and so forth.

Among them, the Fenton oxidation technique employs
the chain reaction between Fe* and H,O, to catalyze the
generation of *OH radicals, and the reagents consisting
of Fe** and H,O, are called Fenton reagents. According to
literatures [14,26,27], Fenton oxidation technique displays
extremely strong oxidizing properties, and it achieves the
removal of pollutants through oxidizing various toxic and
refractory organic compounds. In addition, this technique
is especially suitable for the oxidation of organic waste-
water [28,29]. In researches of Fenton oxidation reaction,
it is reported that Fe?" ions can be replaced by other sub-
stances, such as Fe®" ions, iron-containing minerals [30,31],
some transition metals (such as Cd, Co, Cu, Ag, and Mn)
[32], composite catalyst including Fe(Il)-activated CaO,
[33], MgNCN/MgO nano-composites [34], 3D flower-like
MgO, nanostructures [35], Graphitic N-rich graph-
eme [36], and so forth. This type of reaction that accel-
erates or replaces Fe** and catalyzes H,O, is called as a
Fenton-like reaction [37,38].

In the conventional homogeneous Fenton-like oxi-
dation technique, the catalyst is dissolved in the reac-
tion system, so it is not easy to recycle after the reaction.
Meanwhile, the amount of heavy metal sludge produced
is relatively large and difficult to be disposed. In this case,
there are many limiting factors in practical applications.
In contrast, in the heterogeneous Fenton-like reaction

technique, iron ions are fixed on a certain carrier. In this
reaction, the adsorption material firstly adsorbs organic
molecules to its surface, and degrades the organic mol-
ecules under the action of its stored iron ions and H,O,,
and then the degradation products are returned to the
solution after desorption [38]. This heterogeneous reac-
tion technique can broaden the pH ranges of the reaction.
Meanwhile, it avoids producing a large amount of heavy
metal ions in solution and causing secondary pollution.
At present, most of the research hotspots on heterogeneous
Fenton-like reactions are focused on the choices of cata-
lyst supports. Common carriers include composite metals,
iron oxides, and organic materials, and so on [39-41].

The zeolite is a kind of aluminosilicate materials with
an ordered microporous structure, which can effectively
solve the problems of aggregation and stability. Zeolite is
a general name of aluminosilicate materials, and this type
of materials is orderly composed of silicon oxygen tetra-
hedron and aluminum oxygen tetrahedron. Because of
its excellent stability, catalysis, and large specific surface
area, zeolite was often used as catalyst carriers in chemical
industrial processes [42-45]. Meanwhile, zeolite materials
were often applied as the main carrier of Fenton-like reac-
tion catalysts [46-49]. For example, Wang used bauxite and
rice husk synthesized efficient heterogeneous Fenton-like
catalysis of Fe-doped SAPO-44 zeolite [50]; Shi et al. [51]
synthesized Fe doped PANI loaded on zeolite and applied
as an active and recyclable Fenton-like catalyst; the zeolite
Y promoted by Fenton’s reagent (FeSO,) and was applied
for photo- Fenton-like oxidation of phenol by Guo et al.
[52]; The recyclable Fenton-like catalyst based on zeolite
Y supported Fe,O, nanoparticles was synthesized by Yang
et al. [53], and used for the removal of organics under mild
conditions. At present, the main synthesis paths of zeo-
lite Fenton-like catalysts concentrate on loading or encap-
sulating active heavy metal elements such as Fe into the
surface or skeleton of zeolite materials. The main methods
of loading and encapsulating heavy metals include ion
exchange/adsorption [44,54], incipient wetness, incorpora-
tion of metal precursors [45,50,51], and mixed roasting [53].

In recent years, the zeolite Fenton-like catalysts with
stable degradation effect and low cost have been attracted
the attention of many researchers. In our previous research,
a nano-scale zeolite material was synthesized and it dis-
played excellent adsorption capacity for heavy metals. In
the following experiments, we used this material as the
carrier [55,56]. Herein, this nano-scale zeolite material was
utilized as a carrier to synthesize a Fenton-like catalyst.
Through its excellent adsorption ability of Fe ions in the
Fe,(SO,), solution, a novel nano-scale zeolite encapsulated
with iron ions (zeolite@Fe) was prepared and used as a het-
erogeneous Fenton-like reaction catalyst to participate in
the reaction. Besides, the synthesis reaction was conducted
at room temperature, the process was simple to operate,
and the synthesized material was nano-scale in experi-
ments. This research was to achieve the ideal degradation
effect on organic matters, and provide an ideal technique
or composite material for the Fenton-like reaction.

Moreover, the composite material was characterized by
modern analytical instruments to identify its microscopic
morphology, chemical composition and structure. The
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methylene blue (MB) solution was used to verify the cata-
lytic activity in zeolite@Fe/H,O, system. The influence fac-
tors, including reaction temperature, reaction time, and pH
values on the degradation efficiencies were investigated.
Additionally, the stability and reusability of zeolite@Fe was
evaluated through the reuse of Fenton-like reaction catalyst.
Furthermore, the reaction mechanism in Fenton-like degra-
dation reaction by zeolite@Fe catalyst was illustrated in this
study. Besides, Vienna Ab initio Simulation Package (VASP)
software and spin-polarized density-functional theory (DFT)
computation were also used to conduct the theoretical struc-
ture model and its charge density distribution of zeolite@
Fe. The experiments and theory calculation results proved
that zeolite@Fe catalyst exhibited excellent activity and
stability for the degradation of organic pollutant in solution.

2. Materials and experiments
2.1. Synthesis of catalyst

The synthesis method of nano-zeolite was consistent
with our previous studies [55,56]. The synthesis steps of
catalyst were as follows: Firstly, the nano-zeolite was synthe-
sized, and the procedures were described as below, 6.1087 g
of potassium silicate, 2.744 g of partial potassium aluminate,
and 0.1819 g of directing agent ([C H, (CH,)>~N*—(CH,)*-
N*-(CH,),C,;H,,]Cl,) were weighed and added into a Teflon
bottle containing 240 mL of potassium hydroxide solution,
the concentration was 10 mol L. A water bath reaction
device was installed on a magnetic stirrer to keep the reac-
tion temperature around 80°C. During the process of syn-
thesis, the magnetic stirrer was maintained stirring and the
reaction was performed for 10 h. After the synthesis reaction
was finished, deionized water was used to wash the reac-
tion products until the pH value of filter liquor was around
7. Then, the reaction product was dried at 105°C, and the
obtained product was nano-zeolite (herein after referred to
as zeolite). Secondly, 0.1 g of Fe,(SO,), was added to 500 mL
of deionized water, and stirred with magnetic stirrer until it
was completely dissolved. Then, 0.1 g of above synthesized
nano-zeolite material (zeolite) was added into the mixture to
adsorb the Fe ions. After the adsorption was conducted for
30 min, the reaction solution was filter with 0.45 um mem-
brane, and then the filter was washed with distilled water.
After that, the solid product was dried in a blast drying
oven until constant weight. Then, a novel nano-scale zeolite
encapsulated with iron ions (zeolite@Fe) was obtained.

2.2. Characterization of catalyst

To illustrate the various properties of synthesized mate-
rial, samples were fully characterized by liquid specific sur-
face area, scanning electron microscopy-energy-dispersive
X-ray spectroscopy (SEM-EDX), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and Fourier-
transform infrared spectroscopy (FT-IR). The morpholo-
gies of material were examined with a HITACHI S-3400N
scanning electron microscope. XRD patterns of powder
samples were recorded by a Shimadzu XD-3A diffrac-
tometer, employing Cu-Ka radiation (A = 1.54056 A). The
X-ray photoelectron spectroscopy spectra were examined

by a PHI 5000 VersaProbe XPS equipment. The Fourier-
transform infrared spectroscopy was recorded on a Bruker
TENSIR 27 spectrophotometer with a resolution of 4 cm™
using KBr disc. The liquid specific surface area is deter-
mined by Xigo liquid specific surface area measuring instru-
ment. Moreover, the active species were detected by the
Electron spin resonance, and using electron paramagnetic
resonance spectrometer (EMXmicro-6/1/P/L, Karlsruhe,
Germany). The DMPO (5,5-dimethyl-1-pyrroline N-oxide)
was used as free radical (*O; and *‘OH) trapping agent to
obtain the signals. Furthermore, to further investigate the
reaction mechanism in the reaction process, the DFT cal-
culation process was conducted through Vienna Ab initio
Simulation Package (VASP) software [57] and spin-polar-
ized DFT. The exchange-correlation potential was calculated
by Perdew-Burke-Ernzerhof functional (PBE) [58,59] within
the generalized gradient approximation (GGA) method
[60,61]. In the process of calculation, the cut-off energy was
450 eV, and the K-points grids of dimensions were 5 x 5 x 5.

2.3. Degradation experiment

In each experiment, 0.1 g of zeolite@Fe catalyst and
4 mL of (30%) H,O, solution (around 38.8 mM H,O,) was
added into 100 mL of MB solution, the initial concentra-
tion was 20 mg L™, and stirred evenly with magnetic stirrer.
The amount of oxidant added rate in this study was higher
than that of other researchers [33,35,36], but it still belonged
to the common concentration range of Fenton-like reaction
in Table 3. Then, the mixtures were put into a transparent
vessel on the magnetic stirrer at a specified temperature.
After the reaction, a certain amount of liquid was drawn
with an injection needle and filtered. The absorbance of
wastewater after Fenton-like degradation was measured by
ultraviolet visible spectrophotometer at 664 nm.

In the comparative experiments of reaction system, all
experiments were carried out at 50°C and the reaction time
was 40 min. The experimental condition of zeolite@Fe/H,O,
system was the same as above. In the Fe/H,O, reaction sys-
tem, 0.1 g of zeolite@Fe was replaced by 0.02 g of Fe,(SO,),,
and the content of Fe was basically the same as that of 0.1 g
of zeolite@Fe. In zeolite@Fe reaction system, there was no
H,0, added. In H,O, reaction system, there was no addition
of zeolite@Fe. In zeolite reaction system, 0.1 g of zeolite@Fe
was replaced by 0.1 g of original zeolite. During the effect of
comparative experiments, all tests were also carried out at
50°C and the reaction time was 40 min. The initial pH value
was ranged from 5 to 8. The concentration of CO}, HCO,,
F-, CI, and PO} was all 2 mmol L™ and prepared from
Na,CO,, NaHCO,, NaF, NaCl, and Na,PO, respectively.
When investigating the influence of reaction temperature
and time, the reaction time was ranged from 0 to 100 min,
and the reaction temperature was ranged from 30°C to 60°C.

To estimate the stability and reusability of catalytic
performance of zeolite@Fe in Fenton-like reaction, the con-
secutive cycles were done to measure the catalytic degrada-
tion efficiencies of MB. At the same time, the morphology
and patterns of recycled catalytic material were evaluated.
After each recycled experiment, the catalyst was filtered out
from the solution by 0.45 pm filter membrane, and the filer
solids were washed by deionized water for several times.
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Then, the product was dried to constant weight at a tem-
perature of 85°C in the blast drying oven for the next
cycle. The Fe element dissolved in the reaction system was
measured with an AA240DUO atomic absorption spec-
trometer. All the recycle experiments were carried out at
50°C and the reaction time was 40 min.

Furthermore, to illustrate the possible mechanism of
catalytic reaction in Fenton-like system, the active species
generated in the process of catalytic degradation reaction
were analyzed, and different trapping agents were put into
the reaction mixtures. These scavengers included 0.01 mL
of TBA (tert-butyl alcohol), 0.0108 g of BQ (1,4-benzoqui-
none), 0.1 g of EtOH (ethanol), 0.2 g of IPA (isopropanol),
and 0.01 g of FFA (furfuryl alcohol).

3. Results and discussions
3.1. Liquid specific surface area

The specific surface area was one of the important prop-
erties of catalysts. Catalysts with higher specific surface area
could provide sufficient reaction interface and contribute to
the improvement of catalytic efficiency. In this research, the
liquid specific surface area results of zeolite and zeolite@Fe
were deducted based on the fitting results of computer, as
shown in Fig. 1. According to the fitting results, the liquid
specific surface area of zeolite and zeolite@Fe were 1,211
and 1,326 m? g7, respectively, which was similar to those
of previous studies [55]. Also, the liquid specific surface
area of zeolite@Fe was larger than that of zeolite, and that
demonstrated the liquid specific surface area of composite
material might be increased through the adsorption of Fe.

3.2. X-ray diffraction

The XRD technology could effectively analyze the min-
eral phase composition of materials. XRD patterns of original
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Fig. 1. Liquid specific surface area of zeolite and zeolite@Fe.
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zeolite and zeolite@Fe are depicted in Fig. 2a. The main peaks
of original zeolite could be found at 26: 12.6° (1 1 0), 13.6° (0
02),18.5° (112),21.1° (2 1 1), 25.5° (2 2 0), 27.1° (0 0 4), 28.5°
(310),28.9° (100),29.98° (114),31.6°(312),39.8° (3 14),
43.2° (4 1 3), and 52.4° (4 4 0) [55]. These curves were cor-
responded to the standard peaks of PDF#38-0216 (KAISiO,).
Although all the zeolites were constructed with silica tetra-
hedron and alumina tetrahedron as basic units, each zeo-
lite had different crystal structure. As a common carrier of
Fenton-like reaction, clinoptilolite was the main component
of natural zeolite [62-64]. Both its crystal structure and
chemical composition were different from those of the min-
erals studied in this research, which would lead to different
adsorption and binding action of Fe ions.

The main peaks of zeolite@Fe material could also be
found at 20: 12.8°, 13.6°, 18.7°, 21.4°, 25.1°, 27.3°, 28.7°, 29.1°,
30.3°, 31.8°, 39.6°, 43.2°, and 52.5°, indicating the adsorption
of Fe did not change the crystal structure of the material,
and that also suggested zeolite@Fe catalytic material was
successfully fabricated. In addition, some peaks of zeolite@
Fe including 20 at about 12.8°, 28.7°, 29.1°, 30.3°, 31.8° and
39.6° were obviously lower than that of the original zeolite.
It was believed that the intensity of the crystal diffraction
peak was directly related to the crystallinity of the crystal,
and the peak height and intensity of XRD diffraction peaks
of crystals with higher crystallinity were generally higher.
Researchers had used the intensity values of the crystal dif-
fraction peaks to compare the relative crystallinity of various
materials [65,66]. These findings implied that the adsorp-
tion of Fe contributed to the decrease of crystal integrity,
which was similar to the results of other researches [67,68].

3.3. Fourier-transform infrared spectroscopy

FT-IR analysis could better obtain the information
of the functional group structure of materials. The FT-IR
results of zeolite@Fe catalyst are described in Fig. 2b, and the
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Fig. 2. XRD analysis of original zeolite and zeolite@Fe catalyst (a) and FT-IR analysis of original zeolite and zeolite@Fe catalyst (b).

original nano-zeolite was also measured as a comparison.
The main infrared curves of both materials were appeared
at 3,384; 1,633; 933 and 603 cm™. The peaks of 3,384 and
1,633 cm™ were matched with the stretching vibration of
the O-H group, which came from the adsorbed water in
material [69]. In addition, the infrared peak at 603 cm™ was
attributed to the bending vibration of the O-Si(Al)-O group
[56,69]; and the infrared peak at 933 cm™ was ascribed to the
stretching vibration of Si(Al)-O-Si(Al) [56,69]. Combined
with our previous research findings [56,70], the main group
in both materials were composed of Si(Al)-O tetrahedron
structure, which was the basic structure of a typical zeo-
lite material. This analytical result demonstrated that there
was almost no change in the chemical bonds and basic
structure between original zeolite and zeolite@Fe catalyst.

3.4. Scanning electron microscopy-energy-dispersive
X-ray spectroscopy

The microscopic morphology and elemental composi-
tion of materials directly affected the macroscopic proper-
ties. To further observe the microscopic morphology and
composition of zeolite@Fe and original nano-zeolite, the
SEM and EDX analysis of samples were applied, and the
results are depicted in Figs. 3 and 4. In previous researches,
by adding a template named [C, ;H, (CH,)>-N*-(CH,),-N*-
(CH,),CH..ICl, in the synthesis process of zeolite, nano-
zeolite could be successfully synthesized [56,71]. It could
be seen from Fig. 3 that the synthesized zeolite (original
zeolite, white powder) was belonged to tetragonal crystal
type, and the size was ranged from 200 to 500 nm. Also,
the zeolite had a smooth surface. From the EDX analysis,
it could be known that the main chemical composition
(atomic percentage/%) of original zeolite was Al (14.5%), Si
(14.02%), K (13.03%), and O (58.45%), which was close to
the chemical formula of zeolite PDF#38-0216 (KAISiO,).

Moreover, it was observed from Fig. 4a and b that the
nano-range tetragonal crystal also could be found, but

the surface became very rough. After the adsorption pro-
cess, the Fe* was distributed on the surface of the zeolite
in a nano spherical-like shape, and the sphere size was
between 100 and 400 nm. In addition, the color of zeolite@
Fe changed to dark yellow. In order to clarify its composi-
tion, the sample was also analyzed by EDX, as shown as
Fig. 4c and d. The results of EDX analysis indicated that
compared with the constituent elements of pure nano-ze-
olite, composing of Si, Al, and K, only the element of Fe
was added to the constituent elements of amorphous
substance wrapped the surface.

The main chemical content (atomic percentage/%) of
each element was as follows: Al (14.36%), Si (15.08%),
K (6.17%), Fe (2.1%), and O (62.3%). Changes of Fe and
K content implied that Fe* replaced three K* in zeolite
crystals during the adsorption process. Furthermore,
more details could be found from the EDX line (Fig. 5a
and b) and element mapping analysis (Fig. 5c—g) results
of zeolite@Fe crystals. From Fig. 5a and b, it could be seen
that all the elements including Al, Si, O, K, and Fe were
distributed on the energy spectrum analysis line (about
6 pm). The CPS strengths of O, Al and Si were much
stronger than that of K and Fe. Similar results could be
obtained from the element mapping analysis. From Fig.
5c-g, it could be known that all the nano spherical-like
shape materials (Fig. 5a) contained elements of Al, Si, O,
K, and Fe. Besides, the element distribution intensity of
K and Fe was much lower than that of Al, Si, and O. The
total chemical content (atomic percentage/%) of elements
in analysis line was as follows: Al (14.4%), Si (14.3%), K
(2.2%), Fe (4.6%), and O (61.5%). The increase of Fe con-
tent indicated that Fe element was more concentrated
in the nano spherical-like shape materials. Considering
that there was no obvious new crystal phase in XRD
results of zeolite@Fe (Fig. 2a) and zeolite had strong ion
exchange capacity, nano spherical-like shape materials
might be the reaction product of ion exchange between
Fe* ions in solution and K* ions in zeolite. In a word,
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Fig. 3. SEM and EDX analysis of original zeolite.

after the adsorption of Fe*, some Fe rich nano spheri-
cal-like shape materials successfully formed on the surface
of zeolite.

3.5. X-ray photoelectron spectroscopy

The chemical composition and surface electronic states
could be gained from XPS technology. In experiments, the
original zeolite and zeolite@Fe were examined by the XPS
spectroscopy, as shown as Figs. 6 and 7. It was observed
that the mainly peaks of pure original zeolite were Al2p
(73.76 eV), Si2p (101.56 eV), Cls (293.25 eV), K2p (293.3 eV),
and Ols (530.82 eV). Except for Cls (test needs), the other
elements were consistent with previous experimental results
[56]. The chemical composition (atomic percentage/%) of
original zeolite gained from XPS analysis was Al (15.1%), Si
(15.3%), K (12.9%), and O (56.9%), which was similar with
the molecular formula as KAISiO,. The strong Si2p (Fig. 6b)
and Al2p (Fig. 6c) peaks in the high-resolution XPS spec-
tra results further verified the existence of zeolite struc-
ture. The K2p peaks split into two peaks. According to the
peak position and intensity ratio, the two peaks should be
belonged to K2p,, and K2p,, which confirmed the exis-
tence of K* in the original zeolite. The strong peak of Ols
could also be divided into two peaks at 531.6 and 530.8 eV,

owning to the difference between Si-O bond and Al-O bond
in tetrahedral unit structure.

Fig. 7 shows the XPS analysis results of zeolite@Fe.
It is observed that the main peaks of zeolite@Fe are Fe2s
(839.1 eV), Fe2p (711 eV), Ols (531.36 eV), K2s (379.08 eV),
K2p (293.03 eV), Cls (284.64 eV), Si2p (100.21 eV), and
Al2p (74.21 eV). All the other constituent elements could
be found in original zeolite except for Fe2s and Fe2p. The
chemical composition gained from XPS was as follows:
Al (14.6%), Si (14.9%), K (6.3%), Fe (2.8%) and O (61.4%),
and that almost corresponded to the results of EDX. Also,
the high-resolution XPS spectra of K2p were similar to the
previous results of original zeolite. Besides, the decreas-
ing of peak intensity suggested that K atom was partly
replaced by Fe atom during the adsorption process. The
high-resolution XPS spectra of Al2p and Si2p for zeolite@
Fe catalyst were shown in Fig. 7b and c, respectively. After
the peak fitting, both the Al2p and Si2p spectra could
be decomposed into two individual peaks (100.8 and
101.9 eV) and (74.1 and 74.8 eV). The appearance of new
peaks (74.8 and 100.8 eV) might indicate that the Si-O bond
and Al-O bond in the tetrahedral structure had been partly
changed because of the adsorption of Fe*. Simultaneously,
the Ols peaks (Fig. 7e) could be divided into three peaks
including 530.8, 531.5, and 533.3 eV. The peaks at 530.8 and
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Fig. 5. The EDX line and element mapping analysis results of zeolite@Fe.
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531.5 eV also could be found in the Ols peaks of original
zeolite. The new small peak at 533.3 eV also could be
explained as the partly changed transformation of
Si-O bond and Al-O bond in the tetrahedral structure.
Furthermore, the high-resolution XPS spectrum of Fe2p
was shown in Fig. 7f. As Fig. 7f shown, two strong peaks
around binding energies of 725.71 and 712.21 eV could
be found. According to the peak position and relative
strength, the two peaks could be attributed to Fe2p, , and
Fe2p,,. Meanwhile, a shoulder peak at 717.2 eV was cor-
responded to the satellite peak. Based on related refer-
ences, the binding energies of Fe2p were similar to those
of Fe** in a-Fe O, [31,72]. These findings indicated the
iron element in zeolite@Fe was trivalent iron. Finally, the
above XPS analysis proved the element composition and
state of original zeolite and zeolite@Fe.

3.6. Catalytic activity of zeolite@Fe in Fenton-like system

In experiments, MB was chosen as a target pollutant
to evaluate the catalytic activity of zeolite@Fe in Fenton-
like reaction. Meanwhile, a series of control experiments
were conducted to compare the degradation efficiencies
of pollutant under different conditions, as shown as Fig. 8.
It was seen that after 40 min reaction, the removal of MB
was negligible in the solutions containing H,O, alone, sug-
gesting MB was stable in the presence of H,O, [73]. The
adsorption efficiency of MB onto zeolite reached 35.6% in
the first 10 min, but the absorption efficiency was hardly
decreased afterwards. This could be explained that the
pure nano-zeolite displayed some adsorption effect on MB.
While when the adsorption equilibrium was reached, the
amount of MB in the wastewater was stable. Compared to
the degradation efficiency of pure nano-zeolite, the adsorp-
tion efficiency of zeolite@Fe was slightly worse, only about
7% of MB was removed after adsorbing for 20 min, and
the adsorption reached equilibrium in 40 min. This might
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—l— zeolite@Fe/H202

02 F Fe/H202
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—A&— H202
0 1
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Fig. 8. Degradation of MB under different reaction systems.

due to a considerable part of the adsorption sites on zeolite
were occupied by Fe* ions. For the traditional homoge-
neous Fenton degradation system (Fe/H,O,), the removal
rate of MB reached 66% after 40 min. While zeolite@Fe and
H,O, were added into MB solution, a remarkable MB deg-
radation was obtained. After 40 min of reaction, the deg-
radation efficiency of MB was achieved 99.2%. Meanwhile,
the treatment effect of zeolite@Fe was obviously better
than that of classic homogeneous Fenton degradation
system (Fe/H,0,) and other systems. Hence, it was con-
cluded that the addition of zeolite@Fe material obviously
accelerated the catalytic activity in Fenton-like reaction.

3.7. Effect of solution composition

It is generally believed that the solution composi-
tion (including solution pH and coexisting anions) of
the reaction system would have a great impact on the
degradation effect of pollutants. First of all, the pH
value is an important factor that significantly affects
Fenton and Fenton-like oxidation of organic compounds
[51,74,75]. Generally speaking, the optimal pH for the
conventional homogeneous Fenton reaction is harsh and
in acidic condition. However, considering the industrial
process, the pH value of the reaction system should be
kept as mild as possible to avoid strong acid and alkali
system. Hence, the selected pH range in this experi-
ment ranged from 5 to 8, as shown as Fig. 9a. It could
be seen from Fig. 9a that the degradation efficiencies of
MB did not change much with the increase of initial pH
value. Also, in the degradation systems at different pH
values, the target pollutant could be almost completely
removed within 40 min, indicating the requirements for
pH values in this zeolite@Fe/H,O, system were not as
harsh as the traditional homogeneous Fenton reaction,
and the Fenton-like reaction could be carried out in rel-
atively wide and neutral reaction environment.

Fig. 9b shows the effect of coexisting anions (including
COZ, HCO;, F, CI;, and POY) on the degradation of MB
in zeolite@Fe/H,O, system. It could be presented that the
existence of F~ or PO had the greatest impact on the deg-
radation of pollutants, mainly because both the F- and PO~
were considered to have the capturing abilities for many
reactive radicals [76]. Meanwhile, COZ" also had a great
influence on the degradation efficiencies, mainly because
COZ could capture *OH in the system and the presence
of COZ would lead to the increase of solution pH in reac-
tion system [77]. Finally, the existence of Cl- and HCO; had
the negative effect on the reaction process, mainly because
Cl and HCO; could react with *OH to form less active
chlorine/hypochlorous/carbonate radicals.

3.8. Effect of reaction temperature and time

Fig. 10 presents the effect of reaction temperature and
reaction time on MB degradation in zeolite@Fe/H,O, sys-
tem. It was obvious that with the rises of reaction tempera-
ture, the removal rates of pollutant were greatly increased.
In experiments, we observed that the removal efficiencies
of MB were not ideal and it took a relatively long time to
degrade pollutant when the reaction temperature was
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Fig. 9. Effect of solution pH on the degradation of MB in

on the degradation of MB in zeolite@Fe/H,O, system (b).

below 30°C. While if the temperature was too high, it was
not favorable to the practical industrial application, and
the solution would be boiled in the process of reaction. It
could be seen from Fig. 10a that at a reaction temperature
of 60°C, the degradation efficiencies of MB in zeolite@Fe/
H,O, system was the best, with a residual rate of 0.03 at
10 min. When the reaction time was 20 min, the residual
rate of pollutant was greatly decreased to 0.001, and the
MB was almost completely degraded. In addition, when
the reaction temperature was 50°C, the residual rate of
MB was 0.003 at 60 min. Also, the residual rate was 0.005
at 80 min as the reaction temperature was 40°C. Moreover,
the removal rate of pollutant was the worst when the tem-
perature was 30°C, and the residual rate was still 0.098
at the reaction time of 100 min. These findings suggested
that the increase of reaction temperature could promote
the progress of Fenton-like reaction, which was consistent
with the results of other researchers [47,78,79]. At present,
there are generally two views on the influence of tempera-
ture on Fenton-like reaction. The first is that the increase
of temperature will accelerate the decomposition of H,O,
into H,0 and O,, which contribute to the increase of degra-
dation efficiencies [80]. Another view is that the appropri-
ate increase of temperature can promote the formation of
*OH radical, which can promote the reaction process [81].
Currently, most researchers have found that when the tem-
perature is less than 60°C, the rate of Fenton-like reaction
often increases with the higher temperature [78-81]. This
would suggest in this temperature range (<60°C), the pro-
motion effect of temperature rises on the formation of *OH
radical should be greater than that of H,0, decomposition.

During the process of industrial organic wastewa-
ter treatment, considering the limited residence time of
wastewater in the reactor and excessively energy and cost
consumption caused by high reaction temperature, more
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economical reaction temperature should be maintained
from 40°C to 50°C [47,79]. Besides, changes of UV absorp-
tion spectra under visible light for MB at different reaction
time are shown in Fig. 10b. It was certain that MB peaks were
decreased with the reaction time gradually, which stated
that MB displayed favorable Fenton-like degradation perfor-
mance in zeolite@Fe/H,0, system.

In this research, the first-order and the second-or-
der reaction kinetic equations were used to investigate the
reaction process of zeolite@Fe/H,O, system, and the exper-
imental data was obtained from the degradation of MB
within the first 30 min (Fig. 10a), and the fitting results are
depicted in Fig. 10c and d. The first-order reaction kinetic
equation [82] was as follows:

ln% =k, 1)

0

where C; and C, were the concentration of pollutant at the
beginning of degradation and at the degradation time of f,
and k (min™) was the first-order rate constant.

The second-order reaction equation [83] is as follows:

@)

where C; and C, were the concentration of pollutant at the
beginning of degradation and at the degradation time of ¢,
and k (min™) was the second-order rate constant.

The Arrhenius equation [84] [Eq. (3)] was often used to
analyze the effect of temperature on the reaction rate con-
stant and calculate the reaction activation energy.

Eﬂ
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Fig. 10. Effects of temperature and reaction time on the degradation of MB in zeolite@Fe/H,O, system (a), absorption spec-
tra of UV-visible for MB solution degraded by zeolite@Fe/H,0, system (b), apparent fitting findings using the first-order model
(), constants of first-order reactions for MB degradation (d) and Arrhenius equation analysis plot (e).

where k (min™) was the first-order rate constant of reaction;
E, (] mol™) is the apparent reaction activation energy; A is
preexponential factor; R (8.314 ] mol™ K™) is gas constant;
T(K) is absolute temperature.

The related fitting results calculated by the first-order
and the second-order reaction kinetic equations are dis-
played in Tables 1 and 2, respectively. Combined the fitting
findings of Fig. 10c and d with the related fitting results of

Tables 1 and 2, it was presented that the first-order reaction
kinetics equation was better to describe the degradation
process of MB in zeolite@Fe/H,O, system at different reac-
tion temperatures compared with the second-order reaction
kinetics. Besides, the fitting values of R? for the first-order
reaction kinetics equation at different temperatures were all
above 0.97, while the R? value of the second-order reaction
kinetics equation were significantly lower. In addition, it
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Table 1
The first-order rate constants calculated from experiment data
(zeolite@Fe/H,O, system)

Temperature (°C) k (min™) R?

30 0.0223 0.9833
40 0.0622 0.9783
50 0.0953 0.9840
60 0.1649 0.9761

Table 2
The second-order rate constants calculated from experiment
data (zeolite@Fe/H,O, system)

Temperature (°C) k (L mg™ min™) R?

30 0.0034 0.8179
40 0.0983 0.5919
50 0.4201 0.6310
60 0.9682 0.4953

was seen that the reaction rate constants of k were increased
with the rise of temperature in both the first-order and
the second-order reaction kinetics, suggesting that the
reaction process in Fenton-like system was faster with a
higher temperature. In this research, it could be concluded
that the first-order reaction kinetics was more suitable for
describing the reaction process of MB in zeolite@Fe/H,O,
system. The data of the first-order kinetic analysis were
used to analyze the activation energy of the reaction, and
the results are shown in Fig. 10e. It could be seen that the
value of R? was 0.9698, and the apparent reaction activation
energy of zeolite@Fe/H,0, system was 54.15 k] mol™. Table
3 lists some recent research findings on the degradation of
MB by Fenton-like reactions. It could be seen that many Fe
containing materials efficiently degraded MB under Fenton-
like reaction system. Considering various reaction condi-
tions (including catalyst dosage, MB concentration, H,0O,
concentration, reaction time, temperature and pH value),
zeolite@Fe in this study should be a Fenton-like catalyst
material with excellent degradation efficiency for MB.

3.9. Stability and reusability of the zeolite@Fe

The stability of catalytic performance was crucial for
catalytic materials. The durability and stability of zeolite@
Fe was evaluated through the repeated usage of composite
catalyst for four times to degrade MB. The SEM, XRD and
XPS analysis were also conducted to characterize the recy-
cled zeolite@Fe catalytic material after 4th reaction, as pre-
sented in Fig. 11. It was seen that the morphology of catalyst
after 4th degradation experiment remained nearly the same
as the original one. Besides, the main XRD peaks of zeo-
lite@Fe after 4th reaction still could be observed. The results
suggested that the structural integrity of catalyst material
almost maintained the same after the recycling usage.

Fig. S1 showed the XPS analysis results of zeolite@Fe
after 4th reaction. It is observed from Fig. Sla that the main

Table 3

The comparison of degradation efficiencies and conditions of MB through Fenton-like process

Degradation References

Reaction

Reaction

pH

Concentration Concentration of

Catalyst

Type

efficiency (%)

100
100
100
100

temperature (°C)
25

time (min)

20

H,O, (mmol L)

of MB (mg L™)

30

dosage (g L)

0.5

—_—— — — — — — — —

—_ e L S S S o
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Fig. 11. (a) The morphology of catalyst after 4th reaction, (b) XRD patterns of zeolite@Fe before and after 4th reaction,
(c) high-resolution XPS spectra of Fe2p zeolite@Fe after 4th reaction, (d) cumulative loss Fe quality during four reaction systems

and (e) degradation curves of reusing zeolite@Fe catalyst.

peaks are Fe2s (838.2 eV), Fe2p (711.1 eV), Ols (531.1 eV),
K2p (294.1 eV), Cls (285.1 eV), Si2p (101.7 eV), and Al2p
(74.6 eV), respectively, and all the constituent elements
could be found in original zeolite@Fe material. The chemi-
cal composition gained from XPS was as follow: Al (15.3%),
Si (14.8%), K (6.5%), Fe (2.42%), and O (61.1%). Combined
with the content of Fe (2.8%) in original zeolite@Fe, the loss

rate of Fe element after 4 cycles was about 13.6%, which
indicated that the zeolite@Fe catalyst remained basically
stable. Also, the high-resolution XPS spectra of Al2p and
Si2p for zeolite@Fe after 4th reaction are shown in Fig. S1b
and ¢, respectively. Both the Al2p and Si2p spectra could be
decomposed into two individual peaks (74.3 and 74.7 eV)
and (100.9 and 101.8 eV) after the peak fitting. Combined
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with previous analysis of Fig. 7, the appearance of new
peaks at about 74.7 and 100.9 eV came from the adsorp-
tion of Fe into zeolite structure, so the relative decreas-
ing of peaks intensities at 74.7 and 100.9 eV implied that
part of adsorbed Fe element was lost during four cycles
of Fenton-like reaction process. Simultaneously, the Ols
peaks (Fig. S2d) could also be divided into three curves
at 529.4, 531.2, and 532.8 eV, respectively. Furthermore,
the high-resolution XPS spectrum of Fe2p of zeolite@Fe
after 4th reaction is shown in Fig. 11c. As Fig. 11c shows,
two strong peaks around binding energies of 725.1 eV
(Fe2p,,), 711.21 eV (Fe2p,,) and a shoulder satellite peak
at around 717.3 eV still could be found, which indicated
that Fe element in zeolite@Fe maintained the state of tri-
valent iron after four cycles of reaction process.

Fig. 11d shows the concentration of Fe dissolved in
reaction systems. The synthesis of zeolite@Fe was realized
through the adsorption process of Fe element on zeolite.
Due to the restriction of adsorption/desorption equilibrium,
when there was no Fe element in the solution, minority Fe
element adsorbed on zeolite would tend to be re-desorbed
into the solution. In this case, it was observed that in each
degradation system, the concentration of Fe element was
about 1.3, 1.6, 1.73 and 2.1 mg L. This result was higher
than that of other researchers [95,96]. After the calculation,
the total Fe dissolved of four cycles was about 0.673 mg,
and this quality was much lower than about 7.13 mg (the-
oretically, all the Fe element contained in 0.1 g of zeolite@Fe
catalyst based on the XPS results of Fig. 7) and the total loss
rate of Fe element was about 9.41%, which also indicated
that zeolite@Fe remained basically stable during the reaction
process. According to the results of other researchers, the

cps

leaching of Fe will lead to the traditional homogeneous
Fenton reaction process in the reaction system, so as to pro-
mote the degradation of pollutants in single degradation
experiment [95]. However, in this study, due to the steps of
filtration, washing and drying process in the catalyst recy-
cle, it would lead to the structure destroy of catalyst and
the loss of total Fe elements in the recycle reaction system,
which might further reduce the pollutant removal efficiency.
Furthermore, as depicted in Fig. 1le, about 10.8% of MB
removal efficiency was decreased after 4th recycle reaction.
All these findings indicated zeolite@Fe as a heterogeneous
catalyst was mainly stable in zeolite@Fe/H,O, system.
Furthermore, EDX line and Element mapping anal-
ysis were applied for zeolite@Fe after 4th recycle reac-
tion and the results are shown in Fig. 12. It can be seen
from Fig. 12a and b that all elements including Al, Si, O
K, and Fe were still distributed on the energy spectrum
analysis line (about 10 um). Whereas, the CPS strengths
of Fe were much lower than that of zeolite@Fe (Fig. 5b).
Similar results could be obtained from the element map-
ping analysis (from Fig. 12c-g). Compared with zeolite@
Fe (from Fig. 5c-g), it could be appeared that the distri-
bution intensity of Fe changed to much dull and loose. The
total chemical content (atomic percentage/%) of element in
analysis line was as follows: Al (15.5%), Si (15.1%), K (6.5%),
Fe (1.8%), and O (60.9%). Compared with the EDX results of
the original zeolite@Fe, the total loss rate of Fe element was
about 14.2%. All the results of EDX, XPS and Fe dissolved
after 4th cycles indicated that about 10% of Fe would be
lost. The decrease of Fe content implied the loss of Fe ele-
ment during the Fenton-like reaction, which might be one
of the reasons for the decreasing of recycle degradation

L P 3

ENY

Fig. 12. EDX line and element mapping analysis results of zeolite@Fe after 4th reaction.
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efficiencies for the target pollutant. In the comprehensive
sewage discharge standard, there was no restriction on Fe
concentration, while the presence of Fe would affect the
chromaticity index of wastewater. In the environmental
quality standards of surface water environment, the stan-
dard for supplementary items of centralized drinking water
surface water sources was limited to 0.3 mg L. In this case,
the leaching of Fe element did have a certain impact on
the water environment. Accordingly, we investigated the
method of reducing Fe element in the treated water by sup-
plementing a certain amount of new original zeolite after
the photocatalytic treatment was completed. The results
showed that Fe element in the treated aqueous solution
could be reduced to less than 0.3 mg L7, and the catalytic
performance of the reused material maintained stable
(the findings were shown in supporting information S2).

3.10. Potential degradation mechanisms in
zeolite@Fe/H,0, system

Generally speaking, the degradation of pollutants by
Fenton-like reactions was mainly based on various free
radicals generated during the reaction. It was believed
that hydroxyl radical was the major reactive radicals in
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Fenton-like system [97-99]. To illustrate the potential deg-
radation mechanism and the active species that played a
major role in Fenton-like reaction system, the radical cap-
ture agents were added in the reaction process, while FFA
was considered to be the capturing agent of ‘O, and *OH
[96], benzoquinone was used as the capturing agent of
*0O,, and TBA, IPA and EtOH was utilized as the capturing
agent of *OH [100,101]. The related results are displayed
in Fig. 13. It could be seen that the addition of FFA greatly
reduced the degradation efficiency. The kinetic reaction
constant decreased from 0.1051(no agents) to 0.0027 (FFA),
which indicated that both *O, and *OH played an import-
ant role in the reaction process. Meanwhile, the effect of
BQ on the degradation effect was significantly less than
that of TBA, IPA, and EtOH. In addition, the kinetic reac-
tion constant of BQ, TBA, IPA, and EtOH was 0.0245,
0.0042, 0.0097, and 0.0134, respectively. The result implied
that the role of *OH was significantly greater than that of
*0, in the reaction process. Also, *OH should be the free
radical that played a major role in the reaction process.
ESR technology could help us effectively capture the
reactive free radicals generated during the reaction pro-
cess, as presented in Fig. 14a and b. It is seen from Fig. 14a
that there is no signal of *OH appeared when only zeolite@
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Fig. 13. Effect of free radical trapping agents on the degradation of MB in zeolite@Fe/H,O, system (a), apparent fitting findings
using the first-order model (b), and constants of first-order reactions for the effect of free radical trapping agent (c).
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Fe exited in the reaction system, indicating there was no
formation of *OH in this reaction system. When both zeo-
lite@Fe and H,O, existing in the reaction system, a typ-
ical characteristic peak of *OH (1:2:2:1) appeared in the
ESR spectrum [77,102]. This suggested that *OH appeared
in the reaction system of zeolite@Fe/H,O,, and similar
results could also be obtained from Fig. 14b. There was no
*0; in individual zeolite@Fe reaction system, but *O; was
appeared in zeolite@Fe/H,O, reaction system [102,103].
Such findings indicated that in Fenton-like zeolite@Fe/H,0O,
reaction system, *OH and °O; should be the main mecha-
nism for the degradation of organic pollutant. Meanwhile,
the intensity of the characteristic curves of *OH was greater
than that of *O; by comparing Fig. 14a with Fig. 14b. This
suggested that in the reaction system, the concentration
of *OH was greater than that of *O;, so the degradation
effect of *OH on pollutants might be stronger than that of
*Oy, which was consistent with the result of Fig. 13a.

The DFT theoretical calculations could analyze the
active sites, paths and intermediate products of the cat-
alytic process, and then analyzed the mechanism of the
entire catalytic reaction. To further analyze the reaction
mechanism of zeolite@Fe material, the VASP software
based on DFT calculation method was used to investigate
the reaction process of zeolite@Fe materials. Fig. 15a and
b display the theoretical structure models of zeolite and
zeolite@Fe. It is observed from Fig. 15a that as a kind of
typical aluminosilicate material, zeolite was constructed
with silicon-oxygen tetrahedron and aluminum-oxygen
tetrahedron as basic units. Besides, the basic tetrahedral
structures were regularly connected in a common oxygen
element. At the same time, the K elements were regularly
arranged in the gaps of the structure. Moreover, the crys-
tal structure parameters of the theoretical model were
a=9.9041 A, b=9.9041 A, c=13.090 A, 0. =90.00°, # =90.00°,
and y = 90.00°. Meanwhile, the Space group name was I,
which was very close to the crystal structure parameters
of the PDF#38-0216 (KAISiO,) mineral in the standard
mineral card. In previous experimental results, we found
that part of K element in zeolite material was replaced by
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Fe element after the adsorption was occurred. Hence, we
replaced parts of K element in the theoretical structure of
zeolite with Fe element to simulate the theoretical model
of zeolite@Fe, as presented in Fig. 15b. In addition, Fig. 15¢c
and d show the comparison findings between the calcu-
lated XRD diffraction results of the theoretical model and
experimental XRD results of sample. It can be found from
Fig. 15c and d that, whether the peak position of diffrac-
tion peak or the relative intensity of the peak, the XRD
theoretical calculation and the actual experimental results
were very similar. Accordingly, these findings proved that
the theoretical model constructed was appropriate for the
research.

Fig. 16 displays the theoretical model of DFT calculation
(Fig. 16a and b) and the optimization result model after the
structural optimization calculation (Fig. 16c and d). In this
study, to fit the Fenton-like reaction process that occurred
on the surface of zeolite@Fe, a surface model based on the
zeolite@Fe theoretical unit cell model (Fig. 15b) were con-
structed. Then, we selected the (100) crystal plane of zeolite@
Fe crystal model (Fig. 15b) as the theoretical catalytic surface,
and constructed a 2 x 1 x 1 super cell surface structure and
a 10 A surface void layer, as seen as Fig. 16a. It was prob-
ably believed that Fe element in Fig. 16a was the catalytic
active site of the Fenton-like reaction. In this case, before the
theoretical calculation of ]oDFT, we set a molecule of HO, on
the top of Fe element (2 A), and the theoretical structure is
shown in Fig. 16b. Fig. 16c and d show the DFT calculation
results based on VASP software. It was observed that after
the calculation of DFT, both the O-O bond and O-H bond in
H,O, molecule were separated to form a free OH group and
H group, and the remaining O were captured by Fe element
in the surface model to form the Fe-O group, and a deeply
analysis can be obtained from Fig. 17.

Fig. 17 describes the charge density distribution at 0.75d
of the (0 1 0) section of the model in Fig. 16a—c. It is clearly
observed from Fig. 17a that the charge distribution of Fe ele-
ment site was relatively strong. After H,O, molecules were
added, the charge distribution of H,O, molecules can be
clearly observed in Fig. 17b, and did not overlap the charge

- b. DMOP--0;
a2 L
=
: Ve
2
g L
-
i — zeolite@Fe/H202
[ zeolite@Fe
3460 3480 3500 3520 3540

Magnetic field (Gaussian)

Fig. 14. ESR spectra of radical adducts trapped by DMPO in zeolite@Fe/H,O, and zeolite@Fe reaction systems (a) and ESR spectra of
radical adducts trapped by DMPO in zeolite@Fe/H,0, and zeolite@Fe reaction systems (b).
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Fig. 15. Theoretical structure model of zeolite (a) and zeolite@Fe (b) (red ball is O atom, violet ball is K atom, blue ball is Si atom,
blue grey ball is Al atom, brown yellow ball is Fe atom); Comparison between theoretical model XRD calculation results and actual

sample XRD analysis results (c and d).

distribution of Fe elements. In addition, after the DFT cal-
culation was completed, the charge analysis of the H,0O,
molecule was split (as shown as Fig. 17c), and the charge
distribution of the OH group appeared on the upper parts,
while the charge distribution of the remaining O in the
lower parts was overlapped with the charge distribution of
Fe element in the surface model. Such charge distribution
results indicated that H,O, molecules could not exist stably
near Fe element catalytic active site in zeolite@Fe theoreti-
cally. When H,O, molecules were close to Fe elements cat-
alytic active site, Fe active sites on the surface of zeolite@Fe
was able to tear H,O, molecules apart, forming a free OH
group and H group while capturing one O element after
complex interactions between them.

To further study the reaction process between Fe-O
group and H,O, molecules, we deleted the H group and
OH group in the first step of DFT calculation results (Fig.
16c), and added H,O, molecules again to construct the the-
oretical composite catalytic structure-2, as described in Fig.

18a, and the results after the DFT calculation are shown in
Fig. 18b and c. Itis observed from Fig. 18b and c that the O-O
bond and O-H bond in the H,O, molecule were separated
again to form a free OH group and H group. Meanwhile,
one remaining O in the H,0O, molecule combined with the
O captured by Fe element in the surface model to form O,
molecule and got rid of the constraints of the surface model.
Fig. 19 shows the charge density distribution at 0.75 d of
the (0 1 0) section of the model in Fig. 17a and b. The charge
distributions of Fe-O group and H,O, molecules can be
clearly observed in Fig. 19a, and the two distributions had
no overlay. When the DFT calculation was completed, the
charge analysis of the H,O, molecule separated (Fig. 19b),
and the charge distribution of the OH group appeared
again on the upper part, and the charge distribution of O,
molecule appeared on the lower part and did not overlap
the charge distribution of Fe surface model. These findings
suggested that when another H,O, molecule approaching
to the catalytic active site of Fe captured O (Fig. 19a), the
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Theoretical composite catalytic structure-1

Surface catalytic model-1

DFT calculation results-1

Fig. 16. DFT catalyst calculation process and the results of stage one.

H,O, molecule would be torn again, and the newly gener-
ated O would combine with the O previously captured by
Fe element catalytic sites, forming free O, molecules and
getting rid of the constraints of Fe catalytic sites. At this
time, the theoretical surface catalytic structure of zeolite@
Fe returned to the initial state.

Based on the above theoretical calculation results, we
speculated that when the reaction was carried out in liquid
phase, a large amount of free OH groups would form con-
siderable *OH radicals. Such *OH species could react with
the target pollutant in the reaction system to achieve the
purpose of degrading pollutant (as shown in Fig. 20). Hence,

*OH radicals might be one of the main mechanism of zeolite@
Fe Fenton-like reaction system to degrade pollutant, which
was consistent with the results of ‘OH radical capturing
experiments and ESR spectra results in Fig. 14. The H group
formed at the same time would react with other substances
in the liquid phase to lose e and form H". In the presence of
O, molecules in solution, the H group would react with O,
molecule to form a certain amount of *O; radicals. The *O,
radicals also had a certain degree of degradation ability to
the pollutants in liquid phase, that was also consistent with
the results of the *O; radicals capturing experiment and ESR
spectra results in Fig. 14.
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Fig. 17. Charge density distribution of theoretical structure model of Fig. 14a (a), Fig. 14b (b) and Fig. 14c (c) (0 1 O layer,

distance from origin is 0.75 d).

4. Conclusion

A novel nano-scale zeolite encapsulated with iron ions
(zeolite@Fe) was successfully achieved in this research.
The zeolite@Fe material was characterized by many
advanced instruments, including XRD, FT-IR, SEM-EDX,
and XPS, to analyze its microscopic morphology and chem-
ical structure. In addition, the synthesized material (zeo-
lite@Fe) was utilized as a heterogeneous Fenton-like reac-
tion catalyst to degrade MB in the zeolite@Fe/H, O, reaction.
The reaction mechanism was also attempted to illustrate
through the theoretical structure model and the charge
density distribution of zeolite@Fe conducting by VASP soft-
ware and DFT computation. The characterization results
indicated that Fe®* rich nano spherical-like shape material

was formed on the surface of zeolite, and zeolite@Fe cat-
alytic material was believed to be successfully achieved.
Besides, there was almost no change of the chemical bonds
and basic structure between original zeolite and zeolite@
Fe catalyst. In the degradation experiments of MB, the
addition of zeolite@Fe and H,O, simultaneously greatly
enhanced the degradation efficiencies compared with that
of single zeolite, single H,0,, and zeolite@Fe, respectively.
In the range of pH values from 5 to 8, zeolite@Fe/H,O, reac-
tion system could be achieved. The temperature and time
had obvious effect on the degradation of MB in Fenton-like
reaction system, and the first-order reaction kinetics equa-
tion could be suitably fitted the reaction process. Moreover,
through the morphology and experiments findings, it was
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a. ‘

Theoretical composite catalytic structure-2

DFT calculation results-2

Fig. 18. DFT catalyst calculation process and results of stage two.

found that zeolite@Fe catalyst displayed relatively stable
after four times of recycle usage. Additionally, the DFT
calculation results of theoretical structure and surface
model for zeolite@Fe stated that, the *OH radicals formed
by a large amount of free OH groups were the main active
species in reaction process, and they were probably one of
the main factors responsible for organics degradation in
Fenton-like reaction system. Furthermore, the charge den-
sity distribution analysis indicated that H,O, molecules
could not exist stably near Fe catalytic active site in zeolite@
Fe theoretically, while after the complex close interactions
between them, Fe active sites on the surface of zeolite@Fe
was able to tear H,O, molecules apart and form a free OH

group and H group, and then produce considerable *OH
radicals using to degrade the target pollutant.
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Fig. S1. Full XPS spectrum scanning analysis of zeolite@Fe after
(b), Al2p (c), and Ols (d).

S1. Methods of reducing the impact of Fe leaching on
water environment

After each run, 0.005 g original zeolite was added into
system to adsorb leaching Fe element. Then, the mixture
solid was filtered out from the solution by 0.45 pum filter
membrane, and the filer solids were washed by deionized
water for several times. Then, the recycling sample (zeolite@
Fe/zeolite) was dried to constant weight at a temperature of

Ct/Co
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Binding Energy/eV

4th reaction (a) and the high-resolution XPS spectra of Si2p

85°C in the blast drying oven for the next cycle. After testing,
the concentration of Fe in the solution could be reduced to
less than 0.3 mg L7, which would have little impact on the
regional water environment. Meanwhile, Fig. S2 shows the
MB degradation results of recycling zeolite@Fe/zeolite cata-
lyst. From Fig. S2, it could be seen that the degradation result
of MB was more stable when original zeolite was added in
the process of recycling.
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Fig. S2. MB degradation results of recycling zeolite@Fe/zeolite catalyst.



