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ABSTRACT: In this study, a series of X-type zeolite molecular sieve catalysts, modified with copper (Cu-X), were prepared by an
alkali fusion−hydrothermal synthesis using coal gangue from Inner Mongolia. These catalysts were used in the degradation of the
methylene blue dye by a Fenton-like reaction. Characterization results showed that Cu is considered to be present in the surface
structure of the zeolite in the form of doped Cu ions and metal oxide. It is believed that Cu2+ is the main active site involved in the
Fenton reaction. The X-ray photoelectron spectroscopy (XPS) spectra indicated that Cu2+ and Cu+ coexist in the catalysts and
participate together in the Fenton reaction. The degradation of methylene blue by the Cu-X catalysts was investigated to determine
the optimal catalytic conditions in terms of six aspects: catalyst dosage, initial solution concentration, initial pH of the solution, H2O2
dosage, copper loading, and reaction temperature. The experimental results showed that CX-1.0 had excellent activity and stability
for the degradation and decolorization of the methylene blue dye, which could completely degrade the dye within 90 min, and the
total organic carbon removal rate reached as high as 97.8%. Electron spin resonance (ESR) and radical capture experiments showed
that •OH played a dominant role in the Fenton-like reaction. Combined with XPS, ESR, and catalytic tests, the redox cycle of Cu+/
Cu2+ was found to be accelerating the generation of reactive radicals in the Fenton system.

1. INTRODUCTION

Coal gangue is a byproduct of coal mining and processing,
which is unavoidable due to limitations of the existing technical
conditions, and emissions are on the rise.1 The accumulation
and storage of coal gangue occupy a large amount of land area.
Gangue is prone to spontaneous combustion, and the
pollutants contained within will pollute the environment
after emission.2

With science and technological advancements, the utilization
of coal gangue has also been increasingly developed from
simple uses to the extraction of useful elements. Therefore, the
synthesis of zeolites using coal gangue is a more efficient way
to use the effective components in coal gangue. Generally
speaking, the total amount of SiO2 and Al2O3 in coal gangue
can reach 65−95%, which provides the required silicon source
and aluminum source for the synthesis of zeolites and is the
theoretical basis for using coal gangue as a raw material.3

The wastewater from printing and dyeing is common in
various industrial processes, leading to the generation of large
amounts of wastewater contaminated with these chemicals.
Methylene blue [3,7-bis(dimethylamino)phenothiazin-5-ium
chloride, MB] is one of the commonly used dyes.4 It is widely
used in the textile, paper, plastic, leather, food, and cosmetic
industries. With the rapid development of the textile printing
and dyeing industry, more and more important commercial
dyes are being discharged into bodies of water in different
ways.5 MB can cause burning eye pain and may lead to eye
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damage. Also, when inhaled, it may cause short-term rapid
breathing or difficulty in breathing. At the same time, it may
lead to nausea, vomiting, profuse sweating, confusion, and
hemoglobinemia.6,7 Therefore, before discharging the methyl-
ene blue dye wastewater, it should be effectively treated to
remove methylene blue from the wastewater to try to avoid its
release into the environment. Therefore, the removal of dye
wastewater has also become a topic of interest for many
scientific researchers, who have researched and developed
many different techniques for the treatment of dye wastewater,
such as physical treatment,8 biodegradation,9 advanced
chemical oxidation,10 and photocatalytic degradation.11−13

As for advanced oxidation processes (AOPs) as a chemical
treatment method, researchers have targeted AOPs because in
most cases, they show process flexibility, efficient decom-
position of organic pollutants in water, easy control of the
system, mild conditions, and low cost and because importantly,
they do not produce secondary pollution after the
reaction.14−16 Among them, Fenton oxidation has become
the most mainstream process, which is essentially the oxidation
of hydrogen peroxide by Fe2+ to produce hydroxyl radicals.17 It
has been widely used because it has strong oxidizing power to
treat organic pollutants efficiently and has the advantages of
mild conditions, low treatment cost, and simple operation.18

The oxidation methods discovered by the early researchers
in this field were all homogeneous Fenton oxidation reactions,
which can effectively treat hard-to-degrade organic pollutants
in water. However, these types of reactions also have many
drawbacks and shortcomings, such as low utilization of
hydrogen peroxide, a narrow applicable pH range,19,20 and
generation of large amounts of iron sludge and iron salts that
are difficult to recycle and reuse, which limit their application
in many engineering applications.21 As a representative
advanced oxidation technology, multiphase Fenton catalytic
oxidation has been widely investigated because it can
compensate for many disadvantages of homogeneous Fenton
materials.22 The multiphase Fenton oxidation technology
immobilizes Fe2+ as a catalyst on a carrier, so the solid catalyst
surface provides an environment for the multiphase Fenton
reaction. First, Fe2+ reacts with hydrogen peroxide to produce
strong oxidizing hydroxyl radicals (•OH), which then
oxidatively decompose the organic pollutants adsorbed on
the solid surface. The •OH radicals produced during this
reaction non-selectively destroy the structure of organic
pollutants, thus achieving a good degradation effect.23,24

Compared with the homogeneous Fenton reaction, the
multiphase Fenton reaction has the advantages of making the
full use of hydrogen peroxide, recyclability, a wider applicable
pH range, easy solid−liquid separation, and being less likely to
produce iron sludge. Therefore, it has been widely studied.25,26

Based on the multiphase Fenton reaction, researchers have
found that not only the solid-phase catalysts of iron ions but
also a large number of transition metal catalysts27 (such as
manganese, cobalt, copper, and so on) have good degradation
performance. Since the mechanisms of these other transition
metal catalysts in the degradation reaction process have
similarities with the traditional multiphase Fenton reaction,
people call these catalysts multiphase Fenton-like oxidation
techniques. Copper is an ideal substitute for iron because it
exhibits a Fenton-like oxidation activity even under neutral and
alkaline conditions, making copper-based Fenton-like treat-
ment of dye wastewater feasible. The preparation of Cu-based
catalysts using various carriers, including zeolites,28,29 metal

oxides,30,31 and clays,32,33 to participate in the Fenton-like
reaction has been reported in the literature. Wang34 et al.
synthesized a series of Cu-based bimetallic oxides and
compared their Fenton-like catalytic performance for the
degradation of Orange II and ciprofloxacin. Zhang35 et al.
prepared smaller tunable Co3O4 nanoparticles on the HZSM-5
zeolite by adding various hydroxyl-rich complexing agents.
Through a large number of characterization techniques and
catalytic experiments, the physical and chemical properties of
Co3O4-active components, such as crystal size, surface
dispersibility, reduction, acidity, and toluene oxidation catalytic
performance, have been extensively studied. Zhang36 et al.
prepared a series of 10% MnOx/HZSM-5 catalysts with
different zeolite Si/Al ratios by the initial impregnation method
and evaluated the catalytic oxidation performance of toluene.
Lu37 et al. synthesized a core−shell composite of Y zeolite and
a hydrophobic organic polymer (Y@St-DVB), which signifi-
cantly improved the hydrophobicity and toluene adsorption
capacity of Y zeolite. Modification to increase the adsorption
capacity under wet conditions. Li38 et al. used a ZSM-5 zeolite
loaded with metal copper ions for Fenton-like catalytic
degradation of phenol.
These previous studies have focused on the loading of

metallic copper on different carriers to improve the activity and
stability of the catalysts and to minimize the negative effects
from the homogeneous Fenton reaction. Zeolites are mainly
composed of silica-aluminates and have a reticulated internal
space structure with a large number of uniformly sized pore
channels, and their structure makes them ideal carriers for
loading transition metals, along with their adsorption, catalytic,
and ion selectivity characteristics.38

Thus, in this study, for the first time, the mined solid waste
coal gangue stone X-type zeolite molecular sieve was used as a
carrier and modified with Cu to obtain a Fenton-based catalyst,
Cu-X, which was applied to the catalytic degradation of
methylene blue dye wastewater. Compared with iron, copper
has the advantages of a wider applicable pH range, easy solid−
liquid separation, and difficulty in producing iron sludge. This
process is a typical example of waste-to-waste, where waste is
treated with other waste, which has not been extensively
studied. In this study, the relevant physicochemical character-
izations of the catalyst were determined. To obtain the optimal
catalytic conditions, the effects of Cu loading, catalyst dosage,
H2O2 dosage, dye concentration, temperature, and pH on the
dye degradation rate were investigated. Also, the roles of the
reactive radicals in the Fenton-like reaction and the catalytic
mechanism were investigated.

2. RESULTS AND DISCUSSION
2.1. Catalyst Characterization. 2.1.1. X-ray Diffraction

Analysis. Figure 1 shows the X-ray diffraction (XRD) patterns
of the X-type zeolite and X-type zeolites with different Cu
loadings. It can be seen from Figure 1 that these spectra show
peaks that belong to the X-type zeolite structure. However,
when the Cu content is higher than 1.0 g/L, the zeolite peak
intensity is weakened, which proves that the Cu modification
had some effect on the zeolite structure, indicating that Copper
in the form of Cu2+ or Cu+ cations is located in zeolites in
channels in the so-called ion-exchange positions. With this
content, a very small part of copper can be in the form of
polyoxocations.39,40 Compared to that of the pure X-type
zeolite, the 2θ angle of each diffraction peak shifts toward
somewhat higher values with the increasing Cu content, also
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proving that the addition of Cu affects the crystal structure of
the zeolite. Previous studies have pointed out that the shift of
the diffraction peak means that Cu2+ occupies the Na and Al
sites in the structure. Cu is considered to be present in the
surface structure of the zeolite in the form of doped Cu ions
and metal oxide.

2.1.2. Nitrogen Sorption Analysis. Figure 2 shows the N2
adsorption and desorption isotherms of the pure X-type zeolite
and CX-1.0. The relevant parameters of the Brunauer−
Emmett−Teller (BET) isotherm are shown in Table 1. The

isotherms of the pure X-type zeolite and CX-1.0 were typical
type IV isotherms, and the H4 hysteresis loop was closed at a
P/P0 value of about 0.4. The specific surface area (SBET) of
pure zeolite X was 511.2 m2/g, and the pore volume was 0.31
cm3/g. The SBET of the CX-1.0 sample was 381.5 m2/g, and the
pore volume was 0.28 cm3/g. The hysteresis loop is a
mesopore between aggregated zeolite crystals.41 Replacing two
Na+ cations by one Cu2+ cation should lead to more open
pores. At the same time, a slight decrease in the specific surface
area may be due to an increase in the molecular weight of the
sorbent (64 > 2 × 23). Vtotal, as follows from Figure 2, does not
increase, but it decreases. The adsorption−desorption
isotherms show that the pore structure of the X zeolite mostly
maintained its original structure, even after Cu modification.

2.1.3. Scanning Electron Microscopy Analysis. Figure 3a
shows the scanning electron microscopy (SEM) image of the
coal gangue powder. This shows that the surfaces of the coal
gangue particles were rough, loose, irregular, and in the shape
of lamellae. This was because of kaolinite, the main mineral
component of coal gangue. The structural hydroxyl groups of
kaolinite were distributed in the aluminum−oxygen octahedral
layer, providing the possibility of preparing zeolites from coal
gangue.42

Figure 3b,c shows the SEM images of the pure X-type
zeolite. Figure 3d shows the SEM image of CX-1.0. It can be
seen from the figures that the synthesized zeolites are high-
quality, octahedral-structured X-type zeolites with a complete
crystalline shape and well-defined angles. The pure X-type
zeolite consisted mainly of large particles (2−4 μm) aggregated
in cuboidal-like layered crystals. After Cu modification, the

Figure 1. XRD patterns of CG-X and Cu-X with different copper
contents.

Figure 2. N2 adsorption−desorption isotherms of CG-X (a) and CX-1.0 (b).

Table 1. Parameters of the Surface Structure of Zeolite X
and CX-1.0

surface area/(m2/g) pore volume/(cm3/g)

sample SBET Vtotal

zeolite X 511.2 0.31
CX-1.0 381.5 0.28
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morphology of the CX-1.0 sample was the same, but the
copper wrapping on its surfaces can be seen.
2.1.4. Transmission Electron Microscopy Analysis. Figure

4 shows the transmission electron microscopy (TEM) images
of CG-X and CX-1.0. The clear morphology and well-defined
edges of pure CG-X and CX-1.0 demonstrated their high
crystallinity, which was consistent with the XRD results. The
high-resolution TEM (HRTEM) images of CG-X and CX-1.0
show distinct lattice stripes, indicating the high crystallinity of
the synthesized CG-X and CX-1.0. However, no copper
particles were observed, indicating that copper is well dispersed
in the form of amorphous metal or aggregated into micro-
crystals with too small grains. The HRTEM image in Figure 4g
shows a lattice stripe with a distance of 0.351 nm from the
crystal plane, which corresponds to the (7 1 1) plane of CG-X.
The HRTEM image in Figure 4h shows lattice streaks with
distances of 0.477 and 0.178 nm from the crystal plane,
corresponding to the (5 1 1) and (13 5 1) planes of CX-1.0,
respectively. This indicates that the crystal boundaries of CX-
1.0 are clear and the Cu modification has little effect on the
crystallinity of the X-type zeolite.
2.1.5. X-ray Photoelectron Spectroscopy Analysis. X-ray

photoelectron spectroscopy (XPS) has been commonly used
to study the elemental composition, as well as the content, of
various compounds. Figure 5 shows the XPS spectra of the
pure X-type zeolite and CX-1.0 catalysts before and after the
Fenton-like reaction. The full XPS spectra of these three
samples are shown in Figure 5a, and the presence of binding
energy peaks from Cu 2p, O 1s, and C 1s can be found. Two
distinct binding peaks were observed at 531.62 and 532.65 eV,
attributed to Si−O and CO, respectively, while the binding
peak of Cu-X at 536.6 eV was attributed to Cu−O. Figure 5c
shows six peaks in the high-resolution XPS spectra of Cu 2p for

the unused and used CX-1.0 samples. The presence of Cu2+

was determined by the presence of peaks at 934.3 and 954.4 eV
and the strong Cu2+ satellite peaks at 942.7 and 962.5 eV.43

Also, the presence of a reduced Cu (Cu+ or Cu0) species was
confirmed by the stronger peaks at binding energies of 932.8
and 952.9 eV found in fresh and used CX-1.0, respectively.43

This phenomenon may be due to the reduction of Cu2+ by
residual organic templates in the X-type zeolite during the
heating process. It should be noted that the surface atomic
ratio of Cu2+/Cu+ changed from 4.4 for the unused Cu-X
sample to 5.4 for the used Cu-X sample, which was due to the
involvement of Cu+ and Cu2+ in the Fenton-like reaction.
From the XPS spectra of C 1s in Figure 5d, three peaks located
at 284.4, 286.0, and 288.7 eV are observed. The peaks located
at 284.4 and 288.7 eV were attributed to C−C and CC of
the residual templating agents or carbon from the instrumen-
tation and the environment.44,45 The peak at 286.0 eV was due
to C−O bonds from adsorbed CO2.

45

2.1.6. Fourier Transform Infrared Analysis. The infrared
spectra of the pure X-type zeolite, as well as before and after
the Fenton-like reaction using CX-1.0, are given in Figure 6.
The absorption peaks were also analyzed, and the infrared
spectra are in general agreement with the absorption peaks of
the X-type zeolite.46 The peaks appearing at around 3400 and
1633 cm−1 were attributed to the stretching vibration of
absorbed water at the surface.47 The peak appearing around
1000 cm−1 was attributed to the asymmetric stretching
vibration of the Si−O−Si bond.48 The absorption peak at
758 cm−1 belonged to the symmetric stretching vibration
absorption peaks of the external linkage vibrations of the
skeleton and the secondary structural unit (double six-
membered ring) vibration absorption peaks. The peaks located
at 676 cm−1 were attributed to internal vibrations of Si−O−Al

Figure 3. SEM images of coal gangue (a), CG-X (b,c), and CX-1.0 (d).
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Figure 4. TEM and HRTEM images of CG-X (a,c,e,g) and CX-1.0 (b,d,f,h).
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symmetric stretching and bending. The presence of double six-
membered ring vibrations and that of T−O bending vibrations
were also indicated at 563 and 456 cm−1, respectively.49 After
Cu modification and a Fenton-like reaction, the structure of
the X-type zeolite was still well-preserved.
2.2. Catalytic Performance of CX-1.0. 2.2.1. Effect of

the Concentration of the Cu2+ Solution for Ion-Exchange
Procedures. The addition of copper greatly improved the
degradation efficiency of methylene blue. Figure 7a shows the

effect of Cu-X with different copper loadings on the MB
removal rate. The degradation efficiency increased with the
increase in the Cu content. This phenomenon was mainly
related to the increased reaction between Cu and H2O2 to
produce •OH. The degradation rate hardly increased when the
Cu loading was higher than 4%. This may be due to saturation
of the Cu active sites and the scavenging effect of Cu ions on
•OH (eq 1).

Cu OH Cu OH2+ → ++ • + − (1)

2.2.2. Effect of Temperature. Temperature is also a very
important influence as it usually accelerates the reaction by
raising the reaction rate constant. Figure 7b shows the effect of
temperature on the catalytic performance. The degradation
efficiency was optimal when the temperature reached 60 °C
and then remained constant with the increasing temperature to
reach 100% within 60 min. The slow increase in the high-
temperature catalytic efficiency may be related to the
decomposition of a large excess of H2O2 at these temperatures
because the more likely unproductive degradation of H2O2
takes place, which results in a smaller number of radicals.50

Based on the combination of degradation efficiency and high-
temperature energy consumption, the optimal degradation
temperature of the Cu-X catalyst for methylene blue was 60
°C. Meanwhile, the degradation efficiency showed a significant
increasing trend with time and remained constant after about
60 min (close to 100% degradation efficiency).

2.2.3. Effect of the Dosing Amount. The effect of catalyst
dosage on the degradation efficiency was similar to that of the

Figure 5. XPS spectra of different samples (CG-X, fresh Cu-X, and used Cu-X). XPS total spectrum (a) and high-resolution XPS spectra for O 1s
(b), Cu 2p (c), and C 1s (d).

Figure 6. Infrared spectra of CG-X and CX-1.0 before and after the
Fenton-like reaction.
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loading amount. As shown in Figure 7c, the degradation
efficiency remained constant for 60 min at a catalyst dosage of
1.0 g/L (close to 100% degradation efficiency). When the
catalyst reached a certain amount, the amount of methylene
blue captured at the active sites of the catalyst no longer
increased. The optimum catalyst dosage for the degradation of
methylene blue by the Fenton-like reaction using the Cu-X
catalyst was 1.0 g/L, under the premise of reducing the
operating cost.
2.2.4. Effect of Dye Concentration. Methylene blue

concentration and H2O2 dosage are closely related, as shown
in Figure 7d. The decrease in the methylene blue
concentration implied an increase in the relative amount of
H2O2. Therefore, when the methylene blue concentration was
low, the degradation rate also decreased. With the increase in
the methylene blue concentration, the degradation rate also
improved, but with the further increase in the methylene blue

concentration, the degradation rate decreased, which was
mainly related to the insufficient amount of H2O2 and the
amount of the catalyst.

2.2.5. Effect of H2O2 Dosage. H2O2 also plays an important
role in the Fenton-like catalytic reaction. Figure 7e illustrates
the effect of the H2O2 dosage (0.5−2.0 mL) on the
degradation efficiency of methylene blue. When the H2O2

dosage was 1.5 mL, the methylene blue removal rate was
99.7%. When the amount of H2O2 was increased to 2.0 mL,
the methylene blue removal rate decreased to 80.1%. The
decrease in the removal rate may be related to excess H2O2

reacting with reactive hydroxyl radicals to form perhydroxyl
radicals (HO2

•), which has almost no positive effects in the
Fenton-like process (eqs 2−5).51,52 Therefore, this Fenton-like
reaction requires an appropriate H2O2 concentration.

OH H O HO H O2 2 2 2+ → +• •
(2)

Figure 7. Effect of different parameters on the degradation fraction of methylene blue: the concentration of Cu2+ solution for ion-exchange
procedures (a), temperature (b), dosing amount (c), dye concentration (d), H2O2 dosage (e), and pH (f).
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2 OH H O2 2→•
(3)

HO OH H O O2 2 2+ → +• •
(4)

2HO H O O2 2 2 2→ +•
(5)

2.2.6. Effect of the Initial pH of the Solution. The initial
pH also plays an important role in the degradation of
methylene blue. The solution pH affects the decomposition
rate of H2O2 and the surface charge of the catalyst. Therefore,
the effect of the initial solution pH on the degradation
efficiency of methylene blue was investigated and is shown in
Figure 7f. The degradation rate of methylene blue was sensitive
to pH under alkaline and neutral conditions and reached the
maximum value under both conditions. At lower pH, more H+

was generated, which can react with •OH. This means that
more reactive •OH radicals were consumed,50 which hindered
the reaction of Cu with H2O2 and reduced the rate of •OH
production. Also, the active centers of the catalyst were usually
unstable in acidic media.53 Therefore, acidic conditions are not
favorable for the degradation of methylene blue using Fenton-
like reactions with the Cu-X catalysts. At higher pH, H2O2
decomposed rapidly into H2O and molecular oxygen.54 Also,
because a small amount of Fe2O3 impurities in CG-X react
with OH−, it indirectly affects the degradation efficiency.
Therefore, the degradation efficiency of methylene blue was
reduced under strongly alkaline conditions. Compared to Fe,
Cu ions were less sensitive to pH, which meant that Cu-based
Fenton systems can operate over a wide range of pH values.
This phenomenon made Cu-based Fenton systems more likely
to be used in practical applications. Therefore, neutral and
near-neutral conditions are favorable for Fenton-like reactions
using Cu-X catalysts.
2.3. Recycling of Catalysts. The stability and reproduci-

bility of the CX-1.0 catalyst were examined. The degradation
process of methylene blue was repeated several times using the
recycled material as the catalyst. As shown in Figure 8, the

degradation rate only decreased from 99.7% after the first cycle
to 98.5% after the fifth cycle, indicating the high recyclability of
the catalyst. After five Fenton-like degradation cycles of
methylene blue, XPS analysis showed that the Cu content
was reduced by only 0.4%. The catalyst had good reusability,
and its structural stability was good because the loss of copper
from the system in the reaction was negligible. This indicated
that the CX-1.0 catalyst was stable and reusable for the

degradation of methylene blue, which is of great value for
practical applications.

2.4. Mechanism of the Methylene Blue Degradation
Reaction. Reactive radicals generally play an important role in
the catalytic Fenton process. To obtain information about the
reactive radicals during the degradation of methylene blue by
Fenton-like processes, radical capture experiments were
performed. Scavengers such as isopropyl alcohol (IPA),
benzoquinone (BQ), NaN3, and KI were added to the reaction
system to capture hydroxyl radicals (•OH), superoxide radicals
(•O2−), singlet oxygen (1O2), and vacancies (h+), respec-
tively.38 The results in Figure 9a indicate that the Fenton-like
degradation of methylene blue was the result of the synergistic
action of Cu and H2O2. Figure 9b,c shows that

•OH played a
dominant role in the degradation of methylene blue and the
removal rate of total organic carbon (TOC) in the Fenton-like
reaction. To further confirm the capture results, electron spin
resonance (ESR) experiments were also performed. Figure 9d
shows the ESR of hydroxyl radicals. In the CX-1.0 + H2O2 +
methylene blue system, all four characteristic peaks of 5,5-
dimethyl-1-pyrroline N-oxide (DMPO)-•OH adducts ap-
peared with an intensity ratio of 1:2:2:1, indicating the
presence of •OH radicals in the system.
These results indicated that the Cu-X + H2O2 system had a

high catalytic activity for the degradation of methylene blue.
The possible mechanism of methylene blue degradation is
shown in Figure 10. The XPS results indicated the presence of
both Cu+ and Cu2+ in the CX-1.0 catalyst. The presumed
reaction mechanism is shown in eqs 6−12, where Me denotes
the metal cation, Cu2+ and Cu+, on the surface of the material
and MB denotes methylene blue. First, methylene blue was
adsorbed on the surface of the Cu-X catalyst (eq 6). Then,
when H2O2 was added to the reaction system, Cu2+ on the
catalyst surface reacted with H2O2 to form •OOH (eq 7).
H2O2 reacted with Cu+ to form Cu2+ and •OH (eq 8). The
presence of an acid−base equilibrium (eq 9) continued to
produce •O2− radicals, some of which reacted with •OOH to
form H2O2 (eq 10), while others reacted with H2O2 to form
the strongly oxidizing •OH radical (eq 11). Eventually,
methylene blue adsorbed on the catalyst surface was
decomposed by •OH. Methylene blue was further oxidized
by reactive radicals to produce various organic aldehydes,
alcohols,55 and finally CO2 and H2O (eq 12). In conclusion,
•OH was the main reactive radical, and the redox cycle of Cu+/
Cu2+ accelerated the generation of reactive radicals in the
Fenton-like system and promoted the degradation of
methylene blue.

MeOH MB MeOMB H+ → ++ + (6)

Cu H O Cu H OOH2
2 2+ → + ++ + + •

(7)

Cu H O Cu OH2 2
2+ → ++ + −

(8)

OOH O H2→ +• • − +
(9)

O OOH H O O2 2 2 2+ → +• − •
(10)

O H O O OH OH2 2 2 2+ → + +• − − •
(11)

MeOMB OH H O CO2 2+ → +•
(12)

Figure 8. Cycling experiment results for the degradation of methylene
blue using the CX-1.0 catalyst.
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3. CONCLUSIONS
A series of Cu-modified X-type zeolite molecular sieve (Cu-X)
catalysts were synthesized by an impregnation calcination
method using coal gangue as the raw material. The following
conclusions were drawn.

(1) An X-type zeolite was synthesized using coal gangue, and
Cu-X catalysts with different copper contents were
synthesized by an impregnation calcination method. Cu
is considered to be present in the surface structure of the
zeolite in the form of doped Cu ions and metal oxide.
Also, because CG-X has a larger specific surface area, it
can load more Cu2+, which provides more active sites for
the Fenton-like reaction and indirectly improves the
catalytic activity of the Fenton reaction.

(2) The obtained Cu-X catalysts have good catalytic activity
for the dye methylene blue. The catalytic degradation
rate was up to 99.7% and the TOC removal rate was up
to 97.8% at a dye concentration of 100 mg/L at 60 °C,
with pH ranging from 7 to 10, 4% copper loading, 1.0 g/
L catalyst dosage, and 1.5 mL of H2O2. The catalysts had
good recyclability.

(3) Fenton-like degradation of methylene blue was the result
of the synergistic action between Cu and H2O2.

•OH
was the main reactive radical, and the redox cycle of
Cu+/Cu2+ accelerated the generation of reactive radicals
in the Fenton-like system, which promoted the
degradation of methylene blue.

Figure 9. Degradation of methylene blue in Cu-X, H2O2, and CX-1.0 + H2O2 systems. (a) Effect of IPA, BQ, NaN3, and KI on the methylene blue
degradation efficiency of CX-1.0. (b) Effect of NaN3 and KI on the removal efficiency of TOC (c) and DMPO-•OH (CX-1.0 + H2O2 system) ESR
spectrum (d).

Figure 10. Possible mechanism of the Fenton-like reaction using CX-1.0 to promote the degradation of methylene blue.
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4. EXPERIMENTAL SECTION
4.1. Reagents and Materials. The coal gangue was

obtained from the Yakeshi Free River Coal Mine, Hulunbeier
City, Inner Mongolia, China, and the chemical composition is
shown in Table 1. Cu(NO3)2·3H2O (AR) was purchased from
the Tianjin Sinopharm Chemical Reagent Company, China.
H2O2 (30 wt %) (AR) was purchased from the Tianjin Damao
Chemical Reagent Factory, China. Cetyl trimethyl ammonium
bromide (CTAB) (AR) was purchased from the Tianjin
Guangfu Fine Chemical Research Institute, China. Methylene
blue (AR) was purchased from the Tianjin Yongsheng Fine
Chemical Company, China.
4.2. Sample Preparation. The main chemical compo-

nents are shown in Table 2. It can be seen from the table that

n(SiO2)/n(Al2O3) = 5.5 is suitable for preparing the zeolite.
The coal gangue was crushed, ball-milled, and then passed
through 100 mesh sieves to obtain coal gangue powder (CG).
After heating at 850 °C for 4 h in a muffle furnace, roasted coal
gangue (rCG) was obtained. Activated coal gangue (rCG) was
digested with anhydrous sodium carbonate [m(rCG)/
m(Na2CO3) = 1:2] under heating at 850 °C for 3 h to obtain
a light-green solid sample (hCG). The hCG sample was mixed
with a 1 mol/L NaOH solution and prepared into a suspension
according to the solid−liquid ratio of 0.11 g/mL; then, a
mesoporous templating agent, CTAB, was added [m(hCG)/
m(CTAB) = 2:1] and gelatinized under magnetic stirring for
12 h at room temperature. The sample was then transferred to
an autoclave for hydrothermal crystallization at 100 °C. The
crystallization products were washed with water and ethanol
and then dried at 100 °C. The sample was put into a muffle
furnace and heated at 500 °C for 4 h. The final sample of the
mesoporous X-type zeolite molecular sieve was obtained by
removing the templating agent CTAB.
Preparation of Cu-X catalysts: Cu-modified X-type zeolite

molecular sieve samples were synthesized by the ion-exchange
method using copper nitrate as the metal precursor. 0.1 g of
the X-type zeolite was added to 30 mL of 0.5, 0.8, 1.0, and 1.5
g/L copper nitrate solutions, and the suspensions were
magnetically stirred at room temperature for 12 h. The
resulting suspensions were washed with water, dried at 100 °C,
and heated at 500 °C for 4 h. The Cu-modified X-type zeolite
catalysts were obtained and marked as CX-0.5, CX-0.8, CX-1.0,
and CX-1.5, respectively (Figure 11).

4.3. Characterization Techniques. Infrared spectroscopy
(FT-IR) analysis was performed using a 6700 Fourier infrared
spectrometer from Nicolet, USA, and characterized by the
potassium bromide compression method. The samples were
mixed with the reference KBr, pressed into tablets, and tested
on the instrument in the wavelength range 400−4000 nm.
Powder XRD was performed by using PW1830 from the
Beijing Oriental Morning View Technology Company, China,
to analyze the morphology of each component in the sample.
Test conditions include a Cu tube, a scanning range (2θ) of
5−80°, a scanning speed of 8°/min, a voltage of 40 kW, and a
current of 40 mA. An ultraviolet−visible spectrophotometer
(UV−vis), METASH UV-5100 from the Shanghai Yuan
Analysis Instruments Co., Ltd., was used to detect the change
in the concentration of degraded methylene blue. Specific
surface testing was performed using an ASAP2020 BET
analyzer from Micromeritics, USA, to determine the N2
isothermal adsorption−desorption curves of the samples at
77 K. The specific surface area and pore size distribution of the
samples were analyzed and determined. SEM was performed
using a Hitachi S4800 field-emission scanning electron
microscope (Japan) with a secondary electron resolution of
1.0 nm (15 kV)/2.0 nm (1 kV) and a backscattered electron
resolution of 3.0 nm (15 kV) on a scanning electron
microscope with an accelerating voltage of 5.0 kV. The surface
morphology of the samples was analyzed on a scanning
electron microscope with an acceleration voltage of 5.0 kV.
XPS was measured with monochromatized Al Kα radiation (hν
= 1486.6 eV) using a Thermo Fisher K-α spectrometer
(ESCALAB250Xi, Thermo Fisher, USA). The prepared
catalysts were analyzed by a transmission electron microscope
(JEOL JEM-2100F, Japan) for the microstructure and
morphological dimensions. Determination of coal gangue
composition was done by the X-ray fluorescence method
(AxiosmAX, PANalytical). The TOC content was determined
by a TOC analyzer (Elementar, Vario TOC, Germany). ESR
measurements were carried out on a JEOLJESFA200
spectrometer. The •OH radical was determined by capturing
the radical signal with DMPO.

4.4. Fenton-like Catalytic Degradation of Methylene
Blue. The adsorption and catalytic oxidative degradation
experiments of MB were carried out in a beaker containing 100
mL of a 100 mg/L MB solution under constant temperature
and stirring conditions. 0.1 g of the catalyst was dispersed in
the MB solution (100 mg/L), while 1.5 mL of a 30% H2O2
solution was added to start the Fenton-like reaction.
Hydrochloric acid (1 mol/L) and sodium hydroxide solution
(1 mol/L) were used to adjust the pH value of the solution.
The effects of different parameters on the degradation
efficiency of MB were examined. The degradation rate of
MB was tested by a UV spectrophotometer, with the
degradation degree η = (C0 − Ct)/C0, where Ct is the
concentration of MB at a given moment and C0 is the starting
concentration of MB. The degree of mineralization was derived
from the TOC test, and the removal rate was calculated by η =
(T0 − Tt)/T0, where Tt is the total organic carbon content
within at a certain moment and T0 is the total organic carbon
content at the beginning.
In this experiment, the conditions of copper loading, dosing

amount, dye concentration, solution pH, reaction temperature,
and H2O2 dosage were optimized. The optimal catalytic
conditions were determined, and the catalytic mechanism was
investigated.

Table 2. Main Chemical Composition of Coal Gangue

composition SiO2 Al2O3 Fe2O3 CaO MgO Na2O LOS

content/% 61.8 19.18 2.62 0.25 0.15 0.57 30.68

Figure 11. Images of X-type zeolite (left) and X-type zeolite loaded
with copper ions(right).
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