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Abstract: In the heterogeneous Fenton reaction, a solid catalyst reacts with H2O2 to generate highly
oxidizing free radicals, that degrade organic pollutants in aqueous solutions. In this study, impreg-
nation calcination was used to modify activated carbon and load it with various metal compounds.
The synergistic catalysis of the various metal compounds showed improved catalytic activity, and
the prepared heterogeneous Fenton catalyst exhibited high catalytic activity, a wide pH range, and
good stability. The concentration ratios of the Fenton catalyst impregnation solutions-were as follows:
Fe3+, Cu2+, Mn2+, and Ce3+ at 0.45, 0.72, 0.19, and 0.11 mol/L, respectively. The optimal sintering
temperature of AC impregnation was determined through TGA/DSC, SEM, SEM-EDS, XPS, and
XRD testing. At a final calcination temperature of 900 ◦C, the degradation efficiency of 10 ppm
methylene blue reached 98.25% at pH 5 with 5 mM H2O2. After ten soaking cycles, the degradation
efficiency exceeded 90%. The structure and performance of the catalysts were characterized using
EPR, BET, ICP, and UV spectroscopy, demonstrating the excellent performance of the catalyst and
providing an improved treatment plan for solving wastewater problems.

Keywords: Fenton; catalyst; water treatment; methylene blue

1. Introduction

The continuous societal development and industrial modernization has resulted in an
increased discharge of industrial wastewater, thereby polluting water bodies and causing
water shortages. Water pollution severely restricts economic and societal development [1–5].
Sewage is complex because it contains various toxic substances, and is difficult to degrade.
If the sewage is discharged without treatment, it can damage the environment and endanger
human health. Therefore, developing an efficient, biodegradable, and environment-friendly
sewage treatment methods is crucial. To treat the organic compounds industial wastewa-
ter, which are difficult to degrade, various chemical, physical, and biological methodsare
commonly used [6,7]. In particular, attention has been paid to the development of solar-
driven catalytic technologies and other emerging processes, such as microwave assisted
catalysis, plasma-catalytic processes, and biocatalytic remediation [8]. Bahnemann et al.
used TiO2 photocatalysis to transform aromatic water pollutants into fuels [9]. They used
a dual-function system of B/N-graphene-coated Cu/TiO2 as a photocatalyst to convert
the organic pollutants into hydrogen for waste recycling [10]. A comprehensive review of
the literature on solving organic pollution problems through Fenton reaction and related
process experiments [11]. These methods generate strong oxidizing free radicals to degrade
pollutants. Therefore, the Fenton method, used in advanced wastewater oxidation pro-
cesses, is effective and environment friendly [12–14]. In the Fenton catalytic oxidation water
treatment method, the released metal ions catalyze the generation of hydroxyl radicals from
H2O2 with high activity, low cost, and mild conditions. However, the traditional Fenton
reaction has many limitations, including the necessity for acidic environments, formation
of iron sludge, and introduction of excess chemicals [15]. Heterogeneous Fenton catalysis
solves the above problems by imparting a wide range of degradable pH values, reduced
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production of metal sludge, multiple sustainable degradation pathways, and maintenance
of high degradation efficiency.

Fenton’s reagents, H2O2 and Fe2+/Fe3+, are powerful sources of hydroxyl radicals [16].
The reaction between Fe2+ and H2O2 generates hydroxyl radicals (Equation (1)), and
Fe3+ reacts with H2O2 to regenerate Fe2+, thereby prolonging the Fenton reaction [17]
(Equations (2) and (3)).

Fe2+ + H2O2 → Fe3+ + OH− + ·OH (1)

Fe3+ + H2O2 ⇔ Fe(OOH)2+ + H+ (2)

Fe(OOH)2+ → Fe2+ + ·OOH (3)

Fenton catalysts can be classified as either homogeneous or heterogeneous. In the
homogeneous Fenton process, Fe2+ and H2O2 undergo a homogeneous reaction in the
solution to produce reactive oxygen species. In the heterogeneous Fenton process, iron
or other metal ions are loaded onto carrier substrates as catalysts, and heterogeneous
reactions occur on the surface to generate free radicals [18,19]. Owing to the drawbacks of
homogeneous Fenton catalysis, including the production of a large amount of metal sludge,
narrow pH range, and difficult recycling, heterogeneous Fenton catalysis is commonly used
to improve the stability, dispersion, and ability of catalysts to adsorb pollutants. Fenton
catalyst carriers are usually porous materials with large specific surface areas and high
stabilities, such as alumina, activated carbon [20], diatomaceous earth [21], and kaolin [22].

Catalysts supported by multiple metals can achieve synergistic catalysis and improved
catalytic efficiency. The active metal is the basis for improving catalyst performance and
determining the reaction rate and direction [23]. Equation (4) describes the concerted
copper and ferric reactions that generate the effective catalytic components.

Fe3+ + Cu+/e→ Cu2+ + Fe2+ (4)

To improve the synergistic catalysis efficiency, researchers have introduced transition
metals (including Cu and Mn) and rare earth elements (such as Ce) into iron-based materi-
als, resulting in improved catalytic activities [24,25]. The experimental equations for the
synergistic catalytic degradation of Fe and Ce are as follows:

≡ Fe2+ + H2O2 →≡ Fe3+ + ·OH + OH− (5)

≡ Fe3+ + H2O2 →≡ Fe2+ + ·OOH + H+ (6)

≡ Ce3+ + H2O2 →≡ Ce4+ + ·OH + OH− (7)

≡ Ce4+ + H2O2 →≡ Ce3+ + ·OOH + H+ (8)

≡ Ce4+ + ≡ Fe2+ →≡ Ce3+ + ≡ Fe3+ (9)

MB + ·OH→ CO2 + H2O + byproducts (10)

The standard oxidation reduction potential of Ce4+/Ce3+ and Fe3+/Fe2+ is 1.44 and
0.77 V, respectively. Therefore, the electron transfer from Fe2+ to Ce4+ is thermodynamically
advantageous. The generated Ce3+ can further react with H2O2 to generate ·OH. Therefore,
this reaction system can stably provide Fe2+ and Ce3+ for H2O2 decomposition, generating
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additional ·OH for methylene blue (MB) oxidation [26]. Synergistic catalysis involves two
metal ions and produces excess ·OH, which efficiently degrades pollutants.

In this study, we used activated carbon (AC) as a carrier and loaded it with Fe, Cu, Mn,
and Ce to prepare Fenton catalysts. Further, using MB as a model pollutant, we studied the
degradation performance of the Fenton catalysts, and expored their catalytic degradation
efficiency at different pH values, H2O2 concentrations, calcination temperatures, and metal
impregnation ratios to determine the optimal solution for the degradation of organic
pollutants (especially dyes) in water.

2. Results and Discussion
2.1. Catalyst Characterization
2.1.1. Thermal Analysis

The Fenton catalyst is obtained through impregnation and sintering treatments, there-
fore, studying the thermal behavior of the impregnated AC can guide the sintering process
conditions of the catalyst. Figure 1 shows the thermal gravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) curves of AC impregnation under nitrogen atmosphere
conditions at a heating rate of 10 ◦C per minute.
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Figure 1. TGA and DSC curves of the impregnated AC.

Before 250 ◦C on the TGA curve, there is approximately 15% weight loss, which could
be attributed to the loss of physically adsorbed water in the AC and crystalline water of
inorganic salts. In contrast to DSC, the endothermic peak at 105 ◦C is caused by the loss
of physically adsorbed water in the impregnated AC, while that at 241 ◦C is due to the
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decomposition of crystalline water and some inorganic salts in the impregnated AC. At
500, 600, and 700 ◦C, the weight loss of the impregnated AC is insignificant, indicating that
during the catalyst formation process, inorganic salts decomposed into oxides, and then
reduced to metals. Moreover, there was no significant weight change. However, there is a
significant weight loss at 800 and 900 ◦C, indicating that this process is accompanied by
the reduction of oxides to metals and the loss of AC to C, enhancing the metal reduction.
Between 900–1000 ◦C, there is a weight loss of about 2% in TGA, indicating that a large
amount of AC undergoes decomposition. Even with inert gas protection, the stability of AC
is challenged, causing a considerably high sintering stability at 1000 ◦C. Therefore, the TGA
and DSC analysis results indicated that the optimal sintering temperature for impregnating
AC should be between 800–900 ◦C.

2.1.2. Surface Morphology

Figure 2 shows SEM images of the AC before and after loading, whereas Figure 2A
shows the uneven surface of the unloaded AC with many pores. Figure 2B shows that
there are many particles of different shapes and sizes on the surface of AC after loading the
catalyst that was sintered at 900 ◦C. The particle size distribution of the spherical particles
was narrow, and the catalyst particles were embedded on the surface of the AC to form a
stable catalyst system.

Catalysts 2023, 13, x FOR PEER REVIEW  4  of  23 
 

 

during the catalyst formation process, inorganic salts decomposed into oxides, and then 

reduced to metals. Moreover, there was no significant weight change. However, there is a 

significant weight loss at 800 and 900 °C, indicating that this process is accompanied by 

the reduction of oxides to metals and the loss of AC to C, enhancing the metal reduction. 

Between 900–1000 °C, there is a weight loss of about 2% in TGA, indicating that a large 

amount of AC undergoes decomposition. Even with inert gas protection, the stability of 

AC is challenged, causing a considerably high sintering stability at 1000 °C. Therefore, the 

TGA and DSC analysis results indicated that the optimal sintering temperature for im-

pregnating AC should be between 800–900 °C. 

2.1.2. Surface Morphology 

Figure 2 shows SEM images of the AC before and after loading, whereas Figure 2A 

shows  the uneven surface of  the unloaded AC with many pores. Figure 2B shows  that 

there are many particles of different shapes and sizes on the surface of AC after loading 

the catalyst that was sintered at 900 °C. The particle size distribution of the spherical par-

ticles was narrow, and the catalyst particles were embedded on the surface of the AC to 

form a stable catalyst system. 

   

Figure 2. SEM diagram of the AC before (A) and after (B) catalyst loading. 

Figure 3 shows SEM images of the metal-salt-loaded AC at different sintering tem-

peratures. Two photos with different magnifications (1000 and 20,000) are provided for 

the samples prepared at each sintering temperature of 500, 600, 700, 800, 900, and 1000 °C. 

At 500 and 600 °C in Figure 3, the particles are relatively small with regular morphology. 

Large particles appeared at 700 °C sintering, within this temperature range, small particles 

of inorganic salts begin to decompose and aggregate into large particles. At 800 °C, after 

the decomposition of inorganic salt particles, they are further reduced to form spherical 

metal alloy particles, with a narrow particle size distribution of approximately 200 nm. 

The particle size obtained at 900 and 1000 °C was slightly larger than that at 800 °C. At 

1000 °C, the large spherical particles approximately 1 µm in size were formed. As the sin-

tering temperature increased, small particles gradually formed on the AC surface, and the 

particle size gradually increased. During sintering, the metal compounds gradually trans-

formed from an ionic state to a metallic state, and from small particles to large particles 

with increasing sintering temperatures. According to the chemical properties of metal ni-

trate compounds, transformation into oxidation state or metallic state occurs only above 

700 °C. However, as the sintering temperature increased further, the small particles grad-

ually melted into larger particles, as shown in Figure 3. 

A  B 

Figure 2. SEM diagram of the AC before (A) and after (B) catalyst loading.

Figure 3 shows SEM images of the metal-salt-loaded AC at different sintering tem-
peratures. Two photos with different magnifications (1000 and 20,000) are provided for
the samples prepared at each sintering temperature of 500, 600, 700, 800, 900, and 1000 ◦C.
At 500 and 600 ◦C in Figure 3, the particles are relatively small with regular morphology.
Large particles appeared at 700 ◦C sintering, within this temperature range, small particles
of inorganic salts begin to decompose and aggregate into large particles. At 800 ◦C, after
the decomposition of inorganic salt particles, they are further reduced to form spherical
metal alloy particles, with a narrow particle size distribution of approximately 200 nm. The
particle size obtained at 900 and 1000 ◦C was slightly larger than that at 800 ◦C. At 1000 ◦C,
the large spherical particles approximately 1 µm in size were formed. As the sintering
temperature increased, small particles gradually formed on the AC surface, and the particle
size gradually increased. During sintering, the metal compounds gradually transformed
from an ionic state to a metallic state, and from small particles to large particles with
increasing sintering temperatures. According to the chemical properties of metal nitrate
compounds, transformation into oxidation state or metallic state occurs only above 700 ◦C.
However, as the sintering temperature increased further, the small particles gradually
melted into larger particles, as shown in Figure 3.
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Figure 3. SEM diagram of the AC after loading at different sintering temperatures. (500, 600, 700, 800,
900, and 1000 ◦C).

2.1.3. Surface Element Composition

Figure 4 shows the SEM-EDS curves of the blank AC, impregnated AC, and the
catalysts prepared at the different sintering temperatures. Table 1 shows the average
weight content ratios of the selected elements of the catalyst after five tests of blank AC,
impregnated AC, and different sintering temperatures using SEM-EDS analysis, please also
check Supplementary Materials. The blank AC contained mainly C, a small amount of O,
and a large amount of impurity elements, such as Si, Al, S, Ca, Fe, etc. Iron salts and other
substances were impregnated onto the surface of AC, and as the sintering temperature
increased, the inorganic salts began to decompose. When the temperature reached 700 ◦C,
the peak of O element decreased, while that of C element increased, this indicated that
inorganic salts begin to transform into metal elements or alloys. At 800 and 900 ◦C, the
relative ratios of C and O elements hardly changed, and the relative contents of catalyst
elements Fe, Mn, Cu, and Ce remained unchanged. When the temperature reached 1000 ◦C,
the content of C element was higher, while that of Fe, Mn, Cu, and Ce elements, playing
a catalytic role decreased, this indicated that as the sintering temperature increased, the
catalyst particles may migrate towards the interior of AC. The SEM-EDS analysis results
indicate that the optimal sintering temperatures for the catalyst are 800 ◦C and 900 ◦C
based on the presence of elements.
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Figure 4. SEM-EDS analysis of blank AC, impregnated AC, and different sintering temperatures.

Table 1. Element content of blank AC, impregnated AC, and different sintering temperatures.

Sample
Element

C (wt%) O (wt%) Mn (wt%) Fe (wt%) Cu (wt%) Ce (wt%)

Blank AC 86.64 7.58 5.78
Impregnated AC 16.60 30.84 0.80 43.71 6.24 1.81
Sintering at 500 ◦C 17.80 20.60 0.89 44.81 14.10 1.80
Sintering at 600 ◦C 16.60 19.75 0.98 44.96 15.34 2.37
Sintering at 700 ◦C 40.27 4.03 0.93 37.68 14.29 2.80
Sintering at 800 ◦C 45.82 2.52 0.78 36.09 12.62 2.17
Sintering at 900 ◦C 49.12 2.06 0.69 35.03 11.28 1.82
Sintering at 1000 ◦C 53.14 2.02 0.56 32.53 10.11 1.64

Figure 5 shows the elemental surface distribution of the catalyst prepared at a calcina-
tion temperature of 900 ◦C through SEM-EDS. The surface elemental distribution showed
that all elements were almost evenly distributed on the surface of the catalyst, with only a
small amount of Fe and Cu exhibiting an aggregated state. A small amount of Mn exhibited
agglomeration, whereas Ce did not.

2.1.4. Catalyst Specific Surface Areas

The specific surface area of the catalyst is closely related to its catalytic activity.
Changes in the specific surface area and adsorption–desorption isotherms before and
after AC loading were studied experimentally. Figure 6 shows the adsorption–desorption
isotherm curves and related characteristics of the AC before and after catalyst loading.
The AC was soaked in solutions containing 0.45 mol/L Fe(NO3)3, 0.72 mol/L Cu(NO3)2,
0.16 mol/L Mn(NO3)2, and 0.11 mol/L Ce(NO3)3. The AC was then dried and sintered at
900 ◦C. The adsorption–desorption isotherms of the samples were similar to those of the
original AC, indicating that the catalyst preparation did not affect the AC structure.
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Table 2 lists the specific surface areas of the AC before and after loading. According to
the BET test results, the specific surface area increased slightly with the loading of metal
elements on the AC surface, indicating that the loading of metal elements had little effect
on the AC main structure. The specific surface area of the catalyst increased lightly after
the introduction of metallic particles because the specific surface area of the AC carrier was
already large.

Table 2. BET analysis results before and after catalyst loading of AC.

Sample SBET

AC without load 890.46 ± 4.45
AC after loading 899.26 ± 4.50

2.1.5. XRD of the Prepared Catalysts

The phases in the synthesized samples were analyzed using XRD with Cu Kα radiation
at a scan rate of 5◦/min in the 2θ range 3–90◦. The XRD patterns of the catalysts sintered
at different temperatures are shown in Figure 7. The XRD spectra show no obvious
diffraction peaks at 500 and 600 ◦C, indicating that at low temperatures the metal salt
particles impregnated onto the surface of AC are small. When the sintering temperature
reached 700 ◦C, a weak diffraction peak was observed in the XRD pattern, indicating the
formation of metal particles. The XRD diffraction peak gradually increased from 800 to
1000 ◦C. As the sintering temperature increased, the metal particle size increased and the
diffraction peaks of the metal crystal strengthened. However, larger particles were formed
after sintering at 1000 ◦C and the metal or oxide particles became excessively aggregated,
thus, the contact area between active sites and reaction solution was reduced, which caused
a decrease in catalytic activity. Qualitative analysis was conducted on the diffraction peaks
that appeared near 43.3◦, 50.4◦, and 74.6◦, consistent with the standard XRD diffraction
peaks of Fe–C (ICDD, 23-0298) and Cu (ICDD, 01-1241), indicating the presence of these
alloy or metal single-crystal structures in the catalyst.

During sintering, the addition of Fe and Cu was relatively high, and with increasing
sintering temperature, the corresponding alloys were formed. However, the addition of Mn
and Ce was lower, and the XRD pattern showed no obvious diffraction peaks, indicating
uniform dispersion of these elements without agglomeration. Therefore, based on the
XRD results, Fe, Cu, Mn, and Ce were stably loaded onto AC to form efficient and stable
catalysts, the calcination temperature should be between 800 and 900 ◦C.

2.1.6. XPS of the Prepared Catalysts

The XPS detection conditions include a spot size of 500 µm at Monochromated Al
Kα 150 W, with the survey energy of 200 eV and high resolution scans of 30 eV. Figure 8
shows the XPS spectra of the AC loaded Fe, Cu, Ce, and Mn catalysts after calcined at
900 ◦C. According to the analysis of the various element spectra, Fe exhibited two strong
absorption peaks at 706.7 and 719.9 eV, indicating the presence of Fe 2p3/2 and Fe 2p1/2,
and the absorption peaks correspond to Fe2+ and Fe3+ valences after the peak splitting
treatment at 709.6 and 710.8 eV. The peaks at 706.7 eV are clearly asymmetric, indicating
that Fe is transformed into its atomic state. The satellite peaks indicated that Fe was loaded
onto the AC surface in the Fe2O3 and Fe3O4 form. Cu exhibits two strong absorption peaks
at 932.6 and 952.2 eV, indicating the presence of Cu 2p3/2 and Cu 2p1/2. In addition,
other peaks at 932.6, 932.4, and 933.6 eV, indicated that Cu mainly existed in the form of
Cu0, Cu1+, and Cu2+, with a more intense peak at 932.6 eV compared to that at 933.6 eV,
indicating that most of Cu was atomized. The presence of Cu1+ at 932.4 eV promotes the
formation of hydroxyl radicals and improves the degradation efficiency. Similar to the
findings in reference [27–29], Cu1+ exhibits high chemical activity.
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ranging from 500 to 1000 ◦C).

In the 3d orbital spectrum of Ce, Ce 3d5/2 was located at 882, 884, and 916.7 eV,
corresponding to Ce4+, while Ce 3d3/2 was located at 902 eV, corresponding to Ce3+.
The Ce4+ and Ce3+ contents on the surface are similar to the peak areas, as Figure 8
shows. The presence of both ions was conducive to mutual conversion, thereby generating
more hydroxyl radicals on the catalyst surface and improving the catalytic degradation
performance. Two main peaks were observed in the Mn orbital spectrum, Mn 2p3/2 at
642.1 eV and Mn 2p1/2 at 653.7 eV. The binding energies of these two peaks corresponded
to Mn4+ and Mn3+ at 642.1 and 653.7 eV respectively, with a small absorption peak at
638.7 eV arising from atomic Mn (Figure 8). Mn2+ at 641.0 eV and Mn4+ at 641.6 eV
combined to form a broad peak area at 640–650 eV, indicating that the surface Mn was
mainly composed of Mn4+ and Mn2+. Thus, the surface contained mainly MnO2 and MnO,
accompanied by a small amount of Mn2O3.

Figure 9 shows the XPS profiles of the AC-supported catalysts calcined at different
temperatures. The ion binding energies of Fe, Cu, Ce, and Mn gradually decreased with
increasing calcination temperature, which is conducive to metal ion atomization. The
binding energy of Fe mainly arose from the Fe+3 and Fe+2 valence at 710.8 and 709.6 eV,
respectively. The binding energy corresponding to the wave peak in the XPS spectrum was
similar to that of atomic Fe at 706.7 eV with increasing calcination temperature, indicating
that the valence decreased to atomic Fe during high-temperature calcination. As the
calcination temperature increased, the binding energy of the Cu peak approached that
of the Cu atom at 932.6 eV. The binding energy of Ce in the XPS diagram shows little
change with increasing calcination temperature, remaining mostly in the +4 and +3 states,
indicating that Ce can be loaded onto the AC surface in the form of alloys containing other
metals [30]. The addition of Ce changed the material morphology, accelerated the electron
transfer in the reaction system, promoted the synergistic effect between Fe2+ and Ce4+, and



Catalysts 2023, 13, 1407 11 of 22

improved the catalytic activity [31]. The XPS spectrum of Mn did not show significant
changes with different calcination temperatures, and Mn existed i +4 and +2 valence states.
Mn2+ reacts with H2O2 to generate hydroxyl radicals, thereby improving the catalytic
efficiency. Mn doping also promotes the recombination of H2O2 and Ce sites on the catalyst
surface and can be used as a repository to receive and release electrons, thereby promoting
electron transfer between Ce and H2O2 [32]. However, the XPS absorption strength of each
metal decreases at sintering 1000 ◦C, owing to particle migration into the AC because of the
high temperature. XPS testing revealed that the sample penetrated to a depth of only 5 nm.
The catalyst particles migrated into inner AC or the agglomeration of metal compound
particles, and the test area contained fewer metal particles, hence the degradation efficiency
at 1000 ◦C decreased compared to that at 900 ◦C.
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2.2. Types of Impregnated Metals

When the sintering temperature of metal supported AC catalyst was 900 ◦C, the
degradation rate of a fixed amount of catalyst to a certain concentration of MB is used to
measure the catalytic efficiency. Figure 10 shows the MB degradation efficiency of different
types of metal-loaded AC catalysts (MB remove rate = (A0 − A)/A0, A0 is the absorbance
before irradiation, and A is the absorbance after irradiation). From the degradation curve
shown in Figure 10, the degradation rates of the catalysts for 10 mg/L MB in 5 mM H2O2
were as follows: AC-loaded Fe/Cu/Mn/Ce > AC-loaded Fe/Cu/Ce > AC-loaded Fe/Cu >
AC-loaded Fe > AC, indicating that Fe, Cu, Mn, and Ce have catalytic degradation activities.
however, the catalytic abilities of different metal catalysts differ, and the combination of
multiple metals produces a synergistic catalytic effect. Owing to the presence of a small
amount of impurity metals, such as Fe, in AC, pure AC also exhibited a certain degree
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of degradation, but with low efficiency. Efficient catalysts were prepared by loading the
mixed metals such as Fe, Cu, Mn and Ce.
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2.3. Impregnated Metal Ratio and Concentration
2.3.1. Effect of Fe and Cu on Catalyst Activity

Degradation experiments on the catalysts prepared with different ratios of Fe and Cu
are shown in Figure 11, and the corresponding Fe and Cu data are shown in Table 3. The
performances of the catalysts prepared with Fe: Cu ratios of 7, 8, and 9 (Figure 11) were
significantly higher than those of the other six groups. The times required for catalytic
degradation in the three high performing groups were similar, indicating that the Fe
ratio was the main factor controlling the catalyst performance. The catalytic performance
of group 7 was the best with impregnation solution conditions of 0.45 mol/L Fe3+ and
0.72 mol/L Cu2+. Table 3 lists the ion concentrations of the impregnation solutions with
different ratios of Fe and Cu in a 20 mL solution with 12 g of dried AC.
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2.3.2. Effect of Ce on Catalyst Activity

At preparation conditions of 0.45 mol/L Fe3+ and 0.72 mol/L Cu2+, the MB degra-
dation efficiency was tested further by adding Ce3+ of the same volume and different
concentrations (see Figure 12). With increasing Ce3+ concentration, the MB removal rate
gradually increased. At 0.11 mol/L Ce3+, the MB removal rate peaked and further increas-
ing the concentration had little effect on the removal rate. Therefore, the concentration of
0.11 mol/L Ce3+ was chosen as the optimal immersion concentration.
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Table 3. Ion concentrations of impregnation solutions with different ratios of Fe and Cu.

Project
Group

1 2 3 4 5 6 7 8 9

Fe3+(mol/L) 0.27 0.27 0.27 0.36 0.36 0.36 0.45 0.45 0.45
Cu2+(mol/L) 0.72 0.81 0.9 0.72 0.81 0.9 0.72 0.81 0.9
n(Fe): n(Cu) 6:16 3:9 6:20 8:16 8:18 4:10 5:8 10:18 10:20
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2.3.3. Effect of Mn on Catalyst Activity

With a starting solution of 0.45 mol/L Fe3+, 0.72 mol/L Cu2+, and 0.11 mol/L Ce3+,
the same volume of Mn2+ with different concentrations was tested to prepare the metal
supported AC catalyst and its MB removal rate studied. Figure 13 shows that the MB
removal rate gradually increased with increasing Mn2+ concentration. At 0.16 mol/L Mn2+,
the MB removal rate remained largely unchanged with further concentration increases.
Therefore, 0.16 mol/L Mn2+ was selected as the optimal immersion solution concentration.
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2.4. Effect of Solution pH on Catalytic Activity

Under solution conditions of 10 mg/L MB and 5 mM H2O2, 10 mL solutions with
different pH values were prepared and 0.1 g catalyst was added. The mixture was then
placed under a xenon lamp and the time required for complete degradation of MB was
recorded. Figure 14 shows the time required for the complete MB degradation at different
pH values. Lower pH values induced faster catalytic reaction rates and the catalytic activity
was very low at pH 6, consistent with a previous report [33].
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The catalyst (0.1 g) was placed in a 10 mL solution with different pH values. The
concentrations of Fe, Cu, Mn, and Ce dissolved from the catalyst in the solution were
measured by ICP-MS after immersion for 60 min. Figure 15 shows the concentration curves
of the metal ions dissolved by the catalyst at different pH values. A lower pH resulted in
higher metal ion dissolution rates, while a higher pH decreased the degradation ability.
Therefore, to balance the catalytic efficiency and stability, a pH of 5 is recommended.

2.5. Effect of Calcination Temperature on Catalyst Activity

The catalysts prepared at different calcination temperatures catalyzed the MB degra-
dation for 30 min, and the MB removal rate gradually increased with increasing calcination
temperature, as Figure 16 shows, The MB removal rate peaked, when the calcination
temperature was 900 ◦C, and decreased at 1000 ◦C. At low calcination temperatures, the
catalytic degradation efficiency decreases because the various metal salts impregnated
on the AC surface cannot be completely reduced to form a stable alloy or oxidation state.
In addition, the catalyst particles on the AC surface were not firmly bound, resulting in
poor stability and ineffectiveness during catalytic degradation. Aggregation of the active
components occurred at excessive sintering temperatures, decreasing the degradation
efficiency. Therefore, to ensure the structural stability and catalytic activity, the optimal
sintering temperature was determined to be between 800 and 900 ◦C.
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2.6. Effect of H2O2 Concentration on MB Degradation

H2O2 plays an important role in the Fenton catalytic degradation, and Figure 17 shows
the influence of its concentration on MB degradation. Concentrations ranging from 1 mM
to 20 mM were tested, and the degradation efficiency of the 5 mM H2O2 condition was the
highest. The difference between the 1 mM and 10 mM H2O2 conditions was insignificant,
however, the degradation efficiency decreased as the H2O2 concentration in the solution
increased. This is because as the H2O2 concentration increased, excess H2O2 combines with
·OH, resulting in a decrease in the active substances in solution and decreased degradation
efficiency. These findings were consistent with a previous report [7]. Therefore, 5 mM H2O2
was selected as the standard conditions for optimal degradation.



Catalysts 2023, 13, 1407 17 of 22
Catalysts 2023, 13, x FOR PEER REVIEW  18  of  23 
 

 

0 10 20 30 40 50 60

0

20

40

60

80

100

M
B

 r
em

ov
al

 r
at

e(
%

)

Time(min)

 0mM H2O2

 1mM H2O2

 5mM H2O2

 10mM H2O2

 15mM H2O2

 20mM H2O2

 

Figure 17. Effect of H2O2 concentration on MB degradation. 

2.7. Electron Paramagnetic Resonance Analysis 

Six sets of the EPR analysis experiments were compared to intuitively study the cat-

alytic degradation performance of  the catalyst and determine  the catalytic degradation 

mechanism of Fenton catalyst as Figure 18 shows. Figure 18A shows the production of 

free radicals with H2O2, without light and at different lighting times, with no free radical 

production without light. Figure 18B shows the free radical production of AC with H2O2 

and without different lighting times. AC could not be produced the free radical without 

light. Figure 18C and D show the free radical production of AC under calcination at 500 

°C and 900 °C without light and different lighting times, respectively. The loaded AC also 

produces a small amount of  free radicals without  light, but  the amount of  free radical 

production significantly  increased with an extension of  lighting  time. Figure 18E com-

pares the free radical production of H2O2, AC + H2O2, the impregnated AC sintering 500 

°C + H2O2, and 900 °C + H2O2 under the same lighting conditions. Although free radicals 

are produced, the signal of free radicals is constantly increasing, and those produced by 

the impregnated AC sintering 900 °C are significantly increased, indicating that the cata-

lytic activity of the impregnated AC sintering 900 °C is higher. Figure 18F shows the EPR 

plot obtained under no-light conditions. H2O2 and H2O2 + AC do not produce free radicals 

in the dark environment, whereas the sintered AC after loading can. However, the pro-

duction rate  is not high  indicating  that  the prepared catalyst has catalytic degradation 

ability, even in the dark environment, which is more conducive to the degradation of pol-

lutants. The  results  in Figure 18A–D show  that  the  signal  intensity of  free  radicals  in-

creases with the increase of illumination time, indicating that illumination is beneficial for 

the generation of free radicals, and that the signal intensity of free radicals generated by 

the catalyst after loading significantly increases. 
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2.7. Electron Paramagnetic Resonance Analysis

Six sets of the EPR analysis experiments were compared to intuitively study the
catalytic degradation performance of the catalyst and determine the catalytic degradation
mechanism of Fenton catalyst as Figure 18 shows. Figure 18A shows the production of
free radicals with H2O2, without light and at different lighting times, with no free radical
production without light. Figure 18B shows the free radical production of AC with H2O2
and without different lighting times. AC could not be produced the free radical without
light. Figure 18C,D show the free radical production of AC under calcination at 500 ◦C and
900 ◦C without light and different lighting times, respectively. The loaded AC also produces
a small amount of free radicals without light, but the amount of free radical production
significantly increased with an extension of lighting time. Figure 18E compares the free
radical production of H2O2, AC + H2O2, the impregnated AC sintering 500 ◦C + H2O2, and
900 ◦C + H2O2 under the same lighting conditions. Although free radicals are produced,
the signal of free radicals is constantly increasing, and those produced by the impregnated
AC sintering 900 ◦C are significantly increased, indicating that the catalytic activity of
the impregnated AC sintering 900 ◦C is higher. Figure 18F shows the EPR plot obtained
under no-light conditions. H2O2 and H2O2 + AC do not produce free radicals in the dark
environment, whereas the sintered AC after loading can. However, the production rate is
not high indicating that the prepared catalyst has catalytic degradation ability, even in the
dark environment, which is more conducive to the degradation of pollutants. The results
in Figure 18A–D show that the signal intensity of free radicals increases with the increase
of illumination time, indicating that illumination is beneficial for the generation of free
radicals, and that the signal intensity of free radicals generated by the catalyst after loading
significantly increases.
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Figure 18. EPR spectra of the samples at different conditions, Different lighting conditions in
the presence of H2O2 (A), H2O2 + AC (B), Impregnated AC sintering at 500 ◦C + H2O2 (C), and
Impregnated AC sintering at 500 ◦C + H2O2 (D); Impregnated AC sintering at 900 ◦C, impregnated
AC sintering at 500 ◦C, unload AC, and only H2O2 in the light (E) and dark environments (F).

2.8. Catalyst Stability

The repeated and efficient use of a catalyst is an important indicator of its stability.
After soaking the catalyst in at pH 5 solution system for 60 min, MB was degraded. Table 4
lists the relationship between the number of immersions and the MB degradation rate at
same conditons. The highest degradation efficiency was achieved after the first soaking
step, 97.93%. Although the degradation efficiency of MB decreased after each soaking cycle,
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it remained >90% after ten soaking cycles, indicating that the synthetic catalyst exhibited
good stability. The stability of the catalyst in water can also be inferred that the catalyst
particles may exist in the form of alloys or oxides. The high stability of this catalyst provides
foundation for its future industrial applications.

Table 4. Repetitive stability test of the prepared catalyst.

Soaking Times 1 2 3 4 5 6 7 8 9 10

MB removal rate (%) 97.93 95.03 94.15 93.62 93.31 92.97 92.56 92.07 91.43 90.89

3. Experimental
3.1. Reagents and Instruments

The compounds used for the catalyst synthesis and MB degradation were all analyti-
cally pure reagents, as listed in Table 5. The related instruments and equipment are listed
in Table 6.

Table 5. Main experimental reagents.

Compound Name Chemical Formula Manufacturer

Iron nitrate nine hydrate Fe(NO3)3·9H2O Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China

Cerium nitrates hexahydrate Ce(NO3)3·6H2O Shanghai Maclean’s Biochemical Technology Co., Ltd.,
Shanghai, China

Manganese nitrate tetrahydrate Mn(NO3)2·4H2O Shanghai Maclean’s Biochemical Technology Co., Ltd.
30% hydrogen peroxide H2O2 Shanghai Maclean’s Biochemical Technology Co., Ltd.
Methylene blue C16H18ClN3S·3H2O Fuchen (Tianjin) Chemical Reagent Co., Ltd., Tianjin, China
Cupric chloride dihydrate CuCl2·2H2O Fuchen (Tianjin) Chemical Reagent Co., Ltd.
Sodium hydroxide NaOH Beijing Chemical Factory Co., Ltd., Beijing, China
Concentrated nitric acid HNO3 Beijing Chemical Factory Co., Ltd.

Table 6. Main experimental instruments and equipment.

Experimental Instrument Name Instrument Model Producer

Electronic balance AL204 Mettler-Toledo International Trading (Shanghai) Co.,
Ltd. China

CNC ultrasonic cleaner KQ-400DB KunShan Ultrasonic Instruments Co., Ltd., Kunshan, China
1650 degree atmosphere tube furnace MR13 Beijing Huace Testing Instrument Co., Ltd., Beijing, China.
Electric blast constant temperature
drying oven 101-0B Shaoxing Yuanmore Machine and Electrical Equipment

Co., Ltd., China
Field emission scanning electron microscope JSM-7800F JEOL, Tokyo, Japan
Energy-dispersive spectroscopy annex QUANTAX 200 Bruber, Salbuluken, Germany
Specific surface area analyzer ASAP 2460 2.02 Micromeritics, Norcross, GA, USA
ICP-MS 7700 Agilent, Santa Clara, CA, USA
X-ray photoelectron spectrometer ESCALAB 250 ThermoFisher Scientific, Waltham, MA, USA

UV spectrophotometer L6S Shanghai Yidian Scientific Instrument Co., Ltd.,
Shanghai, China

X-ray diffractometer XRD-6000 Shimadzu, Kyoto, Japan
Simultaneous thermal analyzer TGA/DSC 3+ Mettler-Toledo, Zurich, Switzerland

3.2. Catalyst Preparation

Different masses of Fe(NO3)3·9H2O and Cu(NO3)2·3H2O were added to various vol-
umes of 0.5 mol/L Ce(NO3)3 and 0.7 mol/L Mn(NO3)2 solutions. Subsequently, deionized
water was added to prepare a 20 mL solution. Then, 12 g of the dried AC carrier was
added to the mixed solution, immersed in an ultrasonic bath for 30 min, and allowed to
stand overnight. The impregnated activated carbon was then filtered and baked in an
oven at 110 ◦C for 10 h until the moisture in the AC has completely evaporated. The dried
AC-loaded catalyst was placed in a tube furnace under nitrogen protection for different
sintering temperatures to obtain the catalysts loaded with Fe, Cu, Mn, and Ce.
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The scanning electron microscopy (SEM) was used to study the morphology of the
catalyst surface, the scanning electron microscopy—energy dispersive spectrum (SEM-EDS)
was used to study the elemental composition and distribution on the catalyst surface, the
X-ray diffraction (XRD) was used to study the crystallization status of the catalyst, the
X-ray photoelectron spectroscopy (XPS) was used to study the valence states of the catalyst
surface elements, and Brunauer-Emmett-Teller (BET) was used to study the specific surface
area of the catalyst.

3.3. Fenton Catalytic Experiment

0.1 g of catalyst is added to 10 mL of 10 mg/L MB solution with pH = 5, and 5 mM
H2O2. The catalytic reaction was performed under the irradiation of a 35 watts of xenon
lamp (note: xenon lamp is used to simulate the irradiation of sunlight), and then detected
the content of MB with a spectrophotometer to determine the degree of degradation.

4. Conclusions

With societal development, water pollution has become a critical problem and has
peaked the research interest on sewage treatment. While some of the proposed solutions
have high sewage treatment cost or difficult and complex catalyst preparation methods,
others have low reuse rates. However, the catalyst preparation method is simple and
reusable, has high catalytic efficiency, has a long service life, and is easy to implement for
industrial use.

The thermal weight loss of the AC impregnation at different sintering temperatures
was studied through TGA/DSC. At low sintering temperatures, the metal salts loaded onto
the AC did not fully decompose and could not form metals or alloy particles. However,
when the sintering temperature is excessive, the metal or alloy particles of the catalyst fuse
into large particles and the catalytic efficiency decreases. XRD, SEM and SEM-EDS analysis
showed that the catalyst particles on the AC were mostly alloys, laying the foundation for
multi-metal synergistic catalysis. We used XPS to study the activity of the catalyst based
on the electron binding energies of the atoms. The EPR analysis has shown that sufficient
light is the optimal solution for accelerating the Fenton catalytic degradation. The porous
structure of the AC was not affected by catalyst loading and the catalyst particles fully
utilized the large specific surface area of the AC carrier. The optimal impregnation solution
for preparation of the Fenton heterogeneous catalyst was as follows: 0.45 mol/L Fe3+,
0.72 mol/L Cu2+, 0.16 mol/L Mn2+, and 0.11 mol/L Ce3+. Optimal calcination conditions
were 800 or 900 ◦C for 1 h. The optimal degradation conditions for the catalyst were pH 5,
5 mM H2O2, and 10 g/L catalyst loading.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13111407/s1, SEM-EDS data: SEM-EDS after sintering
of loaded AC catalyst at 900 ◦C, and SEM-EDS analysis of blank AC.
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