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EFFECT OF TRACE SILICON ON THE PROPERTIES OF
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ABSTRACT. It is an important task for modifying heterogeneous Fenton
catalysts to effectively degrade organic pollutants in water. Most studies have
modified heterogeneous Fenton catalysts through addition of other metal active
species. Here, a series of Si-Fe/y-Al203 (X, X = Si/Fe mass ratio per gram of
support) catalysts were prepared via wet impregnation method, and the
characterization results show that the addition of trace Si (x < 0.10) facilitated
the dispersion of Fe species, thereby leading to an increase in the specific
surface area, average pore size and pore volume of the catalysts. At the
same time, trace Si addition can effectively improve the acid-base properties
of the catalyst surface. All these changes may be beneficial to the catalytic
degradation of the phenol simulated wastewater.

Keywords: heterogeneous Fenton catalyst, trace Si modification, highly
dispersed active components, acid-base properties of catalyst.

INTRODUCTION

In recent decades, the intensification of human activities has led to
the increase in the accumulation of organic pollutants in water bodies.
Organic pollutants in water are not only harmful to the health of humans and
aquatic organisms, but also pose significant environmental risks. These
organic pollutants must be treated before they are discharged into natural
water bodies [1-4].
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For treating organic wastewater, advanced oxidation processes
(AOPs) are considered a promising method because they can convert a
variety of organic pollutants into harmless or biodegradable substances [5-8].
In the AOPs, the Fenton reagent, which is composed of iron (or other transition
metals) ions and hydrogen peroxide (H207), has attracted a great deal of
researchers’ interest [6, 9-11]. The Fenton oxidation process involves the
activation of H,O by Fe?* to generate various reactive oxygen species, such
as hydroxyl radicals (*OH), hydrogen peroxide radicals (HO¢) (equations 1
and 2) [12-15].

S-Fe* + H;0, — S-Fe?" + HOpe + H* @)
S-Fe?" + H;0; + H* — S-Fe + H,0 + «OH )

where S represents the catalyst surface.

With a high redox potential of 2.8 V, the «OH can effectively degrade
most organic pollutants into small molecules (such as CO; and H,O) or
biodegradable compounds in a non-selective manner. The HO.¢ with a slightly
weaker oxidation ability (redox potential of 1.50 V) can also participate in the
degradation of pollutants (equations 3 and 4) [14].

*OH + organics — ...... — CO; + HO (3)
HO2* + organics — by products (4)

The degradation of organic wastewater using the Fenton reagent
includes the homogeneous Fenton process and the heterogeneous Fenton
process. Compared with the homogeneous Fenton process, the heterogeneous
Fenton process has attracted much attention because of its easy separation
of catalyst and avoiding secondary pollution to water bodies [11, 16-18].

Improving the activity of heterogeneous Fenton catalysts is a critical
technology in the field of organic wastewater degradation. In order to improve
the efficiency of heterogeneous Fenton catalysts, external energies such
as ultraviolet lights, ultrasonic waves and microwaves are often used in the
catalytic system. Although these methods effectively improve catalyst activity,
the high cost of external energy hinders the practical application of these
methods [19]. Therefore, fabricating a catalyst with higher activity that requires
no external energy supply is one of the goals of researchers devoted to
heterogeneous Fenton catalysts.

The modification of heterogeneous Fenton catalysts remains a key
focus in contemporary catalysis research. Dopants such as graphene, activated
carbon (AC), boron (B), nitrogen (N), sulfur (S), and phosphorus (P) can
effectively modulate electron transfer during the catalytic process, thereby
enhancing catalytic activity [20-22]. However, an undeniable fact is that the
highly dispersed active components can not only improve the microstructure
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of the catalyst, but also optimize its surface properties, thereby further enhancing
the catalyst activity. Thus, the development of catalysts with highly dispersed
active components is an important aspect of research on heterogeneous Fenton
catalytic system [19, 23, 24].

Currently, silicon (Si) has been employed in iron-based Fenton catalysts
primarily as a high-content support material (e.g., silica or mesoporous silica)
[25, 26] or a physical coating shell to suppress metal leaching [27-29], rather
than as a trace dopant for interface regulation. Recent studies involving Si-Fe
systems, such as Fe on silica support or core-shell structured SiO. coating,
focus on bulk structural effects rather than atomic-scale control of the
Fe—support interface [25-27, 29]. To date, no literature has documented the
influence of trace Si on the performance of Fe-based heterogeneous Fenton
catalysts (with Si/Fe mass ratio < 0.1) and the corresponding mechanism.

In this work, a series of Si-Fe/y-ALOs (X, x = Si/Fe mass ratio per gram
of support) catalysts were prepared and used for the degradation of phenol
simulated wastewater. The innovation of this study is reflected in the following
aspects: In the Si-Fe/y-Al,O3 (x < 0.10), the introduction of Si elements can
effectively enhance the dispersion of the active component Fe, increase the
specific surface area of the catalyst, optimize its pore structure, and regulate
the acid-base properties of the catalyst surface. Consequently, the catalytic
activity of the catalyst is significantly improved. The main objectives include:
(1) Structure, morphology and chemical properties of Si-Fe/y-Al,Os (X) catalysts
were analyzed by various characterization methods; (2) Catalytic activity of
Si-Fely-Al,O3 (X) catalysts for the degradation of phenol simulated wastewater
was investigated; (3) Hypothetical catalytic mechanism of Si-Fe/y-Al,O3 (X)
catalysts for the degradation of organic wastewater was deduced.

RESULTS AND DISCUSSION
Catalyst Characterization

The XRD patterns of the as prepared Si-Fe/y-Al,Os (x) catalysts are
presented in Figure 1a. For all the samples, there are no strong diffraction peaks
which indicate that the prepared catalysts show high dispersion states or
amorphous structure. However, there are clear diffraction peaks at 37.4°, 45.8°
and 67.3° which are assigned to the (311), (400) and (440) crystallographic
faces of y-Al,Os respectively [PDF no. 10-0425]. Meanwhile, for all the Si-Fe/y-
AlLO3 (X) samples, there are weak diffraction peaks (a and b peaks) at 33.2°,
35.6° which are assigned to the (104) and (110) crystallographic faces of a-
Fe,Os3 (PDF no. 33-0664).
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Figure 1. (a) XRD patterns of Si-Fe/y-Al203 (X) catalysts and
(b) Fe 2p XPS spectra of a Si-Fe/y-Al203 (x = 0.10) sample.

In order to further verify the valence state of Fe element in the
catalysts, XPS measurement is employed to determine the valence state of
Fe on the surface of the Si-Fe/y-Al,Os (x = 0.10) sample, and the results are
shown in Figure 1b. Two distinct peaks at binding energies of 711.1 eV for
Fe 2p3/2 and 724.4 eV for Fe 2p1/2 with a weak satellite peak at 718.8 eV
are observed, which further indicates that Fe in the Si-Fe/y-Al,Os (x = 0.10)
sample is mainly in the +3 valence [30, 31].

The crystallite size of a-Fe;Os in the Si-Fe/y-AlO3 (X) catalysts is
calculated using the Scherrer equation 5:

D = kN/Bcos6 )]

where D represents the crystallite size, k denotes the shape factor (taken as
0.89), A is the X ray wavelength (Cu Ka radiation, A = 0.1542 nm), B is the
full width at half maximum (FWHM) of the diffraction peak, and 8 corresponds
to the angular position of the peak maximum. The calculation is applied to
the (110) diffraction peak of a-Fe»Os, and the results are shown in Table 1.

Table 1. Crystallite size of a-Fe203 in the Si-Fe/y-Al203 (x) catalysts.

Catalyst FWHM crystallite size (nm)
Fely-Al203 (x = 0) 0.168 0.8581
Si-Fely-Alz03 (x = 0.05) 0.187 0.7709
Si-Fe/y-Al203 (x = 0.10) 0.273 0.5280
Si-Fely-Alz03 (x = 0.20) 0.148 0.9740

Table 1 shows that adding a small amount of Si doping to the Fe/y-
Al,O3 catalyst (x < 0.10) leads to a gradual reduction in the crystallite size of
a-Fe»03, which decreases from 0.8581 nm to 0.5280 nm. However, at x =
0.2, the a-Fe,Os crystallite size increases, reaching 0.9740 nm.
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N2 adsorption-desorption measurements are carried out to evaluate
the specific surface area (BET surface area) and pore size distribution of the
prepared catalysts. The BET surface areas of the Fe/y-Al,O3 (x = 0), Si-Fely-
AlLOs; (x = 0.05), Si-Fely-Al,03 (x = 0.10) and Si-Fe/y-Al,O3 (x = 0.20)
samples are determined to be 255.96, 249.72, 275.82, and 257.84 m2g?,
respectively (Table 2). It can be inferred that the addition of a small amount
of Si (x < 0.10) is conducive to the increase of specific surface area of the
Fel/y-Al,O3 catalyst, and the increase of the catalyst’s specific surface area
in a certain range is helpful to improve the catalyst's activity. It can also be
seen from Table 2 that the pore volume and average pore diameter of the Si-
Fel/y-Al,Os (x = 0.10) catalyst are larger than those of the other catalysts. The
larger pore volume and average pore diameter help to reduce the steric
hindrance in the reaction, thereby improving the catalyst’s activity.

Table 2. BET surface area, average pore diameters and pore volume
for the Si-Fe/y-Al203 (x) catalysts.

BET surface area verage pore diameter Pore volume

Catalyst (m2.g) (nm) (mL-g)
Si-Fe/y-Al203 (x = 0) 255.96 4.56 0.389
Si-Fely-Al203 (x=0.05) 249.72 4.60 0.375
Si-Fely-Al,0s (x=0.10) 275.82 4.68 0.391
Si-Fely-Al203 (x=0.20) 257.84 4.63 0.376

Figure 2 shows the N, adsorption-desorption isotherms of the Si-
Fel/y-Al,Os (x) catalysts as well as the corresponding pore size distribution.
All samples exhibit type IV adsorption-desorption isotherms, which indicates
the existence of mesopores in the catalysts (Figure 2a) [31]. Interestingly,
Figure 2b shows that the Si-Fe/y-Al20s; (x = 0.10) sample has a more
concentrated pore size distribution than the other samples, although this
catalyst has the largest specific surface area. It is reasonable to infer that the
Si-Fely-Al,Os (x = 0.10) catalyst with larger specific surface area, pore
volume and pore size has better catalytic activity than the other catalysts.

The surface morphology and the corresponding Fe dispersion of the
Si-Fely-Al,Os (X) catalyst samples were observed via SEM and EDS. As
shown in Figure 3, the surface morphology of the Fe/y-Al,O3 (x = 0) catalyst
was relatively smooth, and a few crystal particles were present on its surface.
With the increase of Si in the catalyst, more dispersed particles appeared on
the catalyst surface (x = 0.05 and 0.1). Meanwhile, the Si-Fe/y-Al,O3 (x = 0.1)
catalyst exhibited relatively uniform particle dispersion on its surface. While
the mass ratio of Sito Fe was 0.2 in the catalyst, the particles on the catalyst
surface began to grow larger. This phenomenon shows that the addition of a
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small amount of Si (x < 0.1) in the catalyst contributes to the dispersion of
particles on the catalyst surface. Notably, agglomeration of surface particles
occurs when the Si content exceeds 0.1. This observation correlates well
with the increase in crystallite size estimated by the Scherrer equation.
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Figure 2. (a) N2 adsorption-desorption curves and (b) pore diameter distribution
of the Si-Fe/y-Al203 (x) catalysts.

Figure 3. SEM images of Si-Fe/y-Al203 (x) catalysts and corresponding
Fe, Al, Si elemental mapping (left-right).

As can be seen in Figure 3 the Fe was increasingly evenly dispersed
on the catalyst surface with the increase of Si content (x < 0.1) in the catalyst.
The possible reasons for this phenomenon are as follows. When a certain
amount of TEOS is added to ferric nitrate solution, Si-OH compounds were
produced by hydrolysis to different degrees, the corresponding hydrolysis
reaction is presented in equation 6.
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Si(OC2H5)4 +4H,0 — SI(OH)4 + 4C>,HsOH (6)

The Si-OH in the resulting compound acts as a bridge, connecting the
Fe®" in the solution to the support. When the Si content is low (x = 0.05, 0.1), a
small amount of silicic acid preferentially reacts with the hydroxyl groups on
the surface of AIO(OH) to form a Si-O-Al interface bonding structure; at the
same time, silicic acid undergoes coordination interaction with Fe®*
stabilizing and anchoring the Fe ions on the surface of the support, which led
to a more uniform distribution of the active component Fe on the surface of
the support, as shown in reaction equations 7 and 8.

Si(OH)4 + Al-OH(surface) — Al-O-Si(OH)z + H,O 7)
Fe3* + Al-O-Si(OH)s = Al-O-Si(OH),-O-Fe?* + H* @)

When the Si content is high (x = 0.2), silicic acid formed by excessive
hydrolysis of TEOS undergoes intermolecular condensation on the Boehmite
support surface, producing a continuous amorphous SiO, coating. This
coating shields the hydroxyl groups on the support surface and weakens the
strong metal-support interaction between Fe and the support, further leading
to agglomeration of the active components on the catalyst surface, as shown
in reaction equation 9.

NSi(OH)s — (SiO2)n + 2nH20 (9)

As a result, Fe was more evenly distributed on the surface of Si-Fely-
Al,O3 (x = 0.10) catalyst. Xiao et al [32] found that the volume percentages
of blocky-shaped phases increased with increasing addition of Si (0.10 - 0.20
wt.% Si). This phenomenon is consistent with the results of this study.

Figure 4 shows a typical SEM image and EDS spectra of the Si-Fe/y-
AlOs3 (x = 0.10) catalyst sample in the specified region. The presence of C in
the EDS spectra is due to the addition of TEOS in the catalyst preparation,
and the peaks at 2.120 and 9.712 keV (Figure 4b) belong to Au, which is
mentioned in the “EXPERIMENTAL SECTION”. The corresponding
elemental compositions of the Si-Fe/y-Al,Os (x = 0.10) catalyst sample are
depicted in Table 3. It can be seen that the mass ratio of Si to Fe in the
specific portion of the catalyst is 1.25 : 12.40, which is approximately equal
to the theoretical value of 0.1. This phenomenon indicates that Si and Fe are
well distributed on the surface of the Si-Fe/y-Al.Os (x = 0.10) catalyst in the
specific portion; i.e., the active component Fe is fully exposed on the catalyst
surface, which is favorable to the catalytic reaction.
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Figure 4. SEM image (a) and EDS spectra (b) of Si-Fe/y-Al203 (x = 0.10) catalyst.

Table 3. Elemental composition of Si-Fe/y-Al203 (x = 0.10)
catalyst in the specified region.

Elements wt.%
C 14.88

(6] 37.92

Al 33.54

Si 1.25

Fe 12.40
Total 100.00

The acid-base properties of heterogeneous catalysts are an important
factor affecting the activity of catalysts [33]. Temperature programmed desorption
(TPD) is an important method to characterize the acid-base properties of
catalysts. CO.-TPD analyses of the Si-Fe/y-Al,Os (X) catalysts were determined,
and the results are shown in Figure 5. Accordingly, two peaks at 340 °C and
601 °C were observed in all samples, indicating the presence of two distinct
types of alkaline sites in the catalysts. It can be seen that the Si-Fe/y-Al;,O3
(x = 0) catalyst exhibits a relatively high content of both types of alkaline sites.
However, the introduction of a small amount of Si into the Fe/y-Al.O3 catalyst
(x = 0) resulted in a slight decrease in the content of these two alkaline sites
in the resulting catalyst.

Fe/y-ALOs
—— Si-Fe/p-ALO: (x = 0,05)
—— Si-Fefy-ALOs (x = 0.10)
—— Si-Fefy-ALOs (x = 0,20)

Intensity (a.u.)

T T T T T
200 300 400 500 600 F00
Temperature (OC)

Figure 5. CO2-TPD profiles of the Si-Fe/y-Al203 (X) catalysts.

178



EFFECT OF TRACE SILICON ON THE PROPERTIES OF IRON-BASED
HETEROGENEOUS FENTON CATALYSTS

The reasons for this phenomenon are as follows: For the Fe/y-Al,Os
catalyst, its basicity mainly originates from the interaction between
coordinatively unsaturated AP** on the catalyst surface and O?%, which gives
rise to alkaline sites (Al-O’). When a small amount of Si is introduced into the
catalyst, Si-O-Al bonds are formed on the surface, which directly consume
the Al-O" basic sites and generate Si-O-Al bridges, thus further reducing the
number of alkaline sites. The corresponding reaction is depicted in equation
10.

=Al-O + =Si-OH — =AI-O-Si= + OH" (10)

Catalytic Performance

Phenol, being a type of organic pollutant that is the hard to degrade, how
to completely decompose it into environmentally harmless small molecules has
become a focus of research [24, 31, 34-36]. At the same time, as an important
parameter to describe the content of organic pollutants in wastewater, Chemical
Oxygen Demand (COD) is used as a key index to evaluate water pollution in
many countries and regions. COD removal rate refers to the degree of oxidation
of organic pollutants in wastewater, or more specifically, the process by which
larger molecules are broken down into smaller fragments to the maximum extent
(i.e., mineralization into CO, and H;0) [24, 31, 35]. In this study, the COD
removal rate was used as an evaluation index for catalyst activity.

The catalytic activities of the Si-Fe/y-Al.Os (X) catalysts were evaluated
by the degradation of the 100 mgeL™* phenol simulated wastewater under the
optimal reaction conditions reported in our previous study [24]. Specifically,
the reaction temperature was 30 °C, the initial pH of the wastewater was 3.5,
the dosage of H,O, was 1.5 mL, and the reaction time was 60 minutes.

Figure 6 shows the effects of different Si-Fe/y-Al,O3 (X) catalysts on
the COD removal rate of phenol simulated wastewater. It is observed that
the COD removal rate of the phenol simulated wastewater was
approximately 66% when the Fe/y-Al,O3 (x = 0) catalyst was used. With the
increase in Si content in the Si-Fe/y-Al,O3 (x < 0.1) catalyst, the COD removal
rate of the phenol simulated wastewater increased. For the Si-Fe/y-Al,Os (X
= 0.10) catalyst, the highest COD removal rate (83%) was achieved under
the given reaction conditions. Subsequently, with the further increase in Si
content in the catalysts, the catalytic degradation for phenol simulated
wastewater decreased. The possible reasons for this phenomenon are
discussed in the “Catalytic Mechanism” section of this study.

Figure 6 demonstrates that the Si-Fe/y-Al:Os; (x = 0.1) catalyst
exhibits outstanding catalytic activity, and characterization of its physical and
chemical properties further confirms its excellent intrinsic structural stability.
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Figure 6. Influence of different catalysts on COD removal rate of phenol simulation
wastewater. (1) Fely-Alz203 (x = 0); (2) Si-Fely-Alz03 (x = 0.05);
(3) Si-Fely-Alz03 (x = 0.10); (4) Si-Fely-Al203 (x = 0.20).

XRD results reveal a well-defined y-Al.O3 crystal phase, indicating that trace
Si doping does not damage the support lattice structure. SEM-EDS
elemental mapping further verifies the uniform distribution of Fe elements
within the catalyst. Additionally, BET results show that trace Si modification
optimizes the catalyst's pore structure (including specific surface area, pore
volume, and average pore size) while preserving good structural integrity.
This intrinsic structural stability, attributed to trace Si doping, is a key
advantage that facilitates maintaining the catalyst's structural and catalytic
performance during the reaction process.

Catalytic Mechanism

To explore the correlation between the catalytic activity of catalysts
in degrading the phenol simulated wastewater and their characterization
results, this paper proposes a hypothetical catalytic reaction mechanism. In
this study, the addition of the trace Si element during the catalyst preparation
process may affect not only the physical properties of the prepared catalysts
but also their chemical properties.

The following is a hypothetical catalytic reaction mechanism proposed
based on the changes in physicochemical properties and reaction behaviors
observed over Si-Fe/y-Al,O; (x) catalysts with the introduction of trace Si.
The proposed mechanism is based on existing literature and has not yet
been verified by direct experimental evidence such as radical scavenging
experiments in this study.
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On the one hand, the physical properties of catalysts may affect their
catalytic activity. According to the XRD and XPS characterization results of
the Si-Fely-Al,O3 (X) catalysts, the Fe element in the catalysts exists in the
form of a-Fe»O3. Meanwhile, the XRD, SEM, and EDS results showed that
the addition of a small amount of Si in Si-Fe/y-Al,O3; (X) promoted the
distribution of Fe species, which further led to changes in the specific surface
area, average pore size and pore volume of the catalysts (as shown by the
N, adsorption-desorption results). These changes may be conducive to the
catalytic degradation of phenol simulated wastewater. Firstly, the highly
dispersed active component Fe in the catalyst is more favorable to react with
H20- in the reaction system to produce highly oxidizing «OH (equations 1 and
2), thereby further promoting the degradation of phenol (equation 3).
Secondly, the increase in the specific surface area of the catalyst expands
the reaction region, thereby improving the phenol degradation efficiency.
Thirdly, the increase in pore volume reduces reaction hindrance, which
further enhances the degradation efficiency of phenol simulated wastewater.
The effect of adding a trace amount of Si (x < 0.10) on the physical properties
of the catalyst, as well as the subsequently inferred influence on its catalytic
activity, are illustrated in Scheme 1.
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Scheme 1. The influence of trace Si doping on the physical properties and phenol
wastewater degradation performance of the Si-Fe/y-Al203 (x < 0.10) catalyst.

On the other hand, the chemical properties of catalysts may also

influence their catalytic activity. In heterogeneous catalytic reactions, the
adsorption of reactants on the catalyst surface is generally considered to be
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the first step of heterogeneous catalysis [37, 38]. A non-linear relationship
may exist between the number of alkaline sites on the catalyst surface and
the catalytic activity, and surface alkaline sites may play a key role in
balancing these factors. For instance, an excessive number of alkaline sites
inhibit the Fe3*/Fe?" redox cycle in the Fenton reaction (which generates
highly oxidative *OH, as shown in equations 1 and 2). Conversely, an insufficient
number of alkaline sites will decrease the adsorption capacity toward phenolic
pollutants, since phenolic compounds in wastewater are acidic. The competitive
balance between these two effects may jointly determine the degradation
efficiency.

Overall, the number of alkaline sites in the Si-Fe/y-Al,Oz (x) catalysts
may affect the COD removal rate of phenolic wastewater by regulating two
key aspects: pollutant adsorption capacity and active species (*OH) generation
efficiency. Only when the number of alkaline sites is within a suitable range
can the synergistic effect between adsorption and the generation of *OH to
achieve the optimal COD removal performance; otherwise, a decline in COD
removal rate will occur.

It is speculated that the Si-Fe/y-Al:Os; (x = 0.1) catalyst has an
appropriate number of surface alkaline sites, which not only allows efficient
adsorption of phenolic pollutants but also promotes the generation of strong
oxidizing species such as *OH (equations 1 and 2), thus achieving the
highest COD removal rate. In this study, Scheme 2 illustrates the effect of
the number of alkaline sites on the degradation performance of Si-Fe/y-Al,O;
(x) catalysts for phenol simulated wastewater.
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Scheme 2. Effect of surface alkaline sites of the Si-Fe/y-Al203 (x) catalysts on
degradation performance of phenol simulated wastewater.
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The limitations of this study are as follows: it only focused on the influence
of trace Si elements on the activity of iron-based catalysts. Specifically, the
addition of trace Si elements in the catalyst was found to significantly enhance its
catalytic activity. However, the changes in the service life of the catalyst before
and after modification and the influencing factors still remain to be further
explored. Meanwhile, the impact of Si on other active components (such as
copper, manganese, etc.) also needs in-depth investigation, which will be one of
the key focuses of subsequent research.

Looking ahead, this research not only offers a feasible strategy for
the preparation of catalysts with highly dispersed active components, but
also establishes a theoretical basis for the efficient application of such
catalysts in the degradation of organic wastewater.

CONCLUSIONS

In the Si-Fely-Al,Os (X) catalysts prepared by the impregnation
method, the mass ratio of Si to Fe enables us to gain a deep understanding
of the influence of trace Si on the physical and chemical properties of the
catalysts, and subsequently on the catalyst's activity in degrading phenolic
wastewater. When a small amount of Si is added to a Fe/y-Al,O; catalyst,
the dispersion of the active component Fe on the catalyst surface is enhanced,
and the specific surface area, average pore size, and pore volume of the Si-
Fel/y-Al,Os catalysts (x < 0.1) increase. Meanwhile, the introduction of a small
amount of Si can also improve the alkaline sites on the catalyst surface,
which is beneficial for enhancing the catalytic activity. As a result, the Si-
Fely-Al,O3 (x = 0.1) catalyst demonstrated outstanding catalytic activity in the
degradation of phenolic wastewater. Under the given conditions, the COD
removal rate of the phenolic wastewater by this catalyst reached 83%, which
was superior to the activity of other catalysts. This study proposes a novel
and effective strategy for preparing heterogeneous catalysts with highly
dispersed active components, and also enables the improvement of the
surface acid-base properties of such catalysts.

EXPERIMENTAL SECTION
Materials And Reagents
Analytical grade ferric nitrate (Fe(NOs):*9H,0), analytical grade phenal,

sulfuric acid (H2SO.), potassium dichromate (K>Cr.Oy), silver sulfate (Ag2SO.),
hydrogen peroxide (H-O2, 30%), and tetraethyl orthosilicate (Si(OCzHs)a, TEOS,
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>99%) were purchased from Sinopharm Chemical Reagent Co., Ltd. Analytical
grade Boehmite was provided by Zibo Henggi Powdered Advanced Material Co.,
Ltd, China. Above reagents were used as received without further purification.

Catalyst Preparation

A series of Si-Fely-Al.O3 (X) catalysts were prepared by an impregnation
method, where x represents the mass ratio of Sito Fe per gram of support.

First, an impregnation solution was prepared. 14.4284 g of
Fe(NO3)3#9H.0 was dissolved in 16 mL of deionized water under stirring until
completely dissolved, and the resulting solution was equally divided into four
portions. Then, 0, 0.2019, 0.4038, and 0.8076 mL of TEOS solution were
added to these four solutions, respectively.

Next, 5.0 g of Boehmite with a particle size of 0.250-0.425 mm
(40 - 60 mesh) was added into each solution, and the mixtures were stirred
continuously at room temperature for 12 h.

Subsequently, the mixtures were dried in a constant temperature
drying oven at 120 °C. The dried samples were transferred to a crucible and
calcined in a Muffle oven at 500 °C for 4 h.

After cooling naturally to room temperature, in this paper, the final
catalyst is labeled as Si-Fe/y-Al.Os; (x), where x = 0, 0.05, 0.1, and 0.2,
corresponding to the theoretical mass ratio of Si to Fe. The theoretical Fe
content of all catalysts is 0.1 grams of Fe per gram of support.

Catalyst Characterization

Powder X-ray diffraction (XRD) patterns were collected on a Rigaku
D/max-RA X-ray diffractometer with Cu Ka radiation, operating at a respective
voltage of 40 kV and current of 40 mA. Diffractograms were recorded in the
26 range of 20—80°.

X-ray photoelectron spectroscopy (XPS) data were collected on a
Thermo Scientific K-Alpha instrument using monochromic Al Ka radiation.
The binding energies were referenced to the C 1s line at 284.8 eV from
adventitious carbon.

The surface area and the porous structure were characterized by N»-
physisorption at 77 K using a Micromeritics Tristar 1l 3020 surface analyzer.
Prior to measurement, samples were degassed at 350 °C for 4 h. Specific
surface areas were calculated using the Brunauer-Emmett-Teller (BET)
equation at P/Po < 0.3. Pore size distributions were determined from the
desorption branch of the N, adsorption isotherm using the Barrett-Joyner-
Halenda (BJH) method.
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The morphology and microstructure of the as-prepared catalysts
were observed using a Zeiss Supra 40 scanning electron microscope (SEM,
Germany). Prior to imaging, the samples were sprayed with gold to enhance
conductivity, and then were examined under high vacuum at an accelerating
voltage of 20 kV. Chemical composition and semi-quantitative elemental
analysis were performed simultaneously using an Oxford Instruments X-Max
energy dispersive spectrometer (EDS).

Carbon dioxide temperature programmed desorption (CO.-TPD) was
carried out on a laboratory-made apparatus to investigate the surface acid-
base properties of Si-Fe/y-Al,O3 (x) catalysts. 50 mg of sample were loaded
in a quartz tubular reactor (i.d.: 6 mm) prior to the measurement, and then
they were heated to 500 °C at the rate of 10 °C/min under a He flow, followed
by being maintained at 500 °C for 1 h. After natural cooling to room
temperature, pulse CO; gas into the catalyst until adsorption saturation. The
physically adsorbed CO, was removed under a He flow at 100 °C for 1 h.
Then, the sample was heated to 800 °C at a rate of 10 °C/min. The desorbed
CO; was analyzed by an online gas chromatograph with a TCD detector.

Catalytic Activity Measurements

The catalytic activities of Si-Fe/y-Al,Os (xX) samples were evaluated
by the degradation of phenol simulated wastewater. The optimum experimental
conditions were employed according to our previous work [24]. The catalytic
degradation of phenol simulated wastewater was tested in a 150 mL three
necked glass flasks at 30 °C. Firstly, the initial pH of phenol simulated
wastewater with a concentration of 100 mgeL* was adjusted to 3.5 with a
dilute H,SO, solution, and its corresponding COD was about 238 mgeL™.
Then, 50 mL phenol simulated wastewater, 150 mg catalyst, and 1.5 mL 30%
(wt.%) aqueous H20; solution were added to a three necked glass flask, and
the mixture was stirred constantly to ensure good dispersion of the catalyst
in the reaction system at 30 °C. After a 60 min reaction, a 20 mL sample was
extracted from the reaction system to determine its COD value, which was
measured by the standard Cr.07%/Cr3* method.

For each COD value, parallel experiments were conducted under
identical experimental conditions, with a minimum of three repetitions. After
the experiments are completed, the average value of the results from each
experimental group shall be used as the final data.

The COD removal rate of the wastewater was calculated using
equation 11:

COD removal rate (%) = (CODg-CODA)/CODg x100 (11)
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In the above equation, CODg denotes the initial COD value of the
wastewater, while CODa represents its COD value after degradation.
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