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Abstract: Red mud was modified by impregnation with Co element loading. The Co-RM catalyst
was characterized using scanning electron microscopy (SEM), X-ray powder diffraction (XRD), X-ray
fluorescence (XRF), and UV full-band scanning. The results showed that the modified Co-RM
catalyst successfully loaded the Co element and formed an irregular pore structure on the surface,
thereby increasing the number of active sites of the red mud catalyst and effectively improving
the degradation efficiency of tetracycline. Under the optimal conditions of a catalyst dosage of
0.3 g/L, a persulfate dosage of 3 g/L, a reaction temperature of 50 °C, and a pH value of 7, a removal
rate of 50 mg/L of tetracycline can be achieved: 89.5% after 90 min. The effects of common anions
and humic acids in water, as well as radical quenchers (anhydrous ethanol and tert-butanol), on the
degradation of tetracycline were investigated. The results showed that C1-, CO32~, HCO3 ~, H,PO, ~,
NO;2—, HPO42~, and humic acids showed inhibitory effects on the degradation of tetracycline, while
5042~ showed a promoting effect on the degradation of tetracycline. The free radical quenching
experiment showed that the most important free radicals that can degrade tetracycline in the system
are sulfate radicals.
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1. Introduction

Emerging pollutants (EPs) are newly discovered pollutants or pollutants of concern
caused by human activities that pose a threat to the environment or human health, but for
which other environmental regulations do not yet apply [1]. Due to the high biological
activity and difficult degradation properties of new pollutants, they continue to accumulate
in aquatic ecosystems, continue to have toxic effects on aquatic organisms, and ultimately
endanger human health and the ecological balance. The new pollutants mainly include
medicines and personal care products, antibiotic resistance genes, endocrine disruptors,
disinfection byproducts, etc. Antibiotics, one of the four typical new pollutants, have been
frequently detected in various water bodies in recent years. Tetracycline antibiotics are
widely used in various fields such as human medicine, veterinary medicine, and prevention
and control of animal and plant diseases [2]. However, due to the certain biological activity
of tetracycline, there is a risk of harm to the environment. Tetracycline antibiotics can cause
harmful effects such as inhibiting microbial activity, hindering microbial photosynthesis,
disrupting the balance of the enzyme system, and inhibiting microbial growth [3].Therefore,
it is particularly important to develop an effective method to remove new pollutants such
as tetracycline from the environment.

Currently, the main methods for treating tetracycline antibiotic wastewater are physi-
cal methods, biological methods, and advanced oxidation technologies [4]. The physical
methods mainly include adsorption, hydrolysis, and photolysis [5]. The physical adsorp-
tion method is an efficient and economical water treatment technology, but it only serves
as a concentration and enrichment method for tetracycline and does not achieve real con-
version and degradation. The biological treatment methods of tetracycline mainly include
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the activated sludge method and membrane bioreactor method [6]. Due to the inherent
biological toxicity and extremely low bioavailability of antibiotic molecules, it is difficult to
effectively apply the biological treatment method. The efficiency of the biological treatment
is not good, and more sludge was generated, resulting in secondary pollution and other
problems. The chemical oxidation method is considered an effective method for treating
tetracycline antibiotic wastewater due to its ability to completely oxidize and degrade
antibiotics. Advanced oxidation technology based on free radical reactions is an effective
means of removing organic matter. Common advanced oxidation technologies include
photochemical oxidation, ozone oxidation, ultrasonic oxidation, Fenton and Fenton-like
reactions [7]. They are characterized by the production of hydroxyl radicals (OH-), but their
removal effect compared to tetracycline antibiotics is average. In recent years, advanced
persulfate-based oxidation technologies have been widely used to treat difficult-to-degrade
pollutants due to their low cost, easy operation, and easy control [8]. Persulfate oxidation
as a new method for removing refractory organic pollutants has received considerable at-
tention. Peroxydisulfate (PDS) is a commonly used substrate in the catalytic process, which
can be activated by activation methods such as heat, alkali [9], ultraviolet radiation [10],
and metals to produce various active species. Meanwhile, PDS has high solubility and
stability in water, which is advantageous for its application in the treatment of soil and
groundwater pollution.

Although advanced oxidation technology has good new pollutant removal efficiency,
there are still some difficulties and challenges in advanced oxidation technology. Catalysts
for the catalytic activation of persulfate systems have problems such as expensive raw
materials, poor recyclability, and poor treatment efficiency. In recent years, there has been a
lot of research on red mud as a functional environmental material. The main components
of red mud are metal oxides, including elements such as iron, silicon, aluminum, calcium,
and titanium [11]. These metal oxides are common active components of catalytically
activated persulfate systems. The red mud particles themselves are generally small and
have a large specific surface area. After physical and chemical treatment, red mud can be
used in environmental protection areas such as wastewater, exhaust gas treatment, and soil
maintenance [12]. However, the current treatment methods for abandoned red mud mainly
involve open-field filling or the construction of dams, which has long resulted in the waste
of land resources and serious environmental pollution [13]. Moreover, the elements leaching
from red mud may induce toxicity in human cells. Therefore, the application of red mud in
the field of catalytic persulfate oxidation has broad developmental prospects. Currently,
studies have reported the successful activation of peroxides with transition metal-loaded
red mud, but research on the activation of persulfates by red mud is still insufficient.

In this study, we modified red mud with cobalt (Co-RM) as a catalyst and studied
its degradation capability of tetracycline in an activated persulfate system. To investigate
the optimal removal conditions of tetracycline in the Co-RM/PDS system, the preparation
of the Co-RM catalysts was optimized. The effects of PDS dosage, catalyst dosage, initial
concentration, temperature, pH, and coexisting ions on the removal rate of tetracycline in
the Co-RM/PDS system were studied. The prepared catalyst was subjected to characteriza-
tion analysis and the main active species of the reaction system were examined by radical
quenching experiments. The aim of this study is to achieve solid waste resource utilization,
and the result of which can provide certain theoretical foundations and technical support
for the degradation of tetracycline in the Co-RM/PDS system.

2. Results and Discussion
2.1. Optimization of Co-RM Catalyst Preparation Conditions

We first investigated the preparation process of the red mud-based catalyst, which
included the choice of transition metal, the acidification, and the concentration of the
transition medal. By loading RM with three different metals, Co, Cu, and Zn, the effects of
pristine red mud and catalysts loaded with different types of metals on the removal rate
of tetracycline were investigated. As shown in Figure 1a, the removal rate of tetracycline
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was similar between the Co-RM/PDS system and the Cu-RM/PDS system with a reaction
time of 0-75 min. At a reaction time of 90 min, the removal rates of tetracycline in the
Co-RM/PDS system and the Cu-RM/PDS system were 88.3% and 86.6%, respectively,
indicating that the Co-RM catalyst has a better effect on activating PDS for the removal
of tetracycline. The reason for this phenomenon could be the continuous self-cycling of
Co?* during the catalytic reaction process, which completes the activation of persulfate [14].
Therefore, among the RM catalysts prepared by the loading of transition metal elements,
the effect of activating PDS with red mud loaded with cobalt is the best. Therefore, the
Co-RM catalyst was selected to activate PDS to remove tetracycline.
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Figure 1. Optimization of Co-RM catalyst preparation conditions. (a) Effects of different supported
metal types on catalytic performance. (b) Effect of supported metal acidification on catalytic perfor-
mance. (c) Effect of metal loading on catalytic performance.

Figure 1b shows that the removal rate of tetracycline in the Zn-RM/PDS system is
only 64% for a 90 min reaction using the acidified Zn-RM catalyst, which is lower than
the removal rate of tetracycline in the RM/PDS system. When using the Co-RM catalyst,
the removal rate of tetracycline in the Co-RM/PDS system was 83% and the removal
rate of tetracycline in the Cu-RM/PDS system was 80%, both of which were higher than
the tetracycline removal rate of the RM/PDS system. As shown in the Figure 1b, the
removal rate of tetracycline in the catalyst-activated PDS system prepared by acidification
is lower than that of the non-acidified catalyst-activated PDS system, which means that the
acidification of RM-loaded metal has an inhibitory effect on the degradation of tetracycline.
The possible reason for this phenomenon is that the acidified RM catalyst has difficulty in
activating PDS for the generation of the reactive oxygen species and non-radical species [15].
At the same time, the acidification modification reduces the pH of the catalyst so that it can
no longer react at the optimal pH, thereby reducing the removal rate of tetracycline.

The cobalt nitrate concentration is an important parameter for modulating the degra-
dation. As shown in Figure 1c, the Co-RM/PDS system significantly improves the removal
rate of tetracycline with an increasing Co concentration. At a cobalt nitrate concentration
of 0.1 mol/L, the Co-RM/PDS system achieved a tetracycline removal rate of 90.1%. As
the reaction time increased, the removal rate of tetracycline for the Co-RM/PDS system
further increased. When the Co concentration in the solution decreased to 0.035 mol/L,
the removal effect of tetracycline in the Co-RM/PDS system was similar to that of the Co
concentration of 0.1 mol/L. Therefore, a Co concentration of 0.035 mol/L is chosen as the
optimal concentration. As the concentration of Co increases, the amount of Co element
and its oxide components loaded on the surface of the red mud gradually increases [16],
and the available amount of the Co element and its oxides on the surface of the red mud
increases, which can provide more active sites for the catalytic degradation of tetracycline
by the Co-RM catalyst.

2.2. Characterization of Co-RM Catalysts

When looking at the scanning electron microscopy images of red mud, it can be found
that the shape of the red mud particles is mainly rthombohedral. Particles of different
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sizes and shapes aggregate to form a porous structure with narrow pores. Transition
metal loading and calcination treatment changed the morphology of the red mud, which
resulted in the formation of irregular pore-like structures on the surface of the red mud,
increased the specific surface area of the red mud, and further increased the number of
active red mud sites. After use, the porous structure of the red mud was damaged to a
certain extent, indicating the participation of the Co-RM catalyst during the degradation of
tetracycline [17].

As shown in Figure 2d, the main components of the red mud sample are Fe;O3, SiO,,
and alumina. The most characteristic peak among the three samples is Fe,O3 (JCPDS
No. 86-055), which appears at 33.1° and 35.6°. The influence of the loading and calcination
process on the crystal structure of the red mud is not significant, and the diffraction peaks
observed in the three samples are basically the same. In addition to the widely used Fe;O3,
there are also S5iO,, TiO;, and Al,O3. Comparing the XRD patterns in the graph, it can be
found that the diffraction peak of TiO, before and after use disappears in the loaded red
mud and does not appear in the Co-RM patterns before and after use. The loaded cobalt red
mud prepared in this experiment did not show any cobalt-related crystal phases in the XRD
spectra before and after use. The possible reason for this could be that the intensity of the
diffraction peak of Co,O3 or Co3Oy is very low, and the peak is very broad, which makes
it difficult to observe in the XRD spectra. The above results indicate that the crystallinity
of cobalt on the surface of the red mud is relatively low and the average particle size is
smaller. At the same time, it indicates that cobalt is more evenly distributed on the surface
of the red mud, which could enhance its catalytic effect.
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Figure 2. Scanning electron microscopy of the original red mud and Co-loaded red mud before and
after use (a) original red mud (b) Co-RM before use (c) Co-RM after use. (d) XRD patterns of RM
before and after using Co-RM, Original RM, Co RM, and Co RM after utilization of RM.
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The main oxide composition of the Co-RM phase before and after use was analyzed
using an X-ray fluorescence spectrometer (XRF) as shown in Table 1. The original RM
is mainly composed of Al,O3, SiO,, Fe;Os, and TiO; before and after use, with Al,O3
having the highest content. The cobalt-loaded red mud before and after use contains 7.278%
and 6.171% Co,03, respectively, while the original red mud does not contain Co,0Oj3 in its
composition, indicating that the Co element was successfully loaded onto the original RM.
After 90 min of reaction time, the percentage of Co,Oj3 in the Co-RM component decreased
by 1.107%, indicating that Co,O3 was involved in the activated persulfate degradation
reaction of tetracycline in the system.

Table 1. Bulk chemical composition of the original RM, Co-RM before use, and Co-RM after use (%).

Oxide Original RM Co RM before Use Co RM after Use
Al,O5 39.266 41.371 36.075

Si0, 17.019 17.264 16.873

Fe, O3 13.402 15.337 12.661
Co,03 0 7.278 6.171

TiO, 5.537 6.034 5.033

2.3. Optimization of Operating Conditions for Degradation of Tetracycline by Co-RM/PDS

We optimized the experimental conditions for the degradation of tetracycline using
the Co-RM/PDS system. From Figure 3a, it can be seen that at a PDS dosage of 2 g/L to
5 g/L, the removal rate of tetracycline in the Co-RM/PDS system is positively correlated
with the PDS dosage. When the reaction time was between 75 and 90 min, and the PDS
dose was increased from 2 g/L to 3 g/L, the removal rate of tetracycline in the Co-RM/PDS
system increased by 5.6%. With a reaction time of 90 min, the removal rate of tetracycline
in the Co-RM/PDS system was 87.6% at a PDS dosage of 3 g/L. As the PDS dose further
increased to 4 g/L and 5 g/L, the efficiency of tetracycline removal in the Co-RM/PDS
system decreased by 4.6% and 0.7%, respectively. The reason for this phenomenon could
be that the Co-RM/PDS system generates more active radicals such as SO~ -, -:OH, etc.,
with an increasing PDS dosage. These active radicals promote the removal of tetracycline,
thereby improving the removal rate of tetracycline. As the PDS dosage is increased, the
active free radicals generated by the Co-RM catalyst in the solution increase and quenching
reactions occur between the generated free radicals, resulting in some PDS being consumed,
but no effective free radicals are generated, thereby reducing the active free radical removal
rate of tetracycline in the Co-RM/PDS system.

In Figure 3b, it can be seen that the Co-RM/PDS system has the highest removal rate
of tetracycline after a 60 min reaction time at a Co-RM catalyst dosage of 0.3 g/L. As the
reaction progresses, the tetracycline removal rate reaches 89.5% after 90 min. When the
dosage of Co-RM catalyst was 0.2 g/L, 0.3 g/L, and 0.4 g/L, respectively, the removal
rates of tetracycline were 87.9%, 89.5%, and 89.2% after a 90 min reaction time. It can
be concluded that as the dosage of the Co-RM catalyst increases, the removal rate of
tetracycline in the Co-RM/PDS system increases. There are two possible reasons for this
trend: The first possible reason is that the reaction of the Co-RM-catalyzed PDS to remove
tetracycline mainly occurs on the surface of the Co-RM catalyst. Increasing the dosage of the
Co-RM catalyst can provide more active sites, which can improve the ability of the catalyst
to activate the persulfate and generate more oxidizing sulfate radicals, thereby increasing
the removal rate of tetracycline. The second possible reason is that red mud has a certain
adsorption effect. As the dosage of the Co-RM catalyst increases, tetracycline undergoes a
certain adsorption effect, which also enhances the removal effect of tetracycline.

As shown in Figure 3¢, the removal rate of tetracycline in the Co-RM/PDS system is
80.4% when the reaction time is 90 min and the initial tetracycline concentration is 60 mg/L.
When the initial tetracycline concentration decreases to 40 mg/L, the removal rate of
tetracycline in the Co-RM/PDS system is 85.3% after 90 min of reaction time. If the initial
tetracycline concentration is further reduced to 30 mg/L, the removal rate of tetracycline
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increases to 87.5%. At initial concentrations of 30 mg/L and 60 mg/L tetracycline, the
removal rate of tetracycline in the Co-RM/PDS system decreased by 7.1%. It can be seen
that as the initial concentration of tetracycline increases, the removal rate of tetracycline
in the Co-RM/PDS system also decreases. This is because if the amount of catalyst and
oxidant added remains constant, the number of free radicals generated by activation in the
system is generally constant. Therefore, in situations where the concentration of pollutants
is low, free radicals have more opportunities to come into contact with pollutants, increasing
the likelihood of oxidation of the pollutants. This results in a higher degradation efficiency
of tetracycline in systems with lower tetracycline concentrations. In addition, at very
low initial concentrations of pollutants, correspondingly fewer intermediate products are
formed during the oxidation process. This means that tetracycline occupies a favorable
position in competitive reactions and is therefore more susceptible to oxidation. Therefore,
the removal rate of tetracycline in the Co-RM/PDS system increases with a decrease in the
initial concentration of tetracycline.
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Figure 3. Effect of (a): Effect of PDS dosage on tetracycline removal rate; (b): Effect of catalyst dosage
on tetracycline removal rate; (c): Effect of initial tetracycline concentration on tetracycline removal

rate; (d): Influence of reaction temperature on tetracycline removal rate; (e): Influence of pH on
tetracycline removal rate.

As shown in Figure 3d, the removal rates of tetracycline in the Co-RM/PDS system at
20 °C, 30 °C, 40 °C, and 50 °C were 68.6%, 80%, 86%, and 89.5%, respectively, after 90 min
of reaction time. As the reaction temperature increased from 20 to 50 °C, the removal
rate of tetracycline in the Co-RM/PDS system increased by 20.9%. It can be seen that the
Co-RM/PDS system continuously improves the removal rate of tetracycline with increasing
temperature. The reason for this phenomenon is that an increase in temperature means
an increase in the thermal activation effect, which is also one of the ways of activating
persulfates. Increasing the temperature can promote the cleavage of the O-O bond in
PDS, thereby generating active SO, ™ - free radicals [18]. Due to the Le Chatelier principle,
an increase in temperature promotes the progress of the endothermic reaction. Since the
activation of persulfate using Co-RM is an endothermic reaction, an increase in temperature
promotes the formation of SO4~ - in the forward direction, thereby improving the removal
rate of tetracycline.
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In Figure 3e, it can be seen that during the 90 min reaction at pH 3, the removal rate
of tetracycline is only 70.6%. At pH 5, more than 80% of the tetracycline in the solution is
broken down. At pH 7, the removal rate of tetracycline in the Co-RM/PDS system reaches
86.3%. As the pH continues to increase, the efficiency of tetracycline removal decreases
significantly. At a pH of 11, the removal rate of tetracycline in the solution is only 50%.
It can be concluded that the catalytic activity of the Co-RM catalyst is better when the
pH value is in the range of 5-7. When the solution is in a peracid or alkaline state, the
oxidation ability of the Co-RM/PDS system is somewhat inhibited. A possible reason
for this is that the SO4~- produced by the Co-RM/PDS system undergoes self-quenching
free radical reactions in acidic environments, while SO4~ - reacts with H,O or OH™ in
alkaline environments. Ultimately, a large amount of -OH is generated due to the higher
redox potential of SO~ (E = 2.5-3.1 V) compared to hydroxyl radicals (E = 2.8 V) [19].
Therefore, the oxidation capability of the Co-RM/PDS reaction system decreases in alkaline
environments and the removal efficiency of tetracycline also decreases.

2.4. Interferance Study on Tetracycline Removal in the Co-RM/PDS Reaction System

In Figure 4a, it can be seen that during the 90 min reaction, when the C1™ concentrations
were 0.01 mol/L, 0.05 mol/L, and 0.1 mol/L, the removal rates of tetracycline in the Co-RM
rose/PDS system were 86.9%, 85.6%, and 84.9%, respectively. The decrease in tetracycline
removal rate was not significant. As the Cl~ concentration continues to increase, the
removal rate of tetracycline in the Co-RM/PDS system continues to decrease. It can be
concluded that as the C1~ concentration increases, the ability of the reaction system to
degrade tetracycline continuously decreases. C1~ plays an inhibitory role in the removal
process of tetracycline in the Co-RM/PDS system. This may be because the added C1™
is adsorbed by the Co-RM catalyst and occupies the active sites on the catalyst surface,
resulting in a reduction in the ability of the catalyst to activate the PDS and a reduction
in the SO4™ - generated by the system. Another possible reason is that CI~ can undergo
electron transfer with a large amount of SO4~ - and a small amount of -OH in the system,
producing Cl- radicals with a low activity that quench SO, ™ [20], thereby reducing the
removal rate of tetracycline in the Co-RM/PDS system.

In Figure 4b, it can be seen that at CO32~ concentrations of 0.01 mol/L, 0.05 mol/L,
and 0.1 mol/L, the removal rates of tetracycline in the Co-RM/PDS system were 71.9%,
67.9%, and 67.3%, respectively, after 90 min of reaction time. With an increasing CO3%~
concentration, the removal rate of tetracycline further decreases. This shows that CO32~
has an inhibitory effect on the ability of the reaction system to break down tetracycline.
The possible reason for this is that CO5%~ can trap SO4~ - and -OH [21]. The oxidation
ability of the carbonate radicals produced is weaker than that of the sulfate radicals and
the hydroxyl radicals, which makes the degradation of tetracycline in the reaction system
difficult, resulting in a reduction in the tetracycline removal rate.

In Figure 4c, it can be seen that a low concentration of HCO3;~ (0.01 mol/L) can inhibit
the removal rate of tetracycline by 19.4%, and the inhibition effect is not concentration
dependent. The significant inhibitory effect of HCO3;™ is due to the fact that HCO3™ can
consume SO~ - [22], where SO, ™ - serves as the main active free radical for the degradation
of tetracycline in the Co-RM/PDS reaction system [23]. Therefore, the decrease in the
504~ - concentration caused by HCO;3; ™ leads to a dramatic decrease in the removal rate
of tetracycline.

HPO,2~ has a similar inhibition effect as shown in Figure 4d. When the concentrations
of HPO42~ were 0.01 mol/L, 0.05 mol/L, and 0.1 mol/L, respectively, the removal rates of
tetracycline were 70%, 69%, and 69% after 90 min of reaction time. Studies have shown
that the inhibitory effect of inorganic anions may be due to their ability to remove active
free radicals in the system or convert them into weak oxidizing free radicals [24]. HPO,2~
can react with SO~ - and -OH to form weakly oxidizing HPO42~ - [25], thereby reducing
the tetracycline removal rate of the Co-RM/PDS system.
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Removal rate (%)

H,PO4~ can also inhibit the degradation of tetracycline. As shown in Figure 4e, at a
H,PO4~ concentration of 0.01 mol/L, the removal rate of tetracycline in the Co-RM/PDS
system is 73.5% after 90 min of reaction time. Compared with the H,PO4~ concentration
of 0 mol/L, the removal rate of tetracycline decreased by 15.4%, while when the H,PO,~
concentration increased to 0.05 mol/L, the removal rate of tetracycline was decreased by
21%. We speculated that HyPO4;~ can react with the SO;~- and -OH in the system [26],
thereby reducing the amount of oxidizing substances in the solution. Meanwhile, HyPO4~
can hydrolyze to H* and react with OH™ to form H,O [27].
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Figure 4. Effects of anions and natural organic matter in water on the removal rate of tetracycline in
the Co-RM/PDS reaction system: (a) C1~; (b) CO3%~; (c) HCO3~; (d) HPO,42~; (e) HoPO,~; (f) SO42~;
(8) NO32~; (h) HA; on the removal rate of tetracycline in the Co-RM/PDS reaction system.

On the contrary, SO42~ has a minor promoting effect on the degradation. As shown
in Figure 4f, compared with the SO42~ concentration at 0 mol/L, the Co-RM/PDS system
improved the removal efficiency of tetracycline by 1.4%, 2.4%, and 3.3%, respectively. It
can be seen that with an increasing SO42~ concentration, the removal rate of tetracycline in
the Co-RM/PDS system further increases. A possible reason for this phenomenon is that
SO4%~ provides electrons to high valence Co metal ions, thereby reducing the valence state
of Co metal ions, thereby promoting the circulation between high and low valence metal
ions and the formation of SO~ -.
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In Figure 4g, it can be seen that the removal rates of tetracycline by the Co-RM/PDS
system were 76.5%, 75.8%, and 69.3%, respectively, at NO32~ concentrations of 0.01 mol/L,
0.05 mol/L. L and 0.1 mol/L for 90 min reaction. As the NO32~ concentration continues
to increase, the removal rate of tetracycline continues to decrease. When the NO32~
concentration was 0.01 mol/L, 0.05 mol/L, and 0.1 mol/L, the removal rates of tetracycline
decreased by 9.8%, 10.5%, and 17%, respectively. It can be seen that increasing the NO32~
concentration enhances the inhibitory effect of NO32~ on the removal of tetracycline in the
Co RM/PDS system. This may be because the NO3%~ present in the solution can react with
5047 - and -OH to form weak oxidizing NO32~ [28], thereby inhibiting the removal effect
of tetracycline by the Co RM/PDS system.

From Figure 4h, it can be seen that at a humic acid concentration of 10 mg/L, the
removal rate of tetracycline does not decrease significantly. After 90 min of reaction time,
the removal rate of tetracycline in the Co-RM/PDS system is 83.7%. When the humic acid
concentration is 30 mg/L and 50 mg/L, the removal rates of tetracycline in the Co-RM/PDS
system after 90 min of reaction are only 52.6% and 46.7%, respectively. This indicates that
the higher the concentration of humic acid in the solution, the lower the removal rate of
tetracycline. Humic acid plays an inhibitory role in the removal process of tetracycline in
the Co-RM/PDS system. Humic acid inhibits the oxidation ability of the reaction system to
some extent, which may be due to the competition ratio between organic material in humic
acid and tetracycline in the system. Some free oxidation radicals react with humic acid,
resulting in a downward trend in the tetracycline removal rate.

2.5. Radical Scavengers Involved in the Degradation of Tetracycline

During the catalytic activation of the PDS reaction, in addition to the formation of
SO, -, -‘OH are also formed because the sulfate radicals can react with water molecules
to form hydroxyl radicals. Therefore, when using activated PDS technology to break
down target pollutants, both sulfate radicals and hydroxyl radicals might be present in the
reaction system. To investigate the dominant radical scavenger involved in the degradation
reaction, different quenching agents were added to the reaction system for the free radical
quenching experiments. The presence of alcohols with a—H (such as anhydrous ethanol)
have higher reaction rates with SO~ - and -OH, so they can be used as scavengers for SO4~ -
and -OH at the same time. The reaction rate of alcohols without o—H (like tert-butylalcohol
(TBA)) and -OH are 1000 times higher than alcohols with a—H and SO4~- [29], so -OH can
be selectively removed. Therefore, in this study, anhydrous ethanol and TBA were selected
as radical scavengers to identify the dominant free radicals in the system. By comparing the
degradation status of tetracycline in two different reaction systems, it can be determined
which free radical plays a dominant role in the reaction.

In Figure 5, it can be seen that the removal rate of tetracycline in the Co-RM/PDS
system increases continuously with time when the added TBA concentration is 100 mmol /L.
After 90 min of reaction time, the removal rate of tetracycline was 83.6%. When 500 mmol /L
TBA was added to the reaction system, the removal rate of tetracycline in the Co-RM/PDS
system decreased to 79.7%. The decrease in removal rate by the addition of TBA indicated
that -OH is involved in the degradation process. After adding 100 mmol/L and 500 mmol/L
anhydrous ethanol, the removal rates of tetracycline in the Co-RM/PDS system were only
74.5% and 69.6%, respectively, after 90 min of reaction time, where the inhibition rate of
anhydrous ethanol is higher than that of TBA. Since anhydrous ethanol is a scavenger for
S04 - and -OH, while TBA can selectively scavenge -OH, we deduced that both SO;™ - and
-OH are involved in the degradation of tetracycline in the Co-RM/PDS catalytic system.
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Figure 5. The Effect of the Free Radical Quencher on TC Removal Efficiency in Co-RM/PDS System.

2.6. Mechanism Discussion

In Figure 64, it can be seen that the maximum absorption wavelength of tetracycline
before the reaction is 357 nm. The absorption of tetracycline decreases significantly after
30 min of reaction time, and the characteristic absorption peak of tetracycline at 357 nm
essentially disappeared after 90 min, indicating that the tetracycline was completely de-
graded. At the same time, a new characteristic absorption peak appeared at 364.5 nm with
a decreased absorption after 30 and 60 min, suggesting that the tetracycline may have
formed intermediate products during the degradation process, which were subsequently
degraded. Furthermore, we used three-dimensional fluorescence spectrometry to verify the
existence of the intermediates. As shown in Figure 6b—e, new fluorescence peak domains
appeared at Em/Ex = 375-450 nm/275-325 nm (highlighted in red rectangle) after 30 min
and 60 min of reaction time and disappeared after 90 min, indicating the formation of fluvic
acids as an intermediate during degradation [30]. The EEM results confirmed that inter-
mediate products were formed during degradation, which is consistent with the UV-Vis
absorption results.
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Figure 6. The three-dimensional fluorescence spectrum of tetracycline before and after degradation;
(a) react 0 min (b) react 30 min (c) react 60 min (d) react 90 min. UV-Vis scanning spectral changes
during the process of tetracycline degradation (e). (The red rectangle was used to emphasize the new
fluorescence peak domain).

3. Experimental
3.1. Materials

Chemical reagents such as copper nitrate, cobalt nitrate, zinc nitrate, iron nitrate,
sulfuric acid, hydrochloric acid, sodium hydroxide, tert-butyl alcohol, sodium thiosulfate,
sodium persulfate, anhydrous ethanol, sodium chloride, sodium bicarbonate, potassium
sulfate, anhydrous sodium carbonate, potassium dihydrogen phosphate, and dipotassium
phosphateand humic acid were all purchased from Chemical Reagent (Nanjing, China) Co.,
Ltd. Tetracycline was purchased from Aladdin Reagent (Shanghai, China) Co., Ltd. Red
mud was obtained from an alumina production plant (Chongqing, China). All reagents are
analytically pure reagents, and the experimental water is self-made ultrapure water.

3.2. Preparation of Catalysts

Red mud was dried in an oven to remove moisture. It was ground through an 80 sieve
and dried at 80 °C for 8 h. The dried red mud was weighed and placed on a watch glass.
Then, 1.0219 g of cobalt nitrate hexahydrate, 2.016 g of zinc nitrate, and 1.997 g of copper
nitrate were weighed and dissolved in 100 mL of ultrapure water, respectively, forming a
stock transition metal solution with a concentration of 0.1 mol/L. A volume of 100 mL of
the transition metal (Co, Zn, Cu) nitrate solution was slowly dropped onto the red mud.
The solution was soaked overnight, dried at 80 °C, and heated at 500 °C for 4 h in a muffle
furnace, and metal-modified red mud catalyst was obtained.

3.3. Characterization of Catalysts

Scanning electron microscopy (SEM) images were captured using a FET Quanta 400
FEG (Hitachi SU-8220, Hitachi High-Technologies Corporation Suita, Tokyo, Japan). XRD
(Bruker D8 Venture, Bruker AXS, Karlsruhe, Germany) was used to analyze the crystal
structure. XRF(PANalytical Axios, Malvern Panalytical, Almelo, Netherlands) was used to
qualitatively and quantitatively determine the elemental content.
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3.4. Catalytic Oxidation of Tetracycline

A mass of 0.06 g of catalyst and 0.6 g of PDS were added to a beaker containing
200 mL of 50 mg/L tetracycline solution. Then, 2 mL of reaction solution were stirred for
15, 30, 45, 60, 75, and 90 min, respectively, and filtered through a 0.45 pm filter membrane.
The absorbance of the filtrate at 355 nm was recorded using UV-vis spectrophotometry
(UV-5500, Yuan xi Instrument Co., Ltd., Shanghai, China). To investigate the degradation
mechanism, the reaction was stopped at 0, 30, 60, and 90 min by adding a quenching
agent (sodium thiosulfate), and the fluorescence intensity of the filtrate was recorded using
excited emission matrix spectrometry (EEMs, FLS980, Edinburgh Instruments, Livingston,
Scotland, UK).

4. Conclusions

In this paper, modified red mud catalysts with Co, Cu, and Zn metals were prepared
using the impregnation method and their catalytic oxidation of tetracycline was studied.
In order to optimize the production conditions of the metal-modified red mud, the type
of transition metal, acidification, and the amount of metal were investigated. The Co-
loaded red mud (Co-RM) formed irregular pore-like structures on the surface and showed
great catalytic ability to degrade tetracycline. The optimal catalytic reaction conditions
are pH 7 solutions with 0.3 g/L Co-RM and 3 g/L PDS at 50 °C, and a tetracycline
concentration range between 30-50 mg /L, which can be used to achieve the highest removal
rate of 89.5%. Anions such as Cl1~, CO32~, HCO3~, H,PO,;~, NO32~, HPO,%~, and humic
acids have an inhibitory effect on the breakdown of tetracycline, while SO4%~ shows a
promoting effect on the breakdown of tetracycline. The results of the free radical quenching
experiments showed that both sulfate radicals and hydroxyl radicals are consumed to
oxidize tetracycline in the presence of PDS. The oxidation of tetracycline can produce
intermediate products such as fluvic acid. The Co-RM/PDS catalyst, reused with the
red mud from industrial waste, provided a new strategy for activating persulfate, and
showed good degradation of tetracycline, which could potentially be used in the field of
water purification.
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