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Abstract

A magnetic Fe,Os;-modified ZSM-5 catalyst was synthesized via excessive
impregnation for heterogeneous Fenton-like degradation of Rhodamine B (RhB) in
dye wastewater. The catalyst possesses well-dispersed iron oxide species and a stable
structure, achieving 95.0 % degradation efficiency under optimized conditions.It
exhibits excellent magnetic recyclability, avoiding the generation of iron sludge,
which i1s a major drawback of traditional Fenton systems.. Mechanistic studies
confirm that hydroxyl radicals generated through Fe?*/Fe** cycling are responsible
for RhB mineralization to CO; and H,O. The catalyst maintains stable performance
over multiple cycles. This work offers a sustainable, environmentally friendly
solution for dye wastewater treatment with efficient catalyst recovery and reduced
secondary pollution.

Keywords: Heterogeneous Fenton-like reaction; Zeolite; Wastewater treatment;

Magnetic separation.

1. Introduction

With the rapid development of industry, the volume of dye wastewater
discharged has steadily increased(Solayman et al. 2023). Rhodamine B (RhB), as a
typical cationic dye, poses a severe threat to the ecological environment and human
health due to its high toxicity, difficulty in degradation, and potential
carcinogenicity(Liu et al. 2021). Traditional methods for treating dye wastewater,
such as physical adsorption(El-Kammah et al. 2022), chemical oxidation(Agarwala

and Mulky 2023), and biological degradation(Li et al. 2019), suffer from issues like
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low treatment efficiency, high cost, and the potential for secondary pollution.
Therefore, it is of utmost urgency to develop efficient, environmental friendly, and
cost-effective technologies for dye wastewater treatment.

Advanced oxidation processes (AOPs) have emerged as promising alternatives
for the degradation of organic pollutants in wastewater(Li et al. 2024, Mahbub and
Duke 2023, Zango et al. 2025). Among them, the Fenton process(Ji et al. 2025, Lin
et al. 2022), which involves the reaction between hydrogen peroxide (H,0,) and Fe
ions to generate highly reactive hydroxyl radicals (-OH), has attracted extensive
attention due to its strong oxidizing ability and relatively simple operation(Du et al.
2022, Kirchon et al. 2020). For example, in a groundwater project for chlorinated
hydrocarbon pollution remediation, the Fenton technology can cut pollutant levels
by over 60% in a short time(Zhou et al. 2024b) However, the conventional
homogeneous Fenton system suffers from critical limitations, including strict acidic
pH requirements, excessive iron sludge production, and low H,O, utilization
efficiency(Yang et al. 2025, Zeng et al. 2025). To overcome these limitations,
heterogeneous Fenton-like catalysts including have been developed, including Iron
based materials(Sun et al. 2023), transition metal materials(Wang et al. 2022), metal
oxides(Soufi et al. 2024), carbon materials(Fang et al. 2024), and composite
materials(Ma et al. 2025). Heterogeneous Fenton-like reactions involve a series of
chemical processes where heterogeneous catalysts are utilized to activate oxidizing
agents containing peroxide groups like H,O,, peroxysulfate oxidants, etc. The
efficiency of the heterogeneous Fenton-like reactions depends on substance transfer,

active site activation, and regeneration(Chen et al. 2024, Xie et al. 2022). Therefore,
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increasing the specific surface area of the Fe,O3;/ZSM-5 through morphological
modification can greatly improve material transfer to enhance catalytic efficiency,
such as porous material modification.

Zeolites, particularly ZSM-5 zeolite, have been widely used as catalyst supports
due to their unique properties(Bensafi et al. 2023, Shannon et al. 2025, Sun et al.
2021). ZSM-5 zeolite, with its ordered microporous channels, high surface area, and
robust thermal/chemical stability, is an excellent support for loading active metals to
prepare heterogeneous catalysts(Cheng et al. 2023, Gu et al. 2021). The microporous
structure of ZSM-5 can disperses loaded metal species and confines catalytic
reactions, which may enhance the catalytic activity and selectivity(Tomina et al.
2022). Several studies have demonstrated the effectiveness of iron-loaded zeolite
catalysts in the degradation of organic pollutants. For example, Jiang and
coworkers(Rao et al. 2021) developed a hierarchically porous Fe-ZSM-5 bead
material with three-dimensional continuous pore channels, which demonstrated
exceptional performance in Fenton-like reactions, achieving near-complete
degradation of methylene blue and phenol within 1.5 hours. Tian et al.(Tian et al.
2024) demonstrated that Fe-ZSM-5 zeolites effectively degrade 1,4-dioxane via
heterogeneous Fenton oxidation. Zhou et al.(Zhou et al. 2024a) developed a Fe-
ZSM-5/H,0, Fenton system that selectively degraded 93.7% of formaldehyde with
98.2% selectivity over glucose, operating stably across a wide pH range. Therefore,
heterogeneous Fenton-like systems employing iron-based catalysts have emerged as
a promising alternative, offering advantages such as broader pH adaptability,

reduced metal leching, and recyclability of catalysts. However, despite many efforts
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to improve the degradation efficiency of iron-based catalysts, there are still
limitations in the exploration of porous iron-based nanocatalyst materials for
magnetic recycling. Therefore, further in-depth research on the environmentally
friendly iron-based catalysts with magnetic recoverability remains an important
direction.

In this study, a solid magnetic Fe oxides modified ZSM-5 (Fe,O3/ZSM-5) was
successfully synthesized via excessive impregnation (Scheme 1). Immobilizing the
synthetic Fe;Os3 onto the ZSM-5 carrier enhances the catalyst's magnetic properties,
which in turn facilitates its recovery and minimizes secondary pollution. RhB
aqueous solution was chosen to simulate dye-contaminated wastewater for assessing
the degradation performance of the Fe,O3;/ZSM-5 catalyst. Through meticulous
optimization of the experimental variables, this magnetic catalyst achieved an
optimal degradation efficiency of up to 95.0 % and exhibited excellent reusability.
In addition, this method can also achieve efficient reuse by the magnetic recycling,
providing a feasible approach for the resource utilization and recycling of iron

containing wastewater.

FC(NO3)3 2 9H20 ZSM-5

Calcination

Fe,0,/ZSM-5

Impregnation

Scheme 1. Schematic diagram of the synthesis of Fe,O3/ZSM-5 catalyst

2. Experimental section
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2.1 Materials

Iron nitrate nonahydrate, ZSM-5 molecular sieve was purchased from Shanghai
Macklin Biochemical Co.,Ltd. Ultrapure water is used in the experiment.
2.2 Preparation of Fe2O3/ZSM-5

Iron nitrate nonahydrate and ZSM-5 molecular sieve were chosen as catalytic
agents at this experiment. Typically, 4.04 g Iron nitrate nonahydrate was dissolved
in 100 ml purified water, then dispersed using an ultrasonic bath. 2.8 g ZSM-5 was
rapidly injected into 100 ml purified water. After 5 min, the obtained impregnated
solution was transferred to magnetic stirrer for 12h. Later, the impregnation were
collected after filtration and dried under 60 °C. Finally, the impregnation were
calcined for 2h to obtain the Fe,O3;/ZSM-5 materials. A series of Fe,O3;/ZSM-5
materials were prepared under different conditions of 500 °C, 600 °C, 700 °C, 800
°C, and 900 °C, with only varying roasting temperatures.
2.3 Materials characterization

The experiment employs five model instruments to assess catalytic performance:
a Scanning Electron Microscopy (SEM) machine manufactured by the German Zeiss
company, an X - ray Diffraction (XRD) machine of the Japan Riken SmartLab type,
a Brunauer - Emmett - Teller specific surface area (BET) measurement device using
the American Micromeritics 3Flex instrument, and an X-ray Photoelectron
Spectroscopy (XPS) device, specifically the Thermo ESCALAB 250Xi from
Thermo Fisher Scientific. SEM and Energy Dispersive X-ray Spectroscopy (EDS)
techniques are utilized to determine the crystal morphology and chemical element

composition. The XRD technique, utilizing Cu - Kal radiation at 40 mA and 40 kV,
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is employed to identify the iron oxide phase and estimate the crystallinity. The BET
technique is used to determine the material's specific surface area, average pore
diameter, average pore volume, pore size, and other relevant parameters. The XPS
technique is applied to analyze the Fe,O3;/ZSM-5's surface chemical compositions
and valence states.
2.4 Catalytic properties
The experiment was conducted under standard conditions of room temperature.

Initially, taking 100 mL 20mg/L Rhodamine B (RhB) dye wastewater solution as the
target. Subsequently, the Fe,Os/ZSM-5 was uniformly dispersed in 25.0 ml of the
RhB dye wastewater solution with a concentration of 0.02 mg/ml. Immediately, a
certain amount of a 30% H,O; solution was rapidly introduced into the mixture. At
20 minute intervals, 2.0 ml samples were taken from the solution. The sample was
separated using a magnet and collect the supernatant for subsequent the analysis of
the RhB’s absorbance. According to the above conditions, change the catalyst dosage
to 60 mg, 70 mg, 80 mg, 90 mg, and 100 mg respectively to explore the catalytic
effect. Next, adjust the dosage of hydrogen peroxide to 0.5 mL, 1.0 mL, 1.5 mL, 2.0
mL, and 2.5 mL respectively to investigate the catalytic effect and optimize the
amount of hydrogen peroxide. Change the reaction temperature by 20 °C, 30 °C, 40
°C, 50 °C, and 60 °C respectively to investigate the effect of reaction temperature.
2.5 Mechanism investigation

As a common free radical scavenger, tert-butanol effectively neutralizes free
radicals through redox mechanisms. In this part, a series of tert-butanol solutions

with different concentrations (0.2 mol/L, 0.4 mol/L, 0.6 mol/L, and 0.8 mol/L) were
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prepared. These pre-configured solutions were used to prepare 100 mL solutions
containing 20 mg/L RhB solution, respectively. Take the tert butanol concentration

as control and explore the degradation effect of RhB.

3. Results and discussion

The microstructure of the Fe,O3/ZSM-5 was analysed by typical SEM. As shown
in Fig. 1a/b, the uniform spherical structure of the Fe,O3/ZSM-5 nanoparticles can
be observed, and the size of the catalyst rapidly reached approximately 70 nm. Low-
magnification Transmission electron microscopy (TEM) images of Fe,Os/ZSM-5
crystals presented the irregular spherical shape (Fig. 1¢) and the dispersion of Fe,O;
nanoparticles on the ZSM-5 carrier was observed. The lattice spacing of 0.279 nm
and 0.152 nm corresponded to high index (221) and (521) crystal planes of Fe,Os3,
respectively (Fig. 1d/e, Fig. S1), which might be the main catalytic active center that
dominates its efficient reaction performance. Additionally, the selected area electron
diffraction (SAED) pattern confirms the polycrystalline structure of Fe,O3/ZSM-5
(Fig. 1f and Fig. S2). Elemental mapping analysis of the spatial distribution of Fe
element has been performed in Fig. 1g. The distribution of these metal elements
appears to be relatively uniform across the surface with a good dispersion, allowing
the preparation of ZSM-5 loaded with highly dispersed Fe,O; nanoparticles. EDS of
Fe,0s/ZSM-5 composites also provides the evidence that Fe,O; catalyst has been

generated on the ZSM-5 carriers (Table S1).
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Fig. 1 The SEM image of uniform a Fe;O3/ ZSM-5 composites and b their enlarged image; ¢ TEM
and (d-f) HRTEM images and (g) the elemental mapping of Fe;03/ZSM-5 composites

The X-ray diffraction (XRD) patterns of the ZSM-5, Fe,Os, and Fe,O3/ZSM-5
catalyst with the highly crystalline structures were presented in Fig. 2a. The
diffraction peaks at 33.1°, 35.6°, and 54.0° were assigned to (1 04), (1 10),and (1 1
6) planes, respectively, which correspond to the typical peaks of Fe,Os (JCPDS no.
89-0597)(Wu et al. 2023). The diffraction peaks at 8.8° was assigned to (2 0 0) plane
off ZSM-5 crystal(Cui et al. 2024, Xu et al. 2021). Notable, the XRD diffraction
peaks indicate that Fe,O; successfully adheres to ZSM-5 carriers without altering

the crystal structure of the support. This is because the mesoporous structure of
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ZSM-5 also provides a uniform attachment area for Fe,O; nanoparticles, preventing
aggregation and ensuring the dispersion of active sites. Meanwhile, the complete
crystal structure ensures the mechanical and thermal stability of the catalyst, making
it less prone to deactivation during repeated use or high-temperature reactions. Fig.
2b depicts nitrogen adsorption-desorption isotherms of ZSM-5 carrier, revealing a
BET specific surface area of 276.5 m*/g. The hysteresis loop and high N, adsorption
at low pressures indicate a rich mesoporous structure with narrow slit like pores,
mainly below 20nm with a concentration at 2.7 nm. Fig. 2¢ presents the Fe,O3/ZSM-
5 calcined has a BET specific surface area of 261.3 m?%/g and the hysteresis loop
suggests narrow slit-like pores formed by aggregated particles. The reduction of
BET specific surface area is attributed to the introduction of iron oxides. The
Fe,03/ZSM-5 loaded with Fe,O; maintains high N, adsorption at low pressure,
indicating its rich pore structure. This high specific surface area and mesoporous
structure provide sufficient adsorption sites and diffusion channels for organic
pollutants. The mesoporous structure facilitates the rapid adsorption and enrichment
of pollutant molecules, increases local concentration, and accelerates reaction
kinetics. The Fe,O3/ZSM-5 catalyst provided the ample adhesion area for iron oxides
and facilitating rapid adsorption, enhancing contact with metal oxides and catalytic
efficiency(Mirshafiee et al. 2022). Meanwhile, the narrow slit like pores promote the
mass transfer efficiency of diffusion limited reactions, making it easier for pollutants
and oxidants to come into contact with active sites. The structure supports efficient
degradation of RhB wastewater, with Fe,O; effectively attaching to ZSM-5 for

catalytic oxidation. Moreover, the Fe elemental relationship between its binding
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energy and intensity of the Fe 2p orbital was analyzed in the Fig. S3. The peak at
725.2 eV corresponds to the Fe 2p 3/2 state, often associated with Fe(III) species in
oxides or hydroxides. The peak at 719.2 eV can be attributed to Fe(II) in similar
chemical environments. The peaks at 714.2 eV and 711.5 eV may indicate the
presence of Fe in a reduced state or in complex compounds, possibly due to
interactions with the support or other dopant species in the Fe,O3;/ZSM-5.
Multivalent iron species are the core active sites for catalytic oxidation reactions.
When H,O; is activated by the catalyst, the cycling between Fe (II) and Fe (III) can
efficiently generate -OH radicals to accelerate the attack on pollutant RhB molecules.
Meanwhile, the acid sites of the ZSM-5 molecular sieve not only stabilize Fe species
and promote the cycling of Fe ions in different valence states, but also can polarize
RhB to make it more easily oxidized. In addition, strong interactions may form at
the interface between Fe,Os and ZSM-5, enhancing electron transfer and improving

the activation efficiency of oxidants.
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Fig. 2 a XRD patterns of ZSM-5, Fe>0s3, and Fe2O3/ZSM-5 composites. The N2 adsorption-

desorption isotherm of b ZSM-5 and ¢ Fe2O3/ZSM-5 composites

The catalytic activity of the obtained catalyst was estimated by employing the
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reduction of RhB dye with the H,O, oxidation. In Fig. S4, the standard curve was
painted to read the absorption corresponding to the RhB’s concentration, and can see
that the RhB have fine correlation between the adsorption and the concentration. The
adsorption measurements at different concentrations are as follows: 0.19 at 5 mg/L,
0.372 at 10 mg/L, 0.566 at 15 mg/L, and 0.756 at 20 mg/L. The data were fitted to a
linear model, yielding the equation y=-0.0014+0.03806*x, with a correlation
coefficient of 0.9997. In addition, a series of follow-up experiments were conducted
to determine the optimal parameters of the Fe,O;/ZSM-5. In Fig. 3a/b, the
degradation rate of RhB treated by Fe,O3/ZSM-5 was significantly higher than that
of ZSM-5 alone and the blank control, demonstrating the enhanced catalytic activity
conferred by the Fe,Os; modification. The difference in degradation efficiency
between the single carrier catalyst and the loaded Fe,Os can be attributed to the
unique redox properties of iron species(Zeng et al. 2023). The presence of Fe,Os can
facilitate the formation of reactive oxygen species, enhancing the degradation effect.
Moreover, the roasting temperature critically determines the catalytic performance
of Fe,03/ZSM-5. Fig. 3¢/d depict that the calcination temperature significantly
affected the catalytic efficiency of Fe,O3;/ZSM-5 for RhB degradation. The
efficiency peaked at 82.9% at 800 °C, in stark contrast to the lowest value of 28%
observed at 500 °C. This disparity is attributed to the fact that appropriate high
temperatures can create more active sites and increase surface area, thereby
enhancing pollutant contact and degradation. However, excessively high
temperatures may destroy these active sites and impede catalytic interactions(Zhao

et al. 2024). Therefore, 800 °C was selected as the optimal temperature.
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Fig. 3 a The degradation of the RhB solution treated by blank, ZSM-5, and Fe2.O3/ZSM-5, and b
their corresponding time-dependent comparison of degradation efficiency. ¢ The influence of the
calcination temperature on the catalytic efficiency of Fe.O3/ZSM-5 for RhB degradation and d
their corresponding time-dependent comparison of degradation efficiency. e The degradation rate
and f the degradation efficiency varies with the H>O> dosage

As a common oxidant in Fenton-like systems, the dosage of H,O, is known to
significantly influence the process efficiency. When only H>O, was added, the
degradation rate of Rhodamine B only reached 6%, while when only the catalyst was
added, it resulted in a slight increase in the color of the wastewater (Fig. S5).
Therefore, the main mechanism of simulating dye wastewater with RhB is efficient
catalytic oxidation and the catalyst application in combination with oxidants is
necessary for dye removal. Furthermore, the effect of oxidant dosage on the
oxidation reaction was investigated. Fig. 3e presents the degradation velocity as a

function of H,O, dosage. The peak degradation rate at 25 min for the 2.5 mL H,0O,
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dosage was 2.8 times higher than that for 0.5 mL. Correspondingly, the degradation
ratio exceeded 80% at 120 min for 2.5 mL, representing a 1.3 fold increase over the
one with 0.5 mL H,0O, (Fig. 3f). This enhanced efficiency with increasing H,O,
concentration is attributed to the greater -OH generation(Khan et al. 2023).

The experiment was conducted at different temperatures to evaluate the
catalytic performance (Fig. 4a/b). The Fe,O3;/ZSM-5 catalyst exhibited the highest
efficiency of 95.0 % at 60 °C, while the lowest efficiency of 92.0 % was observed at
20 °C. This is mainly attributed to the influence of temperature on reaction kinetics.
Higher temperatures increase the diffusion rate and kinetic energy of Rh. B
molecules, making them easier to contact and utilize the active sites inside the
catalyst, thereby exhibiting higher apparent catalytic activity. On the contrary, at
lower temperatures, molecular diffusion is limited and the active surface of the
catalyst is not fully utilized. However, it is crucial to note that excessively high
temperatures might lead to catalyst deactivation or sintering, reducing its long-term
stability and effectiveness(Zhang et al. 2024). The effect of catalyst addition on RhB
degradation was evaluated. In Fig. 4c, it can be seen that as the dose gradually
increases from 60mg to 90mg, the degradation efficiency gradually increases. When
the amount of catalyst added exceeds 90 mg, the degradation efficiency reaches a
peak. However, catalysts at higher doses showed a decreasing trend, possibly due to
aggregation reducing the available active sites for degradation reactions (Fig. 4d)
(Belrhazi et al. 2025). Therefore, the optimal dosage of catalyst at 60 °C is 90mg,

which can produce the highest performance.
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Fig. 4 a The influence of the reaction temperature on the catalytic efficiency of Fe,O3/ZSM-5 for
RhB degradation and b their corresponding time-dependent comparison of degradation efficiency.
cThe effect of catalyst dosage on the catalytic efficiency of Fe>O3/ZSM-5 for RhB degradation and
d their corresponding degradation efficiency in 120 min. e The influence of the addition of tert-

butanol and f the cycle stability test on the catalytic efficiency of Fe>O3/ZSM-5 for RhB

degradation

By tracking free radicals through, the impact of the effective free radicals
within Fe,O3/ZSM-5 is to be investigated. -OH and other reactive free radicals were
neutralized by the addition of tert-butanol. As illustrated in Fig. 4e, when the
concentration of tert-butanol was increased from 2 mol/L to 8 mol/L, a gradual
decline in the degradation efficiency of RhB catalyzed by the Fe,O3/ZSM-5
composite was observed. The underlying cause of this trend was the degradation of

RhB predominantly depended on the reaction between the Fe,O3/ZSM-5 composite
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and hydrogen peroxide. This reaction led to the generation of a substantial quantity
of -OH, which subsequently targeted and broke down large molecular pollutants(Mu
et al. 2022). However, it was observed that the introduction of tert-butanol
suppressed the production of -OH, consequently resulting in a reduction in the
degradation rate. This outcome provided further corroboration that -OH play a key
role in the catalytic degradation of RhB by the Fe,O3/ZSM-5 catalyst. Additionally,
the degradation extent of RhB over multiple usage cycles was assessed to ascertain
the influence of repeated catalytic cycles on its degradation performance. Fig. 4f
depicts the experiment to trial the catalytic degradation efficiency influencing of
cycle times. A progressive decline in degradation rate was observed with magnetic
recycling. The sharpest reduction, nearly 6% relative to the initial efficiency,
occurred between the first and second cycles. After seven cycles, the overall catalytic
activity decreased by approximately one-quarter of its original value. The catalyst’s
stable performance further demonstrates its robust recyclability. These results
collectively demonstrate the advantageous interaction between the Fe,O3/ZSM-5
and the oxidation H,0,. Furthermore, The specific mechanism of the reaction can
be elucidated through the following equations, and the schematic heterogeneous
Fenton catalytic mechanism of Fe,O3/ZSM-5 is discussed in Fig. 5 based on relevant
literature. Initially, Fe** on the surface of Fe,O; triggers a chain reaction to
produce -OH (Eq. 1). Then, Fe** reacts with H,O, to generate Fe**, -OOH, and H*,
which is the key to the cycle. This reaction reduces the generated Fe** back to Fe**
(Eq.2), completing the catalytic cycle. In addition, through the physical/chemical

adsorption of ZSM-5, RhB and H,0O, were enriched near the surface of Fe,Os, which
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can greatly increase the probability of reaction collision. The acidic sites and defects
on the surface of ZSM-5 might also act as electron transfer bridges to promote the
reduction of Fe** to Fe*". Meanwhile,-OOH can dissociate into weakly oxidizing
superoxide radicals (O,-") (Eq.3), while O,-" can act as an additional reducing agent
to assist in the reduction of Fe’" to Fe*", accelerating the entire catalytic cycle
(Eq.4). -OH indiscriminately attacks the conjugated chromophore and aromatic ring
structure of RhB, ultimately transforming into water and carbon dioxide owing to its

potent oxidation capabilities (Eq.5).

Fe? " +H,0, »Fe* '+ OH+OH (1)
Fe>™+H,0, —»Fe +O0OH+HT (2)

i \%% -O0H==0; +H 3)
\ N da’lbn CO; PR )4

; ‘ + Fe’'+0y—Fe  +0, 4)
! > QOHE H0

7y RhB+-OH—CO, +H,0 ®)

RS i

Fe,0,/ZSM-5 H0,

Fig. 5. Schematic heterogeneous Fenton catalytic mechanism diagram of Fe>O3/ZSM-5

4. Conclusion

In this study, a solid Fe,O3/ZSM-5 catalyst prepared via excessive impregnation was
employed to remove RhB through a heterogeneous Fenton-like reaction. According
to the characterization results, the obtained Fe,O3;/ZSM-5 prepared in this
experiment had a regular morphology, a favorable structure, and high catalytic
degradation efficiency. Taking RhB simulated dye wastewater as example, the

optimized reaction conditions were calcination temperature of 800 °C, catalyst
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dosage of 90 mg, H,O, dosage of 2.5 mL, and reaction temperature of 60 °C. Further
analysis through comparative experiments and radical quenching experiments
revealed that the obtained catalyst exhibited remarkable catalytic performance.
Mechanism analysis proves that the degradation process primarily relied on the large
quantity of -OH generated by the reaction between the Fe,Oi:/ZSM-5 and H,0..
Additionally, the Fe,O3;/ZSM-5 consistently showed excellent stability catalytic
activity during the catalytic degradation process. This obtained magnetic recyclable
catalyst can effectively avoid the iron sludge produced in traditional Fenton
reactions, rendering it more environmentally friendly. Moreover, this method also
facilitates the resource recovery and recycling of iron-containing wastewater by
enabling the efficient reuse and recovery of iron ions. Future studies can explore
more magnetic recyclable heterogeneous Fenton-like catalysts applied in the

purification of wastewater to improve the efficiency.
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