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Abstract: In this study, a novel slow-release material using recycled waste foamed
polystyrene (WFPS) as the carrier was developed for the degradation of aniline-contaminated
groundwater. Sodium persulfate (SPS) and zero-valent iron (ZVI) were embedded in WFPS,
enabling the controlled and sustained release of reactive species. Systematic investiga-
tions were conducted to optimize the material’s composition and evaluate its performance
under various conditions, including pH, initial aniline concentration, and the presence
of common groundwater anions. The results revealed that the slow-release material ef-
fectively enhanced aniline degradation, achieving a maximum removal rate of 93.45%
under flowing conditions. The degradation pathway was analyzed using GC-MS, identi-
fying intermediates such as benzoquinone, hydroquinone, and dodecane, with eventual
mineralization into CO2 and H2O. The material demonstrated robust performance, of-
fering an efficient, cost-effective, and environmentally sustainable approach for in situ
groundwater remediation.

Keywords: sustained-release material; aniline; groundwater; sodium persulfate

1. Introduction
Aniline is one of the most important amine compounds, widely used in the production

of dyes, pharmaceuticals, and resins [1] and as a rubber vulcanization accelerator [2].
However, during industrial processes involving aniline, issues such as leakage, spills, and
improper handling often occur, leading to significant groundwater contamination [3–5].
It is estimated that up to 30,000 tons of aniline are released into the environment each
year as a result of illegal discharges of municipal and industrial wastewater and accidental
spills [6]. As a priority organic pollutant, aniline is not only toxic to aquatic ecosystems but
also poses serious health risks to humans, including methemoglobinemia and potential
carcinogenic effects [7,8]. Typically, when people come into contact with low-concentration
aniline wastewater (below 10 mg/L), aniline may cause mild irritant effects (hours to days),
such as eye discomfort, skin redness, or itching. Long-term exposure at these levels (months
to years) may lead to subtle neurological impairments, including headaches, dizziness,
and memory loss. Between approximately 10 and 100 mg/L in water, aniline can cause
more significant health issues. These include methemoglobinemia, where the blood’s
ability to carry oxygen is reduced, leading to symptoms of hypoxia [9]. These serious
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health risks typically develop after exposure periods ranging from hours to days or weeks.
When exposed to wastewater containing aniline concentrations exceeding 100 mg/L, it can
result in severe acute toxicity. Symptoms may include respiratory distress, palpitations,
chest pain, and potentially fatal outcomes. These extreme health risks can manifest within
minutes to hours of exposure [10,11].

The Chinese Environmental Protection Ministry has imposed stringent regulations
concerning aniline concentrations, specifically outlined in the “Discharge Standards of Wa-
ter Pollutants for Dyeing and Finishing of Textile Industry” (GB 4287-2012) [12]. According
to these standards, the textile industry is restricted to discharging aniline, either directly or
indirectly, at a maximum concentration of 1 mg/L. Given its environmental persistence and
hazardous nature, effective remediation of aniline-contaminated groundwater is a critical
environmental challenge.

Advanced oxidation processes (AOPs), which generate highly reactive radicals for the
degradation of organic pollutants, have become a widely studied and applied technology
for groundwater remediation [13]. These processes are often combined with in situ methods
such as permeable reactive barriers (PRBs) and injection wells to enhance their applicability
in real-world scenarios [14,15]. Sodium persulfate (SPS) is one of the most commonly used
oxidants in AOPs due to its ability to produce sulfate radicals (·SO4

−) with a high redox
potential (2.5–3.1 V), which are effective in breaking down a wide range of recalcitrant
organic pollutants [16].

Iron-based activation, particularly using zero-valent iron (ZVI), is a highly efficient
and practical method to enhance SPS activity [17]. ZVI not only facilitates the generation
of sulfate radicals under mild conditions but also provides sustained activation, ensuring
a prolonged remediation effect [18]. This approach is cost-effective and environmentally
friendly, making it suitable for large-scale applications.

Despite these advantages, the direct application of ZVI and SPS in groundwater
systems can lead to the rapid consumption of reactive species, non-selective oxidation,
and secondary contamination due to excessive chemical dosages [19–21]. Embedded slow-
release materials offer a promising solution by encapsulating ZVI and SPS within a carrier
matrix, thereby enabling controlled and prolonged release of reactive species in the targeted
treatment zone [22–24]. This approach reduces the non-selective consumption of oxidants,
minimizes secondary pollution, and enhances the overall efficiency and sustainability of
the remediation process [25–27].

Polystyrene (PS), a widely used polymer derived from styrene monomers, has become
one of the top five general-purpose synthetic resins globally, with an annual production
exceeding 18 million tons [28–30]. The melting temperature of PS stands at 240 ◦C, with
a water absorption rate ranging from 0.03 to 0.1. It demonstrates outstanding thermal
stability and moisture resistance. Its widespread usage has led to the accumulation of waste
foamed polystyrene (WFPS), which poses significant environmental challenges [31,32].
WFPS is non-biodegradable and, when incinerated, releases toxic substances such as
styrene and benzene derivatives, contributing to air pollution and health hazards [33–35].
Conventional disposal methods, including landfilling and burning [36], are neither suitable
nor sustainable for managing WFPS [37,38]. As a result, effective recycling and repurposing
of WFPS have become a key focus for governments and researchers worldwide [39].

Polystyrene’s excellent chemical stability, low reactivity with encapsulated agents, and
swelling behavior in the presence of oils make it a highly suitable matrix for embedding
reactive substances [40,41]. Moreover, leveraging recycled WFPS for creating slow-release
materials not only aligns with the principles of sustainable development but also represents
an innovative strategy to achieve “waste-to-resource” transformation.
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In this study, we developed a novel slow-release material using recycled WFPS as the
carrier. The WFPS was employed to encapsulate ZVI and SPS. This composite material
enables the synergistic effects of ZVI and SPS to generate sulfate radicals in a controlled
manner, targeting the degradation of aniline pollutants in groundwater. The degradation ef-
ficiency, activation mechanisms, and operational stability of the material under various con-
ditions were systematically evaluated (Figure 1). This work aims to provide a sustainable,
efficient, and cost-effective approach for the in situ remediation of aniline-contaminated
groundwater, contributing to the advancement of green environmental technologies.
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Figure 1. A diagram of the whole process and degradation mechanism in this experiment.

2. Materials and Methods
2.1. Materials

Waste foamed polystyrene (WFPS) was sourced from ordinary household waste.
Ethyl acetate (C4H8O2, ≥99.7%), dichloromethane (CH2Cl2, ≥99.7%), cyclohexane (C6H12,
≥99.7%), sodium chloride (NaCl, ≥99.7%), sodium bicarbonate (NaHCO3, ≥99.7%),
sodium carbonate (Na2CO3, ≥99.7%), sodium persulfate (Na2S2O8, ≥99.7%), methanol
(CH3OH, ≥99.9%), potassium sulfate (K2SO4, ≥99.7%), and sodium hydroxide (NaOH,
≥96%) were procured from InnoChem Science & Technology Co., Ltd. (Beijing, China).
Tetrachloroethylene (C2Cl4, ≥99.5%) was supplied by Aoran Fine Chemical Research In-
stitute (Tianjin, China), while carbon tetrachloride (CCl4, ≥99.7%), calcium carbonate
(CaCO3, 99.5%), and magnesium silicate adsorbent (MgSiO3, ≥99.7%) were obtained from
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Anhydrous sodium sul-
fate (Na2SO4, ≥99.7%) was purchased from Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). Zero-valent iron (Fe0, 99.9%) powder was supplied by Xindun Alloy
Welding Material Spraying Co., Ltd. (Nangong, China). Sulfuric acid (H2SO4, ≥99.8%) was
obtained from Xilong Scientific Co., Ltd. (Shantou, China). All reagents were used without
further purification. Deionized water, deoxygenated prior to use, was utilized throughout
the study.

Aniline (C6H7N, ≥99.7%), purchased from InnoChem Science & Technology Co., Ltd.
(Beijing, China), was selected as the target contaminant for this research. Simulated pollu-
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tant solutions with varying concentrations of aniline were prepared by dissolving predeter-
mined amounts of aniline in deoxygenated water.

2.2. Preparation of Slow-Release Materials

The preparation of the slow-release materials involved the following steps. First, WFPS
was pre-treated by crushing the recycled foam boards into small pieces, approximately 2 cm
in length and width. These pieces were thoroughly cleaned with hot lye, rinsed, and dried.
The cleaned WFPS fragments were then placed in a 2000 mL beaker for further processing.

Next, SPS, ZVI, calcium carbonate, and pre-treated WFPS were combined in specific
proportions and mixed uniformly under well-ventilated conditions (Table 1). Then, 5 mL of
organic solvent (take 4 g WFPS as an example) was gradually added to the mixture while
continuously stirring until a fibrous consistency was achieved. The resultant mixture was
passed through a tablet press to form cake-shaped structures, which were subsequently
processed using a striping machine (LG-18, Baixin Pharmaceutical Machinery Co., Ltd.,
Ruian, China) to cut and roll the material into uniform strips.

Table 1. Nomenclature for (SPS+ZVI)/WFPS samples fabricated under various preparation conditions.

Sample No. m (ZVI) m (SPS) m (Calcium
Carbonate) m (WFPS) Organic Solvent Nomenclature

1 0.8 g 4 g 12 g 4 g Tetrachloroethylene (SPS+ZVI)/WFPS-1
2 0.8 g 4 g 12 g 4 g Ethyl acetate (SPS+ZVI)/WFPS-2
3 0.8 g 4 g 12 g 4 g Dichloromethane (SPS+ZVI)/WFPS-3
4 0.8 g 4 g 12 g 4 g Carbon tetrachloride (SPS+ZVI)/WFPS-4

The strips were then placed horizontally in a tablet press and further shaped into
spherical balls. Any balls with cracks or uneven shapes were discarded, and the remaining
intact spheres were dried in a hot-air dryer at 60 ◦C for three hours (SHX2-150, Taiste
Instrument Co., Ltd., Tianjin, China). The dried balls were then placed in a cool, dry area to
air-dry naturally. The final product consisted of gray spheres with a diameter of 5–8 mm.

The prepared sample was designated as (SPS+ZVI)/WFPS. The preparation parame-
ters and Nomenclature for the samples used in this study are summarized in Table 1.

2.3. Batch Experiments

Batch experiments were conducted to determine the optimal composition of the
(SPS+ZVI)/WFPS material and to evaluate the influence of external factors on its pollutant
degradation performance. A 500 mL solution of aniline (100 mg/L), prepared using
ultrapure water, was placed in a conical flask and maintained at room temperature. A 5 g
sample of the prepared embedding material was added to the solution for a static reaction,
and aliquots were collected at predetermined intervals based on the experimental design.

The experiments investigated the effects of various factors on the degradation effi-
ciency of aniline, including different organic solvents, the initial concentration of aniline,
the presence of common anions in groundwater, and variations in pH. These parameters
were systematically varied to assess their impact on the degradation kinetics and to identify
the optimal operating conditions.

2.4. Column Experiment

Column experiments were conducted to investigate the degradation performance
of the (SPS+ZVI)/WFPS-2 material on aniline under flowing conditions. A plexiglass
column (300 mm in height and 30 mm in internal diameter) was used as the experimental
apparatus. To ensure uniform water distribution and simulate a one-dimensional dynamic



Processes 2025, 13, 446 5 of 18

groundwater environment, quartz sand with a particle size of 1–2 mm was packed into
the column.

The slow-release material was placed at the center of the column, surrounded by
glass beads. A benzene-contaminated water sample with an initial aniline concentration
of 25 mg/L was prepared, and the system was operated with an upward water flow at
a hydraulic flow rate of 1.0 mL/min. The total dosage of the slow-release material was
100 g. The experiment was conducted for 7 days, with samples collected and analyzed at
predetermined intervals to monitor the degradation of aniline.

2.5. Analyze Methods

The degradation rate of aniline was analyzed using high-performance liquid chro-
matography (HPLC, LC-20AT, Shimadzu, Kyoto, Japan). Test conditions were C 18
(150 mm × 4.6 mm, 5 µm), a column temperature of 30 ◦C, a mobile phase of 40% methanol
and 60% ultrapure water solution, a flow rate of 1.0 mL/min, a sample volume of 10 µL,
and a measurement wavelength λ = 280 nm.

The degradation products were identified using gas chromatography–mass spec-
trometry (GC-MS, 7890A GC-5975C MS, Agilent Technologies, Santa Clara, CA, USA).
Chromatography was performed on an HP-5MS column (30.0 mm × 250 µm, 0.25 µm).
The initial temperature was maintained at 40 ◦C for 2 min, increased to 250 ◦C for 3 min at
8 ◦C/min, and increased to 300 ◦C for 5 min at 15 ◦C/min. Gasification chamber temper-
ature 250 ◦C; transmission line temperature 300 ◦C; carrier gas He; carrier gas flow rate
1.0 mL/min; no diversion.

Mass spectrum conditions: EI source; electron energy 70 eV; ion source temperature
230 ◦C; quadrupole 150 ◦C; scan mode SCAN. The scanning quality ranges from 20 to
500 u.

2.6. Characterizations

The morphological changes in the (SPS+ZVI)/WFPS-2 material before and after the
reaction were observed using scanning electron microscopy (SEM, SU8010, Hitachi Limited,
Tokyo, Japan).

X-ray diffraction (XRD, K-Alpha, Thermo Fisher Scientific, Waltham, MA, USA) with a
copper (Cu) target was used to analyze the composition of the (SPS+ZVI)/WFPS-2 material
before and after the reaction. The scanning range was 10–80◦, with a scanning speed of
2◦/min.

The elemental composition and valence states of the material’s surface before and after
the reaction were investigated using X-ray photoelectron spectroscopy (XPS, D8 Advance,
Bruker, Karlsruhe, Germany).

The specific surface area, total pore volume, and porosity of the (SPS+ZVI)/WFPS-2
material before and after the reaction were measured using a BET surface area analyzer
(ASAP 2460, Micromeritics, Norcross, GA, USA).

3. Results and Discussion
3.1. Selection of Organic Solvent for Material Preparation

Although waste foamed polystyrene (WFPS) is soluble in various organic solvents,
selecting the most suitable solvent for reprocessing into slow-release materials is critical for
optimizing cost, extending the reaction cycle, and minimizing potential secondary pollution
caused by the solvents. Based on a literature review, four commonly used organic solvents
capable of dissolving WFPS were selected for material preparation, and their performance
was evaluated through static batch experiments.
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The experimental results are shown in Figure 2. During a 7-day (168 h) static reaction,
the materials prepared with ethyl acetate and tetrachloroethylene demonstrated superior
aniline removal efficiencies. The degradation rate of aniline by the material prepared
with ethyl acetate reached 60.94%, while the material prepared with tetrachloroethylene
achieved a comparable degradation rate of 61.86%.
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tion of aniline.

Considering the relatively low toxicity of ethyl acetate and the potential risks of envi-
ronmental contamination from chlorinated hydrocarbons such as tetrachloroethylene [42],
ethyl acetate was chosen as the solvent for subsequent material preparation. This choice
balances environmental sustainability and material performance, aligning with the goal of
developing green and efficient remediation technologies.

3.2. Morphological Changes Before and After Reaction

The SEM images reveal that the (SPS+ZVI)/WFPS-2 surface before the reaction is
rough and dense, with a few micropores and visible particles adhering to the surface
(Figure 3a,b). The cross-sectional images (Figure 3c,d) show the presence of cracks and
distinct pore-like structures within the material, which facilitate water penetration. The
embedded particles are well dispersed throughout the interior of the material, with no
significant agglomeration observed. These structural characteristics are beneficial for the
controlled release of active agents and the ingress of water into the material, ensuring
efficient interaction between the oxidants and pollutants.

In contrast, the SEM images after the reaction (Figure 3e–h) exhibit significant morpho-
logical changes. The surface of the material displays markedly larger pores compared to
the pre-reaction state. This change is attributed to the dissolution of surface oxidants upon
contact with water, which creates pathways for water to penetrate the material’s interior.
As the reaction progresses, further dissolution of internal oxidants leads to the continuous
formation of new pores, resulting in a highly porous structure after leaching.

The cross-sectional images (Figure 3g,h) further corroborate this observation, showing
clear evidence of oxidant dissolution within the material upon exposure to water. The
increased porosity and structural changes enhance the material’s capacity for sustained
pollutant degradation by facilitating water flow and ensuring prolonged contact with
active agents. These results highlight the material’s suitability for applications requiring
long-term controlled release and efficient pollutant removal.
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reaction (e,f), and the cross-section of (SPS+ZVI)/WFPS-2 after the reaction (g,h).

3.3. Compositional Changes Before and After Reaction

The XRD patterns of the (SPS+ZVI)/WFPS-2 material before and after the reaction
are shown in Figure 4. The primary crystalline phase identified in both the pre- and
post-reaction samples was CaCO3, with strong diffraction peaks observed at 2θ = 29.4◦,
39.41◦, and 48.51◦, corresponding to the (104), (113), and (116) planes of hexagonal CaCO3

(PDF 99-0022).
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Figure 4. XRD results for (SPS+ZVI)/WFPS-2 before and after the reaction.

It is worth noting that the peak strength of CaCO3 in the sample after the reaction
has no significant change from that before the reaction. This may be due to the high
amount of CaCO3 used in the preparation process. After the reaction, the surfaces of the
materials have mostly released their SPS and ZVI contents, at which point the relative
content of CaCO3 significantly increases, potentially leading to an elevated diffraction
peak intensity of CaCO3 in the post-reaction analysis. In addition to the CaCO3 peaks, a
noticeable increase in the intensity of the diffraction peak at 2θ = 44.67◦ was observed in
the post-reaction sample. This peak corresponds to the (110) plane of cubic-phase iron (Fe),
indicating an increased presence of iron on the material’s surface after the reaction. This
observation suggests that zero-valent iron (ZVI), initially embedded within the material,
gradually migrated to the surface during the reaction process. The continuous release of
ZVI is beneficial for sustained pollutant degradation, as it serves as an activator of sodium
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persulfate, generating reactive radicals for effective pollutant breakdown. This also led to a
significant change in the SPS peaks in the samples after the reaction.

Notably, no reflection of polystyrene was detected. This is because polystyrene makes
up only 19.23% of the overall composition. This relatively low concentration may render
the amorphous halo in the XRD pattern insufficiently prominent, making it difficult to
observe directly. In addition, this may also be due to the fact that polystyrene may exist in
the form of amorphous or low crystallinity, which makes it difficult to observe significant
diffraction peaks in the XRD pattern. Amorphous materials do not have long-range ordered
structures, so they do not produce strong diffraction effects [43].

These XRD results confirm the structural and compositional changes in the (SPS+ZVI)/
WFPS-2 material during the reaction. The observed reduction in CaCO3 content and the
increased surface availability of Fe highlight the material’s dynamic release characteris-
tics, which are crucial for maintaining its reactivity and efficacy in pollutant degradation
over time.

3.4. X-Ray Photoelectron Spectroscopy (XPS) Analysis

The surface elemental composition of the (SPS+ZVI)/WFPS-2 material before and
after the reaction was analyzed using XPS, and the results are shown in Figure 5. Before
the reaction (Figure 5a), the dominant surface element was calcium. After the reaction
(Figure 5b), the sodium and sulfur contents increased. This is likely due to the gradual
leaching of sodium persulfate (SPS) as it dissolves in water, with unreacted SPS accumu-
lating on the surface of the material particles. Additionally, nitrogen was detected on the
post-reaction material surface, attributed to nitrogen-containing compounds formed as
residual byproducts of aniline degradation.
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The carbon content on the surface also increased significantly after the reaction. This
increase can be explained by the detachment of surface particles, such as calcium carbonate,
during the reaction process, leaving the polystyrene shell material exposed. This surface
exposure resulted in a pronounced increase in carbon content detected in the XPS analysis.

Further analysis of the iron species (Figure 6) revealed notable changes in the chemical
state of iron before and after the reaction. Prior to the reaction, the main iron species
on the surface included Fe2+ and Fe3+, with binding energies of 710.03 eV and 712.4 eV,
respectively, and relative proportions of 53% and 47% (Table 2). This composition likely
reflects the partial oxidation of zero-valent iron (ZVI) due to prolonged exposure to air
during material preparation.
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Table 2. Chemical state and peak parameters of iron.

Sample Name Chemical
State of Iron Peak Area Peak Area

Proportion
Peak Position

(eV)

Before the
reaction

Fe0 0 0 — —
Fe2+ 787.3865 53% 710.03
Fe3+ 688.9631 47% 712.4

After the
reaction

Fe0 582.1092 19% 706.67
Fe2+ 1455.273 48% 709.7
Fe3+ 1024.512 33% 711.55

After the reaction, the relative amount of Fe3+ increased significantly, with its peak
area reaching 1.5 times that of the pre-reaction state. This increase is attributed to the rapid
oxidation of ZVI to Fe3+ during the activation process of SPS, as described by reaction
Equations (1)–(4). Additionally, a peak corresponding to Fe0 was observed at a binding
energy of 706.67 eV. The presence of Fe0 is likely due to the effective encapsulation of
ZVI within the material, preventing its oxidation until it was released to the surface
during the reaction. The proportion of Fe2+ remained relatively stable at 48% post-reaction,
as Fe2+ plays a critical role in activating SPS to generate reactive radicals for pollutant
degradation [44].

These XPS results confirm the dynamic changes in surface composition during the
reaction process. The observed trends in calcium, sulfur, sodium, and iron content further
highlight the gradual release and activation mechanisms of the material, ensuring sustained
reactivity and efficient aniline degradation.

Fe2+ + S2O8
2−→Fe3+ + SO4

2− + SO4·− (1)

Fe3+ + S2O8
2−→Fe2+ + S2O8·− (2)

Fe3+ + S2O8
2− + 2H2O→Fe2+ + HSO5

− + 2H+ (3)

Fe2+ − e−→Fe3+ (4)
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3.5. BET Pore Size Distribution Analysis

The BET pore size distribution results of the (SPS+ZVI)/WFPS-2 material before and
after the reaction are shown in Figure 7. The specific surface areas before and after the
reaction were 1.847 m2/g and 2.594 m2/g, respectively. Before the reaction, the material
exhibited a relatively low pore volume, primarily due to the embedding of a significant
number of particles on the material surface, which limited pore formation.
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After the material was immersed in water, the sodium persulfate particles embedded
in the surface layer gradually dissolved, creating additional pores and increasing the pore
volume. This enhanced porosity facilitated the gradual diffusion of the pollutant solution
into the interior of the material spheres. The increased accessibility allowed sustained
interactions between the pollutants and the reactive agents embedded within the material,
ensuring continuous degradation reactions.

These findings highlight the dynamic structural evolution of the slow-release mate-
rial during the reaction process. The increase in pore volume and connectivity enhances
the material’s efficiency by promoting the deeper penetration of pollutants and the pro-
longed activation of the embedded reactive agents, making it highly suitable for in situ
remediation applications.

3.6. Effect of Initial Aniline Concentration on Degradation Performance

The degradation performance of the slow-release material at different initial aniline
concentrations was investigated in a 7-day static batch experiment, and the results are
presented in Figure 8. The degradation rate varied with the initial aniline concentration:
for a 15 mg/L aniline solution, the degradation rate was 81.76%; for 25 mg/L, 85.29%; for
50 mg/L, 86.71%; and for 75 mg/L, 89.05%. At an initial concentration of 100 mg/L, the
degradation rate was comparable to that of the 75 mg/L solution.

The results indicate that the degradation efficiency was lower for low-concentration
aniline solutions compared to high-concentration solutions. This phenomenon may be at-
tributed to the slower reaction kinetics in low-concentration systems, where the availability
of reactive radicals is relatively excessive compared to the pollutant concentration, leading
to less efficient utilization of the oxidants. In practical applications for groundwater remedi-
ation, this trend is consistent with the challenge of effectively degrading low-concentration
organic pollutants [45].
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(SPS+ZVI)/WFPS-2.

To achieve higher aniline removal rates and optimize the utilization of the reactive sys-
tem, an initial aniline concentration of 100 mg/L was selected for subsequent experiments.
This concentration ensures the efficient use of the oxidants while simulating the extremely
high pollutant load conditions commonly encountered in contaminated groundwater.

3.7. Effect of Common Groundwater Anions on Aniline Degradation by Slow-Release Materials

The presence of common groundwater anions was found to have varying effects on
the degradation of aniline by the slow-release material. As shown in Figure 9a,b, SO4

2−

and CO3
2− had minimal impact on aniline removal, with degradation rates remaining

above 89%. This stability suggests that these anions do not significantly interfere with
the active radicals generated by the material. However, the addition of Cl− led to a slight
decrease in removal efficiency, with the degradation rate dropping to 80.51% at higher Cl−

concentrations (Figure 9c). As described by reaction Equations (5) and (6), this inhibition is
likely due to the consumption of high-reactivity radicals (·SO4

− and OH) by Cl, forming
less reactive species such as ·Cl and ·Cl2−, which lower the overall oxidative capacity of
the system.
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In contrast, HCO3
− exhibited a more pronounced impact, reducing the degradation

rate to 73.93% at 50 mg/L (Figure 9d). This effect is attributed to the formation of carbonate
radicals, HCO3

−, with lower reactivity, which slows the overall reaction kinetics. Interest-
ingly, at 100 mg/L, the degradation rate rebounded slightly to 81.95%, likely due to the
ability of ·HCO3

− to react with electron-rich compounds and its potential to catalyze SPS de-
composition, generating additional ·SO4

−. As described by reaction Equations (7) and (8),
these results indicate that while certain anions can inhibit aniline degradation, the slow-
release material remains effective under various groundwater conditions, showcasing its
robustness for in situ remediation applications.

SO4
− + Cl−→SO4

2− + ·Cl (5)

OH + ·Cl→·ClOH− (6)

OH + HCO3
−→·CO3

− + H2O (7)

SO4
− + HCO3

−→·HCO3 + SO4
2− (8)

The pH of the solution plays a crucial role in the activation of persulfate and the
subsequent oxidation of organic pollutants, as it affects both the distribution of reactive
radicals and the speciation of target pollutants. To minimize interference from additional
ions introduced by buffering agents, the solution pH was adjusted using NaOH and H2SO4.
The effect of pH on aniline degradation is shown in Figure 10.
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As pH increased, the degradation efficiency of aniline improved. At pH values of 3,
5, 7, 9, and 11, the degradation rates were 74.22%, 81.78%, 90.75%, 87.03%, and 92.95%,
respectively. The system showed lower degradation efficiency in strongly acidic conditions
(pH = 3), while the highest efficiency was observed under strongly alkaline conditions
(pH = 11). Among weakly acidic and weakly alkaline conditions (pH = 5, 7, and 9), the
optimal degradation occurred at pH = 7, where the removal rate reached 90.75%.

This behavior can be attributed to the dominant radicals present under different pH
conditions. In acidic environments (pH < 7), sulfate radicals (·SO4

−) are predominant,
whereas hydroxyl radicals (·OH) dominate at higher pH values. Since OH has a higher
redox potential compared to ·SO4

− [46], its presence at elevated pH levels enhances the
oxidative capacity of the system. However, under neutral conditions (pH = 7), a balance
between ·SO4

− and ·OH likely contributes to the efficient and sustained degradation of
aniline, making it the optimal pH for pollutant removal in this study.

3.8. Aniline Degradation Performance of Slow-Release Materials in Flowing Conditions

The degradation performance of the slow-release material remained consistently high
over the 7-day experiment (Figure 11). Initially, the aniline removal rate was relatively
low, at only 34.49%. This lower initial efficiency can be attributed to the dissolution of
surface-bound materials upon first contact with water. As indicated by the characterization
results, the surface predominantly consisted of calcium carbonate, with limited amounts of
SPS and ZVI. Consequently, the aniline concentration in the effluent was higher at the start
of the reaction.
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The removal rate peaked at 93.45% after 64 h, as the flowing water facilitated penetra-
tion into the interior of the slow-release particles. This enhanced water access promoted
the release of embedded reactive agents, such as SPS and ZVI, resulting in a more efficient
degradation process. Notably, the flowing conditions provided better mixing and transport
compared to static batch experiments, leading to higher overall removal rates.

By the end of the 7-day experiment, the aniline removal rate stabilized at 84.6%, with
an average removal rate of 85.69% throughout the testing period. The steady performance
and high removal efficiency demonstrate the material’s suitability for degrading aniline
pollutants in real-world groundwater environments under dynamic flow conditions.
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3.9. Degradation Products and Pathways of Aniline

The degradation products of aniline were analyzed using GC-MS at 0 h, 48 h, and 168 h
of the reaction, as shown in Figure 12. Aniline exhibited a distinct peak at 10.42 min. The
primary intermediate products identified during the reaction were benzoquinone (21.76%),
dodecane (6.57%), and hydroquinone (1.18%).
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The rapid decrease in aniline concentration over time and the formation of alkanes
suggest that some intermediates underwent mineralization, leading to ring-opening reac-
tions and the formation of linear carbon chains. As the alkyl carbon chains lengthened,
their retention times in GC-MS analysis increased correspondingly. This indicates that
the degradation process not only reduces aniline but also generates intermediates that are
further oxidized into simpler and less toxic compounds.

Based on the intermediates detected, Figure 13 illustrates a plausible degradation
pathway for aniline. The process initiates with radicals formed in the reaction system
attacking the benzene ring of aniline, resulting in hydroxylation and the subsequent for-
mation of aminophenol. This is followed by a substitution reaction involving the amino
group, yielding phenol, which can then be further oxidized to hydroquinone. Subsequently,
hydroquinone undergoes dehydrogenation to form benzoquinone. Benzoquinone ulti-
mately undergoes mineralization, resulting in the ring-opening formation of straight-chain
alkanes or conversion into CO2 and H2O. However, it is noteworthy that the formation
of linear alkanes as mineralization byproducts is not as evident as observed after 168 h
of GC-MS analysis. This may indicate that the generated benzoquinone has not been
completely decomposed yet. Nevertheless, due to its poor stability, benzoquinone will
eventually be decomposed into CO2 and H2O during the long-term process of complete
mineralization [47].

This degradation pathway highlights the material’s effectiveness in breaking down
complex organic pollutants like aniline into simpler and less harmful products, demon-
strating its potential for practical applications in groundwater remediation.
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that alkaline conditions were more conducive to the degradation of pollutants. By adjusting
the pH value to the alkaline range, the degradation efficiency of AN could be significantly
improved. Over the 7-day flow experiment, the aniline removal rate started at 34.49% but
peaked at 93.45%. By the end of the 7-day experiment, the aniline removal rate stabilized
at 84.6%, with an average removal rate of 85.69% throughout the testing period. The
consistently high degradation performance demonstrates the material’s suitability for
aniline pollutant removal in groundwater under dynamic flow conditions.

The degradation pathway of aniline was elucidated, showing progressive trans-
formation into intermediates such as benzoquinone and hydroquinone, followed by
mineralization into CO2 and H2O. These findings underscore the material’s potential
for practical applications in groundwater remediation, combining high efficacy with
environmental sustainability.
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