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HIGHLIGHTS

e Schwertmannite (Sch) + persulfate (PS) system
can remove phenanthrene (Phe) from soil.

e Sch + PS system significantly promoted Bok
choy growth performance.

e Sch combined with PS effectively suppresses
Phe uptake and accumulation by Bok choy.
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Special Section: Towards Carbon Neutrality: Polycyclic aromatic hydrocarbons, such as phenanthrene, have become
Advances in Agricultural widespread environmental contaminants due to industrial and incomplete
Production and Emission combustion, posing serious risks to soil ecosystems and agricultural safety. This

Reduction (Guest Editor:

study conducted a pot experiment with seven treatments to investigate the
Hong Yang)

remediation performance and ecological effects of a Schwertmannite-
activated persulfate system on phenanthrene-contaminated soil. The
concentrations of phenanthrene, persulfate, and Schwertmannite were
20 mg-kg™1, 200 mg-kg™1, and 1 g-kg™1, respectively. The results revealed that
the combined Schwertmannite-persulfate treatment was superior for soil
remediation and Brassica rapa subsp. Chinensis protection. By leveraging the
adsorption capability of Schwertmannite and its catalytic activation of
persulfate to generate sulfate radicals (SO47:), the system achieved 86.2%
phenanthrene removal within 5 days, with the ultimate removal efficiency
reaching 94.5%. Regarding plant development, the combined treatment
improved B. rapa subsp. Chinensis growth, achieving a total biomass of 6.91 g
per pot, and also inhibited Phe accumulation in plant tissues, reducing
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phenanthrene concentrations in leaves, stems, and roots to 0.2, 0.2, and
0.3 mg-kg1, respectively. Taken together, this study demonstrates that the

Schwertmannite-persulfate
compatible for

system was effective and environmentally

remediating phenanthrene-contaminated soil, providing

valuable insights for developing field-scale remediation strategies for PAH-
contaminated soils.

© The Author(s) 2027. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

1 Introduction

As a fundamental resource for agricultural production and
ecosystem integrity, soil is under increasing pressure from
contamination with polycyclic aromatic hydrocarbons (PAHs).
These
incomplete combustion of fossil fuel, industrial emissions, and

persistent  pollutants originate primarily from
accidental petroleum releases!'~"l. Regional investigations
(such as those conducted in the Songnen Plain of China) have
detected PAH concentrations in agricultural soils ranging from
131.93 to 1699.14 pgkg™!, with low-molecular-weight PAHs
(with 2, 3 aromatic rings) contributing nearly 50% of the total
load["l. These contaminants enter soil systems via atmospheric
deposition, wastewater irrigation, and improper waste disposal,
accumulating to levels that threaten crop safety, soil biological

activity, and human health through trophic transfer(*-°l.

Phenanthrene (Phe) is one of the most abundant PAHs
(10%-20%) in contaminated agricultural soils’l. As a three-
ring PAH with high lipophilicity and chemical stability, Phe
persists in soil for weeks or months, and has a strong tendency
to bioaccumulate or phytoaccumulate. Owing to its ubiquity,
structural stability, and environmental mobility, Phe is
frequently selected as a representative compound for PAH
contamination studies(’]. Research on Brassica parachinensis
(Bok choy) has revealed that low-ring PAHs, such as Phe
account for 77.6%-90.3% of the total PAHs assimilated by
plantsl]. A similar pattern is seen in Bok choy, which exhibits a
bioconcentration factor of 1.5-2.0 for pyrenel . With a half-
life ranging from weeks to months, Phe can undergo
phototransformation into more toxic quinones and impair soil
ecological functions by diminishing microbial diversity,
suppressing enzyme activities (e.g., urease and dehydrogenase),
Elevated PAH
growth. These

nutrient  cyclingl''L.
typically inhibit
multifaceted adverse effects underscore the importance of
Phe-

and  disturbing

concentrations plant

developing efficient remediation approaches for

contaminated soils.

Persulfate (PS)-based advanced oxidation processes (AOPs)
have attracted considerable interest because they can rapidly
decompose organic pollutants by generating highly reactive
oxygen species!' '], Because PS requires activation to yield
sulfate radicals (SO4~), which possess superior oxidation
potential and longer half-lives than hydroxyl radicals, iron-
based catalysts have been widely adopted for this purpose.
Materials such as zero-valent iron (ZVI), Fe?* salts, and iron-
based nanomaterials are particularly favored due to their low
cost, environmental benignity, and high catalytic efficiency!' ‘1.
Investigations have demonstrated that under optimized
conditions, an Fe?*-thermal coupled activation system
achieved a phenanthrene degradation efficiency of 85.1%[],
with sulfate radicals (SO4~-) and hydroxyl radicals (-OH)
identified as the primary active species!'l. Likewise, a field-
relevant study using natural iron oxides in tropical soil
reported 81% Phe removal and 61% mineralization within 24 h
under slurry-phase conditions, reaffirming the critical role of
SO,~[171,
plasma-driven AOPs, in which radical-mediated reactions
removed 85.52%-99.73% of PAHs!'*l. Recent studies have also

demonstrated the effectiveness of combined soil washing and

These outcomes align with recent advances in

AOPs for the remediation of organic-contaminated soils!'*~*!1,
In addition to ZVI and Fe?* salts, other iron-bearing minerals,
such as magnetite, hematite, and goethite, have been reported
as persulfate activatorsl”>”71,

More recently, Schwertmannite (Sch, FegOs(OH)s 2,(SO4)x
where 1.0 < x <1.75), an iron oxyhydroxysulfate mineral, has
emerged as a promising multi-functional catalyst for pollutant
degradation. Its distinctive “sea urchin” nanoarchitecture
provides a high specific surface area, promoting the adsorption
of organic compounds”’l. Compared to conventional iron-
based activators such as ZVI and Fe?* salts, Sch has several
distinct advantages: (1) it is naturally abundant and can be
synthesized from acid mine drainage as a waste-derived
material, reducing cost; (2) its high specific surface area and
surface-bound Fe?*/Fe** redox cycle enable sustained PS
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activation without external reducing agents; and (3) it exhibits
high catalytic activity over a broad pH range (pH 3-9), whereas
ZV1 and Fe?* salts are often limited by narrow optimal pH and
rapid iron precipitation!' -], Built-in sulfate groups and a self-
sustaining surface Fe?*/Fe** redox cycle further aid PS
activation and catalytic turnover. Sch also performs effectively
over a broad pH range (3-9) and can co-stabilize heavy metals,
rendering it especially suitable for mixed contamination
scenarios commonly encountered in industrial soilsl’’]. When
applied in a Sch/H,0,/UV configuration, it achieved 78.8%
TOC removal and 90% decolorization from landfill
leachates!”°l. More recently, Sch activated PS enabled 99.1%
degradation of oxytetracycline with 69.7% TOC reduction
under UV light, while maintaining high efficiency in complex
wastewater matricesl”’.

Despite these encouraging results in aqueous environments,
using Sch/PS systems for soil remediation (particularly for
controlling PAH uptake by crops) has received scant attention.
PAHs can translocate from soil into edible plant tissues, posing
a direct threat to food safety. As one of the most widely
consumed vegetables globally, Bok choy represents a critical
pathway for human exposure to PAHs. Therefore, investigating
the adsorption of Phe from soil to Bok choy and developing
effective interception strategies are of paramount importance
for ensuring agricultural products and public health. Unlike
that
degradation efficiency in aqueous systems, the present study

previous studies focused primarily on chemical
emphasized the simultaneous assessment of soil remediation
performance and crop safety in a soil-plant system. However,
the potential of Sch as a persulfate activator for the remediating
of PAH-contaminated soil has not yet been determined. To fill
this knowledge gap, the present study was conducted with the
following specific objectives: (1) determine the Phe degradation
efficiency of the Sch-activated PS system in soil; (2) evaluate
the ability of the treatment to limit Phe uptake and
accumulation in Bok choy and (3) identify the key mechanisms
governing Phe degradation and control of its uptake into Bok
choy. The outcomes are expected to facilitate the design of
remediation PAH-affected

sustainable strategies  for

agricultural soils.

2 Material and methods

2.1 Reagents

Phenanthrene (> 95%, Wako 1st Grade), FeSO47H,0

(> 99.0%), H,O, NayS$;03 (> 97%), acetone (> 99.5%),
methanol (> 99.5%), nonane (> 98%), and dichloromethane
(> 99.5%) were purchased from Fujifilm Wako Pure Chemical
Corporation (Osaka, Japan). Hexane (> 99.5%) was supplied by
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Pyrene-
d10 (> 99.99%) was obtained from AccuStandard (New Haven,
Connecticut, USA). Silica was provided by Nacalai Tesque, Inc.
(Kyoto, Japan). This study used a commercial potting soil
specifically formulated for home gardening (Kurotsuchi),
purchased from Aichi Engei (Nagoya, Japan). Compound
fertilizers were sourced from Aichi Engei (Nagoya, Japan) and
Omiya Green Service Company (Saitama, Japan), respectively.
Deionized water was prepared using a water purification
system (Direct-Q 3 UV, Millipore, Molsheim, USA).

2.2 Preparation of Schwertmannite

The Sch was prepared following the methods of Liu et al.*l.
Briefly, 160 mmol-L~! FeSO,-7H,O solution was placed in an
Erlenmeyer flask, 1.8 mL H,0, (30%) was added, the flask was
sealed with eight layers of gauze, placed in a shaker and
incubated at 28 °C and 180 r-min~! for 2 h. Three times, the
solid minerals were washed with acid and then deionized
water. The minerals were dried at 50 °C, passed through a 100-
mesh sieve, and the parameters were analyzed by SEM, XRD,
and FTIR, and BET was evaluated.

2.3 Preparation of polluted soil

The organic matter (OM) content in the original soil was
126.02 + 3.30 g-kg~!. The contents of total nitrogen (TN), total
phosphorus (TP) and total potassium (TK) in the original soil
were 436 + 0.03, 1.10 + 0.02, and 592 + 0.00 gkg’l,
respectively. The hydrolyzable nitrogen (HN), available
phosphorus (AP) and available potassium (AK) contents in the
soil were 471.84 + 10.27, 2.25 + 0.10, and 78.7 = 1.27 mg-kg,
respectively.

For the experiments, 300 g of soil was collected and placed in a
pot measuring 15 cm in depth and 10 cm in diameter. First,
acetone-dissolved Phe was added to the soil, with the control
having a concentration at 20 mg-kg!. The resulting mixture
was then evaporated in a fume hood. Following a 48-h balance,
1% compound fertilizer, containing 7% total nitrogen, total
phosphorus, and total potassium was added to the soil.
Subsequently, the soil moisture content was adjusted to 60% of
the maximum water-holding capacity.

https://journal.hep.com.cn/fase
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2.4 Schwertmannite catalyzes persulfate to
degradation phenanthrene during the Bok choy
growth experiment

Seven treatments were set up (
(black control), (2) soil+Phe, (3) soil+Bok
(4) soil+Phe+Bok choy, (5) soil+Phe+Sch+Bok choy,
(6) soil+Phe+PS+Bok choy, (7) soil+Phe+Sch+PS+Bok choy.
The concentrations of PS and Sch were 200 mgkg~! and

) in seven pots: (1) soil only
choy,

1 gkg™!, respectively. Both were applied as a one-time basal
application and thoroughly mixed with the soil. After 24 h of
equilibration, six seeds were planted in each pot. The pots were
these
described above, and each treatment was repeated three times.

then maintained under controlled conditions as

The entire batch of experimental plants was maintained in one
shared growth chamber (Biotron NK system, Osaka, Japan), at
24 °C with a 14-h light/10-h dark cycle. Following a 72-h pre-
cultivation, five seeds were transplanted into each pot and
grown for 50 days under controlled conditions. Their length,
fresh weight, and Phe content was then determined.

2.5 Extraction of phenanthrene from soil and Bok
choy

The Phe concentrations in plant tissues (leaf, stem, and root)
were analyzed using a validated extraction and purification
protocol. Homogenized samples (50 mg wet weight) were
precisely weighed into 50 mL amber glass vials to minimize
photodegradation. Extraction was initiated by adding 20 mL of
a dichloromethane/methanol (1:1, v/v) solution and 10 pL of
pyrene-d10 internal standard (10 mg-kg!) for quantification
control. The samples underwent three successive 10 min
ultrasonic extractions in a temperature-controlled water bath
maintained at 25 °C. After each extraction, the supernatant was
filtered through a 25-mm glass fiber filter, and the residual
solids were re-extraction to ensure maximum analyze recovery.

Soil Soil+Phe

Soil+Phe+
Bok choy

Soil+Bok choy

The combined filtrates were processed through a multi-stage
concentration and cleanup procedure. Initially, the extract was
reduced to 3 mL under reduced pressure (600 torr) at 37 °C
using rotary evaporation. A solvent exchange was then
conducted by adding 20 mL of hexane/acetone (1:1, v/v) and
concentrating the solution again to 3 mL at 180 torr to enhance
compatibility with subsequent cleanup steps. The extract was
further purified using a silica solid-phase extraction cartridge
(500 mg/6 mL) to eliminate interfering pigments and polar
compounds. The collected eluate was concentrated to 3 mL
under identical pressure conditions (180 torr). Finally, 200 uL
of nonane was introduced as a keeper solvent to reduce
volatility, and the sample was carefully concentrated under a
nitrogen stream to a final volume of 200 pL for instrumental
analysis. This method demonstrated high extraction efficiency
(> 85%) while maintaining analytical integrity throughout the

process.

2.6 Analytical methods

The Phe concentration and purification were performed using
a Buchi R-100 rotary evaporation system equipped with I-100
interface and B-100 heating bath (Buchi, Essen, Germany). The
evaporation was conducted under reduced pressure (600 torr)
with the water bath temperature maintained at 37 °C to prevent
thermal degradation of the target compound. The rotation
speed was optimized at 120 r-min~! to ensure uniform heating
and efficient solvent removal, typically reducing the extract
volume from 60 to 3 mL while maintaining high analyte

recovery.

Quantitative analysis was carried out on an Agilent 6890A GC-
MS system (Agilent, Santa Clara, CA, USA) fitted with an
Intertcap 17 capillary column (30 m x 0.25 mm i.d. x 0.25 pm

Soil+Phe+Sch+
Bok choy

Soil+Phe+PS+
Bok choy

Soil+Phe+Sch+PS+
Bok choy

Fig. 1 Treatment design for Schwertmannite-catalyzed persulfate degradation of phenanthrene. Phe, phenanthrene; Sch, Schwertmannite;

PS, persulfate.
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film thickness). The GC temperature program was set as
follows: initial temperature was 40 °C (hold for 2 min) to
ensure proper solvent equilibration, increased to 200 °C at
15 °C-min~!, then to 320 °C at 5 °C-min~!, with a final hold
time of 8 min to ensure complete elution of high-boiling point
compounds. High-purity helium (99.999%) was used as the
carrier gas at a constant flow rate of 1.3 mL-min~!. The sample
injection volume was 1 pL in splitless mode, with a splitless
time of 1.5 min. The injector temperature was maintained at
280 °C to ensure complete vaporization of the analytes.

The MS detection used electron ionization at 70 eV, with the
ion source temperature set at 230 °C. The mass scanning range
was set at m/z 45-350 to cover the molecular ions and
characteristic fragments of the target compounds. The transfer
line temperature was maintained at 300 °C to prevent analyte
condensation. We compared mass spectra with the NIST 98
library and matching retention times (+0.05 min) with certified
standards for compound identification. A five-point calibration
curve with correlation coefficients (R?) exceeding 0.999 was
established for quantitative analysis. Data acquisition and
processing were controlled using HP Chemstation software,
which provided automated peak integration and quantification.

The morphology, mineral phase, and chemical bonds of Sch
were characterized using scanning electron microscopy (SEM,
S-4800, Hitachi Co., Ltd., Tokyo, Japan), X-ray diffraction
(XRD, MiniFlexII, Tokyo, Japan), and Fourier transform
infrared spectroscopy (FTIR, IR-6100, JASCO Co., Ltd., Tokyo,
Japan), respectively. Soil pH was measured with a Horiba F-73
pH meter (Horiba, Kyoto, Japan) using a 1:2.5 (w/v) soil-to-
water ratio after 30 minutes of equilibrium time. Water-soluble
ions were analyzed using a Thermo Fisher Scientific ICS-1600
ion chromatography system (Sunnyvale, California, USA)
equipped with appropriate anion and cation exchange
columns. The system was calibrated using certified reference
materials, and quality control samples were analyzed every 10
samples to ensure data reliability. All analyses were performed
in triplicate, and method blanks were included to monitor
potential contamination.

2.7 Statistical analysis

Microsoft Excel 2019 performed the statistical analysis by
calculating the average and standard deviation of triplicate
analysis Origin 2021 software plotted the graphs.

3 Results and discussion

3.1 Characterization of Schwertmannite

presents the scanning electron microscopy (SEM)
image of Sch at 5000x magnification. The material exhibited
characteristic aggregation morphology with a rough surface
texture featuring numerous acicular protrusions, consistent
with the typical Sch structures reported in other studies!”**"1.

The X-ray diffraction (XRD) pattern ( ) showed
characteristic diffraction peaks at 26 = 18.24°, 26.26°, 35.16°,
39.50°, 46.54°, 55.30°, 61.34°, and 63.68°, which matched the
standard diffraction pattern for Sch (JCPDS: PDF47-1775)
accurately. The specific surface area of the synthesized material
was determined to be 18.5 m?g~! by BET analysis, which
aligned with its aggregated morphology. Additionally, based on
an Fe/S molar ratio of 4.66 from elemental analysis ( ),
the structural formula was established as

FesOg(OH)4.56(SO04)1.72-

The Fourier transform infrared (FTIR) spectrum of Sch is
presented in . A broad absorption band centered at
3180.34 cm™! corresponded to the O-H stretching vibration of
surface hydroxyl groups and structural water. The sulfate
vibrational features were clearly identified; a strong, broad
band at 1109.08 cm™! was assigned to the v; asymmetric
stretching mode of SO42-, while the weaker peak at 977.39 cm™!
was attributed to the v; symmetric stretching mode. The
presence of these two bands indicated sulfate ions forming
outer-sphere complexes on the mineral surface. In addition, an
absorption peak at 600.44 cm~!, assigned to the v4 bending
vibration of SO42-, suggested sulfates incorporated within the
Sch tunnel structure. The peak observed at 690.51 cm™! was
characteristic of Fe-O stretching vibrations. All observed
absorption features were consistent with those reported in the
literature for synthetic Schl’'l. These collective results
conclusively demonstrated that the synthesized mineral was
Sch.

3.2 The pH during Schwertmannite synthesis

The temporal evolution of pH during Sch synthesis is shown in

. The reaction was initiated at pH 3.82. Immediately after
adding hydrogen peroxide, the pH decreased sharply to 2.77.
This rapid acidification was attributed to the release of protons
(H*) from both the oxidation of Fe?* to Fe3* (Eq. 1)["”! and the

https://journal.hep.com.cn/fase
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Fig. 2
Schwertmannite (Sch).

(a) Scanning electron microscopy (SEM); (b) X-ray diffraction (XRD); (c) Fourier transform infrared spectroscopy (FTIR) of

Table 1 Iron (Fe) and sulphur (S) contents in Sch
Sample Fe (wt%) S (wt%) Fe/S x Formula
Sch 54,73 6.717 4.66 1.72 Fegos(OH)4_56(SO4)1A72

subsequent hydrolysis of Fe3* ions to form species such as
FeOH2+ (Eq. 2)1*7.

2Fe’*+H,0,+2H" — 2Fe**+2H,0 (1)

Fe**+H,0 = FeOH**+H"* )
Following the initial rapid decrease, the pH continued to
decline gradually, reaching 2.34, 2.29, 2.23, and 2.13 at 12, 24,
36, and 48 h, respectively. This progressive acidification
reflected the continuous consumption of hydroxyl ions (OH")
during the nucleation and precipitation of Sch (Eq. 3)l'],
which became the dominant process following the initial
oxidation and hydrolysis stages. After 60 h, the net proton
release ceased, indicating the completion of the precipitation,
and the pH stabilized at 2.10.

8Fe” + xS0, + (16— 2x)H,0 — FegOg(OH), , (SO,),
+(4-2x)H"(1 < x < 1.75) 3)

3.3 Phenanthrene concentration in the soil during
50 days

illustrates the temporal variation in soil Phe
with

evaluation of the effectiveness of different remediation

concentration, specifically showing the
strategies during Bok choy cultivation. After 5 days, the
Soil+Phe+Sch+PS+Bok choy system achieved a Phe removal of
86.2%, substantially higher than that of the Soil+Phe+PS+Bok
choy (31.9%) and Soil+Phe+Sch+Bok choy (29.8%) systems. In

comparison, the Soil+Phe+Bok choy (26.5%) and Soil+Phe

27725-6
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Fig. 3 The pH variation during the synthesis of Schwertmannite
(Sch).

(17.6%) treatments showed lower removal efficiencies. By day
10, the Soil+Phe+Sch+PS+Bok choy treatment maintained its

superior  performance with  84.9% removal. The
Soil+Phe+PS+Bok choy treatment showed significant
improvement, achieving 61.0% removal, while the

Soil+Phe+Sch+Bok choy treatment achieved a moderate 44.8%
removal. In contrast, the Soil+Phe+Bok choy system exhibited
limited degradation capacity, achieving 41.2% removal, while
the Soil+Phe only treatment reached 46.2%. Throughout the
50-day experimental period, all treatments exhibited a
progressive increase in Phe degradation efficiency.

(a) 100
~ 801
é/ A \/
Q
£
& 601 /
= o
Q
E o
= 407
3
£ —=— Soil+Phe
~ 201 Soil+Phe+Bok choy
Soil+Phe+Sch+Bok choy
—v— Soil+Phe+PS+Bok choy
0 —eo— Soil+Phe+Sch+PS+Bok choy
0 10 20 30 40 50

Day

By day 30, distinct performance differences were observed
among the treatments. The Soil+Phe+Sch+PS+Bok choy
system maintained its leading position with 90.1% removal,
while the Soil+Phe+PS+Bok choy and Soil+Phe+Sch+Bok choy
treatments demonstrated comparable efficiencies of 88.2% and
87.1%, respectively. The Soil+Phe+Bok choy and Soil+Phe
treatments showed relatively lower removals of 74.6% and
76.7%, respectively. The Soil+Phe+Sch+PS+Bok choy
treatment consistently exhibited the highest performance with
94.5% removal. Notably, the Soil+Phe+Bok choy system
showed significant improvement, reaching 89.8% removal,
slightly surpassing the Soil+Phe (88.6%).

In comparison, the Soil+Phe+PS+Bok choy and
Soil+Phe+Sch+Bok choy treatments achieved final removals of
76.9% and 77.6%, respectively, indicating a stabilization trend
in their degradation capabilities during the later experimental
phase. In general, all treatments showed an increasing trend in
Phe removal efficiency over time. The Soil+Phe+Sch+PS+Bok
choy treatment demonstrated excellent capability for Phe
removal efficiency, achieving an 86.2% removal within a short
period (5 days). This excellent performance was attributed to
the large specific surface area of Sch, which provided ample
adsorption sites for Phe, as well as weak interfacial interactions
(e.g., m-m or cation-m) between the Phe molecules and the
mineral surface. Phe removal in the different treatments
resulted from distinct physical/biological and
oxidation pathways. The Bok choy-containing groups
facilitated removal via plant uptake and translocation, whereas
the Sch groups relied mainly on adsorption.

chemical

-
S
N

N

Soil
64 Soil+Bok choy

Concentration of Phe (mg-kg™)

0 5 10 15 20 25 30 35 40 45 50
Day

Fig.4 Dynamics of phenanthrene under different treatments. (a) Schwertmannite (Sch) and/or persulfate (PS) on phenanthrene (Phe)-

contaminated soil; (b) blank control (soil only and soil + Bok choy).
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In the PS-only treatment, slow activation by native soil iron
(Eq. 4) resulted in modest radical-driven oxidationl*"]. In
contrast, the combined Sch-PS system energized these
pathways; Sch adsorbed Phe, while, through its iron-rich
surface, efficiently activated PS to produce sulfate radicals
(SO4™) (Egs. (5) and (6)), thereby enabling rapid and extensive
chemical degradation!’*]. The decline in Phe concentration in
the Soil+Phe treatment group was likely due in part to
volatilization, owing to the semi-volatility of the compound,
which enabled its diffusion into the atmosphere. As shown in

, the Phe concentration in the control groups (soil and
soil+Bok choy) fluctuated. It was postulated that this observed
fluctuation, specifically the initial rise and subsequent fall in
concentration, was caused by the migration of volatilized Phe
from the adjacent contaminated treatments within the shared

enclosure.
S,07 + =Fe’* »=Fe*'+S02 +SO; - )
SO; -+ H,0 — -OH + H" +SO;” (5)
S,0; + =Fe*" »=Fe’ +S0; +S0;- (6)

3.4 Physiological indicators of Bok choy

presents the growth parameters of Bok choy after 50
days of cultivation in phenanthrene-contaminated soil under
different remediation treatments. The total plant length
(leaf+stem+root) ranged from 19.6 to 323 cm in the
Soil+Phe+Sch+PS+Bok choy treatment, 13.2 to 37.4 cm in
Soil+Phe+PS+Bok choy, 6.1 to 38.3 cm in Soil+Phe+Sch+Bok
choy, 16 to 28 cm in Soil+Phe+Bok choy, and 21.6 to 31.6 cm
in the Soil+Bok choy control. Notably, the treatments with Sch
and PS (Soil+Phe+Sch+PS+Bok choy) showed the narrowest
range and a high average plant length, likely because Sch

effectively activated PS to generate strongly oxidizing sulfate
radicals, which efficiently degraded phenanthrene and thus
alleviated its stress on the plants. In contrast, the vastly
different plant length ranges in the treatments with PS alone
(Soil+Phe+PS+Bok choy), or Sch alone (Soil+Phe+Sch+Bok
choy) suggested unstable remediation efficacy, which may have
been attributed to insufficient activation of PS and incomplete
adsorption/immobilization of phenanthrene, respectively.

Leaf length varied within 8.5-18.2, 9.1-18.4, 10-18.9, 6.9-15.4,
and 10.6-15.6 cm across the respective treatments. Stem length
measurements showed ranges of 6.4-8.0, 4.6-5.6, 5.6-8.7,
2.1-7.7, and 4.3-7.4 cm, while root length spanned 4.5-11.7,
4.7-15.0, 4.0-12.3, 3.3-7.7, and 6.2-10.3 cm for the five
treatments, respectively. Notably, the Soil+Phe+Sch+Bok choy
treatment exhibited the maximum observed values in total,
leaf, and root length dimensions. This prominent increase in
morphological parameters was likely attributed to the effective
adsorption and immobilization of phenanthrene by Sch, which
reduced the direct phytotoxicity and bioavailability of the
contaminant in the soil, thereby allowing for less restricted
plant development. Furthermore, the iron-rich nature of Sch
may have provided essential micronutrients, potentially
stimulating plant growth and contributing to the observed
maximum length.

Biomass accumulation in different plant tissues is illustrated in
. One-way ANOVA revealed no significant differences
among treatments for any biomass parameters (p > 0.05).
Nevertheless, certain trends were observed. The Soil+Phe+
Sch+PS+Bok choy treatment yielded the highest total fresh
weight at 691 g per pot ( )
Soil+Phe+PS+Bok (6.63 g per
Soil+Phe+Sch+Bok choy (4.99 g per pot) treatments, which in

surpassing

choy pot) and

Table 2 Leaf, stem, and root lengths of Bok choy under different treatments

Total (cm) Leaf (cm) Stem (cm) Root (cm)
Treatment
Max. Min. Max. Min. Max. Min. Max. Min.

Soil+Phe+Sch+PS+Bok choy 32.3 19.6 18.2 8.5 8 6.4 11.7 4.5
Soil+Phe+PS+Bok choy 37.4 13.2 184 9.1 8.8 4.6 15 4.7
Soil+Phe+Sch+Bok choy 38.3 6.1 18.9 10 8.7 5.6 12.3 4
Soil+Phe+Bok choy 28 16 154 6.9 7.7 2.1 7.7 3.3
Soil+Bok choy 31.6 21.6 15.6 10.6 7.4 4.3 10.3 6.2

Note: Total, sum of leaf, stem, and root; Phe, phenanthrene; Sch, Schwertmannite; PS, persulfate.
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Fig. 5 Fresh weight of Brassica rapa subsp. Chinensis grown in phenanthrene-contaminated soil under different treatments: (a) total, (b) leaf,

(c) stem, and (d) root. No significant differences were found among treatments (p > 0.05). Phe, phenanthrene; Sch, Schwertmannite;

PS, persulfate.

turn exceeded the Soil+Phe+Bok choy (5.23 g per pot) and
Soil+Bok choy (5.73 g per pot) values. Leaf biomass ( )
followed the order: Soil+Phe+Sch+PS+Bok choy (5.3 g per pot) >
Soil+Bok choy (4.75 g per pot) > Soil+Phe+Bok choy (4.21 g
per pot) > Soil+Phe+Sch+Bok choy (4.12 g per pot) >
Soil+Phe+PS+Bok choy (3.51 g per pot). Stem weight
( ) was greatest in Soil+Phe+Sch+PS+Bok choy (1.26 g
per pot), followed by Soil+Phe+Bok choy (0.89 g per pot),
Soil+Phe+PS+Bok choy (0.87 g per pot), Soil+Phe+Sch+Bok
choy (0.84 g per pot), and Soil+Bok choy (0.70 g per pot). Root
biomass ( ) with
Soil+Phe+Sch+Bok choy recording the highest value (0.50 g
per pot), followed by Soil+Phe+Bok choy (0.41 g per pot),
Soil+Phe+PS+Bok choy (0.39 g per pot), Soil+Phe+Sch+PS+
Bok choy (0.34 g per pot), and Soil+Bok choy (0.28 g per pot).

showed a different pattern,

The differences in biomass accumulation primarily originated
from the distinct mechanisms of the remediation strategies. In

the combined treatment (Soil+Phe+Sch+PS+Bok choy), Sch
effectively activated PS to generate sulfate radicals, enabling
efficient degradation of Phe and thereby alleviating its
inhibitory effect on overall plant growth. In contrast, the Sch-
alone treatment (Soil+Phe+Sch+Bok choy) primarily reduced
Phe bioavailability in the rhizosphere through adsorption,
creating a relatively safer growth environment for roots, which
explained its superior performance in root biomass. In
summary, the integrated treatment combining Sch and PS
demonstrated the most favorable overall growth performance
in terms of total biomass production.

3.5 Concentration of Phe in Bok choy

As the of Phe
(phenanthrene) in Bok choy varied significantly across

illustrated in R concentration

treatments. In leaves, the Phe concentrations followed this

https://journal.hep.com.cn/fase
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Soil+Phe+Bok choy
Soil+Phe+Sch+Bok choy

% Soil+Phe+PS+Bok choy
E== Soil+Phe+PS+Sch+Bok choy

Concentration of Phe in different treatment (mg-kg™)

Leaf Stem
Fig. 6 Migration of Phe in leaf, stem, and root of Brassica rapa

subsp. Chinensis. Phe, phenanthrene; Sch, Schwertmannite;
PS, persulfate.

descending order: soil+Phe+Bok choy (1.1 mg-kg™') > soil+Phe+
PS+Bok choy (0.9 mgkg™!) > soil+Phe+Sch+Bok choy
(0.7 mgkg™!) > soil+Phe+PS+Sch+Bok choy (0.2 mgkg™!).
Similarly, in stems, the trend was: soil+Phe+Bok choy
(1.0 mgkg™!) > soil+Phe+PS+Bok choy (0.7 mg-kg™!) > soil+
Phe+Sch+Bok choy (0.4 mgkg!) > soil+Phe+PS+Sch+Bok
choy (0.2 mgkg™). In roots, the order was: soil+Phe+Bok choy
(1.2 mgkg?) > soil+Phe+PS+Bok choy (0.7 mgkg!) >
soil+Phe+Sch+Bok choy (0.3 mgkg!) > soil+Phe+PS+Sch+
Bok choy (0.3 mg-kg™1).

Overall, the lowest Phe accumulation across all plant tissues
was consistently observed in the treatment where both PS and
Sch were applied together. This remarkable reduction was
attributed to a synergistic mechanism between PS and Sch.
Specifically, Sch, as an iron-rich mineral, can effectively
activate PS to generate powerful sulfate radicals (SO4~) and

other reactive oxygen speciesl’’>**]. Notably, the surface-bound

Fe?*/Fe3* redox cycle on Sch enabled continuous radical
generation without added external reducing agents, thereby
avoiding the rapid radical quenching commonly observed in
Fe2+

simultaneous presence of Sch and PS initiated an advanced

homogeneous systemsl"'="?].  Furthermore, the
oxidation process in the soil matrix, which enhanced the
degradation of the parent Phe compound, and also potentially
degraded its intermediate products, leading to a more complete
remediation and the lowest observed translocation of Phe into
Bok choy plants. This sustained radical production mechanism
maintained prolonged oxidative capacity, which was critical for
effectively reducing Phe bioavailability in soil throughout the
plant growth period.

4 Conclusions

A pot conducted to

effectiveness

experiment was investigate the
of Sch and PS in removing Phe from
contaminated soil, and their combined effect on blocking the
translocation of Phe from the soil into Bok choy (B. rapa subsp.
The study showed that: (1) the combined

application of Sch and PS caused rapid degradation of Phe in

chinensis).

contaminated soil, achieving a removal of 86.2% within 5 days
and reaching 94.5% by the end of the experiment; (2) the co-
addition of Sch and PS showed no significant adverse effect on
the physiological indices (e.g., length, biomass) of Bok choy
(p > 0.05); and (3) the combined Sch-PS treatment effectively
prevented the uptake and accumulation of Phe from the soil by
Bok choy. Therefore, the improvement of Phe-contaminated
soil with Sch and PS effectively mitigated the phytoavailability
of Phe, thereby reducing its potential transfer into the food
chain and its associated health risks to humans. Compared to
conventional iron-based activators, this system provided
advantages in cost, sustainability, and environmental
compatibility. Overall, the Sch-persulfate system represented a
promising and environmentally compatible approach for the

remediation of PAH-contaminated agricultural soils.
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