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HIGHLIGHTS GRAPHICAL ABSTRACT

o Fe(Il) and heat exhibit strong synergy
triggered at a low temperature of 40 °C.

o Activation energy is reduced from 89.58
to 18.53 kJ/mol by Fe(III) mediation.
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ARTICLE INFO ABSTRACT
Keywords: The thermally activated peroxydisulfate (heat/PDS) system for water treatment suffers from a single reaction
Thermally activated peroxydisulfate pathway and high energy consumption. This study investigates the regulatory role of Fe(Ill) in the heat/PDS

Fe(III)/Fe(Il) cycle

Redox dual channel mechanism
Reactive species
Fluoroquinolone antibiotics

system using difloxacin (DIF) as a target. Fe(IIl) acts as a redox mediator, reducing the activation energy from
89.58 kJ/mol in heat/PDS alone to 18.53 kJ/mol. The synergy of Fe(IlI) and heat is triggered at 40 °C, a tem-
perature naturally attainable in sun-warmed surface waters or from low-grade waste heat. At this temperature,
the synergy enhances the DIF degradation rate constant by 20.30 and 5.67 times compared to the heat/PDS and
Fe(IlI)/PDS systems alone. When raising to 60 °C, a level readily accessible using industrial waste heat or
concentrated solar energy, the system achieves even faster kinetics. The steady-state concentration of hydroxyl
radical (¢OH) reaches 4.16 x 10~ 2 M, which is 1.98 times that of the heat/PDS system. Mechanistically, Fe(III)
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forms Fe(DIFH)3* complexes that facilitate interfacial electron transfer and accelerate the Fe(III)/Fe(Il) cycle.
Within this cycle, superoxide radicals (03 ) act as a reducing agent to efficiently regenerate Fe(II), while PDS and
sulfate radicals (SO3~) serve as oxidants to drive the cycle and generate high-valent iron-oxo species (Fe(IV)=0).
This redox dual channel mechanism centered on the Fe(III)/Fe(II) cycle significantly enhances DIF degradation.
The system exhibits pH-dependent activity (optimal at pH 3.5) and strong real-water robustness. This work
provides a theoretical foundation for utilizing abundant iron ions with low grade heat to treat antibiotic polluted

water.

1. Introduction

Fluoroquinolone antibiotics (FQs) are widely used but poorly
metabolized, with ~70% of the parent drug excreted into the environ-
ment [1,2]. It is reported that FQs concentration reach 1990 ng/L in
Chinese aquaculture waters, and even mg/L levels in pharmaceutical
wastewater [3-6]. Difloxacin (DIF), a typical FQ featuring a
difluoro-substituted structure and zwitterionic character (carboxyl pKa;
= 5.91, piperazine ring pK,2 = 9.89), is barely removed by conventional
water treatment processes [7,8]. Residual DIF in the environment not
only potentially induces the emergence and spread of bacterial resis-
tance but also poses carcinogenic, teratogenic, and endocrine-disrupting
risks to aquatic organisms [9-11]. Developing treatment technologies
capable of achieving deep DIF removal is therefore of considerable
practical significance.

Persulfate-based advanced oxidation processes (PS-AOPs) have
attracted extensive attention for removing refractory organic pollutants,
primarily because the SO~ generated possesses a high redox potential
(2.5-3.1V) and a relatively long half-life (30-40 ps) [12-14]. Among
various activation methods, thermally activated peroxydisulfate
(heat/PDS) has emerged as a research focus owing to its operational
simplicity, system homogeneity, and freedom from external catalysts
[15,16]. However, our previous work and other studies have revealed
that the heat/PDS system alone suffers from intrinsic limitations
including a relatively singular reaction pathway, high energy con-
sumption, and suboptimal radical utilization efficiency [7,17]. Intro-
ducing naturally coexisting constituents to overcome these bottlenecks
represents a critical challenge for the practical application of this
technology.

Iron is the fourth most abundant element in the Earth's crust and is
widely distributed in various aquatic environments [18-20]. Fe(IIl), as
the most stable oxidation state under aerobic conditions, is ubiquitous in
surface waters and sediments. In practical environmental scenarios,
such as sun-warmed surface waters or industrial wastewater discharge
zones, the coexistence of Fe(Ill) and thermal energy is a common phe-
nomenon [21]. This ubiquity positions Fe(III) as a potential natural
mediator in thermally driven oxidative processes [22-24]. However,
while previous studies have extensively explored the use of exogenous
zero-valent iron or Fe(Il) for persulfate activation [25], the regulatory
role of endogenous or environmentally prevalent Fe(Ill) in
heat-activated systems, especially its ability to lower energy barriers and
alter reaction pathways, remains insufficiently explored.

Our earlier work showed that Cu(II) induces a radical pathway
switch via Cu(Ill) intermediates, shifting the dominant species from
SO3™ to eOH [26]. This revealed metal ions as pathway regulators, not
just activator. However, whether this switching mechanism applies
beyond Cu(ll) is unclear. Fe(Ill), with geochemical behavior distinct
from Cu(Il), may follow different regulatory patterns. Fe(IlI) has a
stronger hydrolysis tendency, broader species distribution (soluble
under acidic conditions, precipitating near neutral pH [27]), and lower
redox potential (Fe(IlI)/Fe(Il), E° =0.77 V) than Cu(I)/Cu(IIl) [28].
These differences suggest fundamentally distinct activation pathways. In
addition, O3~ forms in situ during PDS activation [29,30], could it drive
the Fe(III)/Fe(Il) cycle as a reducing agent? Also, is high-valent iron (e.
g., Fe(IV)=0) generated? Answering these questions would advance
understanding of metal-specific regulation in heat/metal/PDS systems

and potentially clarify the redox dual channel mechanism.

Accordingly, this study adopts DIF as the target pollutant and con-
structs a ternary heat/Fe(III)/PDS system to systematically investigate
the regulatory role and mechanism of Fe(III) in thermally activated PDS
processes. The specific objectives are as follows: (1) Elucidating the Fe
(Il1)-mediated E, evolution and synergistic factors during DIF degrada-
tion; (2) Identifying and quantifying the reactive species (SO5~, eOH,
037, and Fe(IV)=0) and assessing their relative contributions; (3)
Revealing the intrinsic mechanism by which the Fe(DIFF)>* complexes
facilitate interfacial electron transfer and accelerates the Fe(III)/Fe(II)
cycle, and elucidating the principle by which PDS and SO~ (oxidative
channel) operate in concert with O3~ (reductive channel) to construct a
multi-component synergistic oxidation network; (4) Evaluating the ef-
fects of coexisting anions (Cl~, HCO3, NOg3, etc.), humic acid (HA), real
water matrices and different metal ions on degradation performance,
thereby providing a theoretical foundation for developing low-carbon,
high-efficiency water treatment technologies utilizing environmentally
abundant iron ions.

2. Materials and methods
2.1. Reagents and experimental procedures

All chemical reagents utilized throughout this research were of
analytical grade or higher purity. Detailed information regarding these
materials is provided in Text S1 of the Supplementary Material. The DIF
degradation experiments in wastewater were simulated in a magneti-
cally stirred constant-temperature system (50 mL, [DIF]o = 10 mg/L,
[PDS] = 2mM, 25-60 °C, pH 3.5 or 6.5). Fe(IIl), Co(1I), Mn(II), and Cr
(II1) were added at 17.9 uM as sulfate or nitrate salts. Reactions were
terminated with excess NasS;03 (500 mM). Detailed conditions are
provided in Text S2.

2.2. Qualitative and quantitative analysis of reactive species

eOH, SO%~, and O3~ were detected by electron paramagnetic reso-
nance (EPR, Bruker EMXplus, Germany) using 5,5-dimethyl—1-pyrro-
line N-oxide (DMPO) as spin trap, and 10, using 2,2,6,6-
tetramethylpiperidine (TEMP). Quenching experiments were conduct-
ed by using MeOH (500 mM, for ¢OH and SO3 ), TBA (500 mM, for
eOH), and TEMPO (20 mM, for O37) [31,32]. Apparent contributions
were calculated according to Text S3. Steady-state concentrations of
eOH and SO3~ were determined using nitrobenzene (NB) and anisole
(AS) probes with temperature-corrected rate constants [26]. O3~ was
quantified using the 4-chloro—7-nitrobenzo—2-oxa—1,3-diazole
(NBD-CI) fluorescence method [33]. Fe(IV)=0 was probed by methyl
phenyl sulfoxide (PMSO) oxidation, with methyl phenyl sulfone
(PMSO3) quantified by high-performance liquid chromatography
(HPLC, Shimadzu, Japan) (Text S4 and Table S1). SO3~ was monitored
at 450 nm by laser flash photolysis (LKS80, applied light physics, UK;
Text S3).

2.3. Complexation and electrochemical analysis

Fe(II)-DIF complexes were characterized by UV-Vis spectroscopy
(200-550 nm, UV3200, Shanghai Mapada Instruments Co., LTD., China;
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Fig. 1. (a) Speciation distribution of Fe(IIl) under different pH conditions; (b) Degradation analysis of DIF by the heat/Fe(III)/PDS system at different temperatures;
(c) Comparison of DIF degradation rates in the binary system (heat/PDS and 25 °C/Fe(IIl)/PDS) and the ternary heat/Fe(III)/PDS system at different temperatures;
(d) Effect of Fe(IlI) addition on the E, of heat/PDS (general conditions in this study: The pH for the activity study was set at 3.5, [Fe(Ill) or other metal ions]
=17.9uM, T = 60 °C, [PDS] = 2 mM, [DIF] = 10 mg/L, and error bars represent one standard deviation).

Text S4). Electron transfer was evaluated by chronoamperometry
(CHI760E, Shanghai Chenhua Instrument Co., LTD., China). Fe(II)
concentration was measured by the 1,10-phenanthroline method (Text
S5 and Fig. S1) [34]. Mechanistic evaluation of metal ion-mediated in-
fluence can be seen from Text S6.

2.4. Theoretical computational methods

DFT calculations were performed using the PBE functional under
GGA with a DNP basis set and a global orbital cutoff radius of 3.500 A
[35,36]. The convergence tolerance was set to 1 x 10> Hartree with a
maximum of 500 SCF cycles, and vibrational frequency analysis was
conducted to confirm stable configurations and obtain Gibbs free en-
ergies (detailed conditions provided in Text S7).

3. Results and discussion
3.1. Activity of the heat/Fe(IIl)/PDS system

The ability of Fe(IIl) to activate PDS is strongly dependent on solu-
tion pH due to its hydrolysis speciation (Fig. 1a). Fe(Ill) remains pre-
dominantly soluble under acidic conditions (pH < 3.5) but gradually
precipitates as hydroxides when the pH rises to near neutral [27]. To
systematically evaluate this pH-dependent activation behavior, two
representative conditions, pH 3.5 and pH 6.5, were selected for subse-
quent experiments, thereby effectively simulating reaction scenarios in
acidic and circumneutral water qualities.

At pH 3.5 (Fig. S2), PDS alone, heat alone, and heat/Fe(III) showed
negligible DIF degradation. The Fe(IlI)/PDS system achieved 28.5%
removal at 25 °C within 5 min (65.2% at 15 min, Fig. 1b), consistent
with Caiet al [24]. Raising the temperature to 40 °C dramatically
increased degradation to 88.3% within 5 min (Fig. 1c¢). The synergy
enhances the DIF degradation rate constant by 20.30 and 5.67 times
compared to the heat/PDS and Fe(III)/PDS systems alone. This suggests
that a shift in radical generation pathways at low temperatures. Notably,
~40 °C is naturally attainable in summer surface waters or from
low-grade waste heat. [21], suggesting potential for solar-driven, low--
carbon treatment. When the temperature reaches 60 °C, a common
threshold for utilizing industrial waste heat, the rate constant of the Fe
(Il1)-mediated system is 40.6% higher than that of the Fe(III)/PDS sys-
tem at 40 °C. Even beyond this temperature threshold where the syn-
ergistic burst is already triggered, Fe(III) continues to facilitate the
reaction by dramatically reducing the activation energy (Eg) of the
heat/PDS system from 89.58 kJ/mol to 18.53 kJ/mol, highlighting that
Fe(III) serves as an efficient redox mediator that bridges thermal energy
and persulfate activation (Fig. 1d). Consequently, the results at both
temperatures underscore the broad adaptability and high efficiency of
this technology. Further temperature increases progressively acceler-
ated the degradation, with rate constants of 0.800 min~! and
1.068 min ! at 70 and 80 °C, respectively. In addition, compared to the
two binary systems, the ternary synergistic factors calculated via Eq.1
and data of Fig. 1c are 5.08, 5.05, 2.31, 1.29, and 1.36 across the range
of 40-80 °C, further indicating the synergy of heat and Fe(IIl). Moreover,
the synergistic factor decreases from > 2.31 at 40-60 °C to near unity at
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Fig. 2. Effect of pH (a) and PDS (b) on DIF degradation in the heat/Fe(IlI)/PDS system; (c) Fitting curve of DIF degradation rate constant (log k) versus PDS
concentration; (d) Effect of Fe(III) concentration on DIF degradation in the heat/Fe(III)/PDS system; Effects of different environmental factors (e) and water matrices

(f) on the degradation rate constant of DIF in the heat/Fe(III)/PDS system.

70-80 °C, indicating that Fe(IIl)-mediated activation dominates at low
to medium temperatures, whereas direct thermal activation of PDS be-
comes increasingly important at higher temperatures. To balance energy
conservation with efficiency, subsequent investigations focused on 25,
40, and 60 °C.

kheat /Fe(Ill) /PDS

B Kneat/pps + Kre(ur/pps

(€Y

SFheat/Fe(iin)/PDS

Where ke(i)/pps; Kheat/pps @0d Kneat/re(ur)/pps Tepresent the rate constants
for the binary and ternary systems (Fig. 1c data), respectively.

The initial pH of the solution significantly influenced the DIF
degradation efficiency in the heat/Fe(III)/PDS system (Fig. 2a). The
highest degradation rate was achieved at an initial pH of 2.5-3.5, while
a sharp decline in performance was observed as the pH increased from
6.5 to 10. This pH-dependent behavior reflects a trade-off between the
speciation of the pollutant and the metal ion. On one hand, as the pH
approaches the near-neutral range, the deprotonation of DIF (carboxyl
pKa1 = 5.91, piperazine ring pKy2 = 9.89) increases its electron density,
which theoretically enhances its reactivity toward electrophilic radicals
[37,38]. However, the speciation of Fe(Ill) remains the dominant factor
governing the overall system activity. At pH 3.5, Fe(III) exists primarily
in highly active soluble forms [27,39], which effectively mediate the
redox cycles for PDS activation. In addition, only minor pH fluctuations
(within +0.4 units) were observed before and after the reaction
(Fig. S3a). As the pH increases, the rapid hydrolysis and precipitation of
iron species (forming Fe(OH)3) drastically reduce the concentration of
available activated centers, thereby suppressing the synergistic effect.
The rate constant ratio of the ternary system to heat/PDS alone de-
creases from 3.05 at pH 3.5-1.95 at pH 6.5, indicating that the heat/Fe
(ITI) synergy is stronger under acidic conditions, whereas the heat/PDS
pathway becomes more important under neutral conditions.

As the precursor of reactive species, the PDS concentration directly
governs the total yield of various radicals. In Fig. 2b, an increase in PDS

concentration from 0.2 to 2 mM, at pH 3.5 and 60 °C, leads to a pro-
gressive enhancement in the DIF degradation rate within the heat/Fe
(II1)/PDS system, achieving approximately 96% removal at 2 mM. The
relationship between the PDS concentration and log k was fitted to the
equation y = —0.26503 + 0.11719In(x—0.16377), demonstrating a
strong positive correlation with an R? value of 0.9913 (Fig. 2c). The
fitted curve identifies the 1-2 mM range as a distinct inflection region
representing the optimal concentration plateau, beyond which the curve
flattens. This observed saturation in degradation rates at higher PDS
dosages may be attributed to self-quenching reactions between excess
PDS and active radicals (Eq. 2) [40]. Regarding Fe(IIl), its concentration
directly dictates the PDS activation efficiency and the specific pathways
of radical generation. Fig. 2d demonstrates that with a fixed PDS con-
centration of 2 mM, the DIF degradation efficiency within 5 min im-
proves as the Fe(II) concentration rises from 0 pM to 37.5 pM, reaching
values of 66.0-96.3%. These results indicate that the introduction of Fe
(II1) substantially enhances the oxidative capacity of the system through
its synergistic interaction with thermal activation. When the Fe(III)
dosage exceeds approximately 17.9 pM, the incremental increase in the
degradation rate slows markedly, indicating that Fe(Ill)-mediated
reactivity reaches a plateau. Considering both activation efficiency and
economic feasibility, a Fe(III) concentration of 17.9 pM (approximately
1 mg/L) was selected as the baseline condition for subsequent studies, as
this value aligns with Fe(IIl) levels typically found in actual wastewater.

heat

24.5,05 +802° 2

Furthermore, under the conditions of pH 3.5 and 60 °C, the ternary
heat/Fe(III)/PDS system was utilized to degrade various FQs. As illus-
trated in Fig. S3b, the system exhibited excellent degradation perfor-
mance for all five FQs within a 5-minute interval, achieving removal
efficiencies of 95.9%, 74.6%, 93.5%, 84.0%, and 70.4% for DIF, lome-
floxacin (LOM), enrofloxacin (ENR), ciprofloxacin (CIP), and ofloxacin
(OFX), respectively, demonstrating the robust capacity and broad

SO, + 8,03
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Fig. 3. (a) Comparison of EPR signal intensities of O3 in different systems (using DMPO as spin trap in methanol solution, 70.5 mM); (b) EPR spectra of ¢OH and
SO3 in different systems (using DMPO as spin trap in aqueous solution, 70.5 mM); Generation kinetics of SO3~ in heat/PDS and heat/Fe(II)/PDS systems under (c)
pH 3.5 and (d) pH 6.5 condition measured by laser flash photolysis (. = 450 nm; data represents absolute absorbance).

applicability of this system for FQs treatment.

3.2. Environmental adaptability of the heat/Fe(II)/PDS system

The impact of ubiquitous HA and inorganic anions including NO3,
HCO3, C1I” and NO; on DIF degradation was systematic evaluated to
assess the practical applicability of the heat/Fe(III)/PDS system. As
shown in Fig. 2e, the presence of NO3 and Cl~ had weak effects on the
reaction kinetics. Their respective kyps values were 0.652 min~! and
0.709 min~, representing a 2.4% inhibition and a 6.1% promotion. Cl~
may slightly facilitate radical regeneration (e.g. C1°) or transfer through
subtle radical chain reactions [41,42]. The addition of HA resulted in a
moderate inhibitory effect, with kyps decreasing to 0.540 min~! and an
inhibition rate of 19.2%. This reduction is primarily attributed to the
role of HA as a representative dissolved organic matter containing
abundant aromatic structures and unsaturated bonds. HA can reduce the
activity of metal ions through complexation, and also scavenges SO3~
and eOH, thereby hindering the degradation of DIF. Similarly, the
presence of HCO3 led to a moderate decrease in activity, likely due to
the scavenging of SO3~ and eOH [43,44], and the subsequent increase in
solution pH, which promotes the precipitation of Fe(IIl) hydroxides.

The most profound inhibitory effect was observed with NO3, where
kops plummeted to 0.0104 min~, corresponding to an inhibition rate of
98.4%. NO; functions not only as a strongly reducing anion that ter-
minates the effective Fe(III)/Fe(Il) cycle but also undergoes rapid elec-
tron transfer with SO5~ (Eq. 3) with a second-order rate constant of
8.8x 108 M~Is™L. This reaction generates low-activity nitrite radicals
(NO3%) and almost entirely quenches the oxidative capacity of the system
[45]. This outcome suggests that pretreatment or increased oxidant

dosage is necessary when treating wastewater containing NO3.

NO; + SO+~ —» NO; + SO;, k=88x10°M'S™! 3

To assess practical applicability, DIF degradation was evaluated in
various real-world water matrices (Fig. 2f). In tap water, the degradation
rate was 81.6%, representing a decrease of 14.3 %age points compared
to the control. Similarly, the degradation rates in Pearl River water and
lake water were 85.5% and 80.2%, reflecting reductions of 10.4 and
15.7 %age points, respectively. Correlating these findings with water
quality parameters (Table S2), the inhibitory effects are primarily
attributed to higher concentrations of total organic carbon (TOC) and
HCO3. Conversely, seawater achieved 98.1% degradation, a 2.2% in-
crease over the control. Despite containing TOC and HCO3, the high C1~
concentration (21.43 mg/L) in seawater effectively offset their inhibi-
tory effects, leading to an overall promotion [46]. Additionally, the
abundance of diverse ions in seawater, including Br™, Mg2+, and Ca2+,
may exert a composite effect [47], facilitating the Fe(III)/Fe(II) cycle to
maintain a continuous generation of reactive species. In summary, while
most real-world water matrices exhibit a degree of inhibition except for
the slight promotion in seawater, the degradation rates consistently
remained above 80% at 5min. This performance underscores the
tolerance and application potential of the system when treating complex
water environments.

3.3. Qualitative and quantitative analysis of reactive species in the heat/
Fe(III)/PDS system

3.3.1. Qualitative characterization via EPR and laser flash photolysis
To elucidate the regulatory role of Fe(Ill) on the generation of
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reactive species within the thermally activated PDS system, this study
first performed qualitative and semi-quantitative analyses of potential
key species including 10,, 0%, eOH and SO~ using EPR technology. As
illustrated in Fig. S4, with TEMP employed as the trapping agent at pH
3.5 and pH 6.5, no significant TEMP-'0, characteristic signals was
detected. Thus 0, is not a primary reactive species in homogeneous
thermally activated PDS systems, likely due to insufficient PDS hydro-
lysis products or rapid quenching [48].

The generation of O3~ was monitored in a methanol solvent using
DMPO as the trapping agent, with the results presented in Fig. 3a. The
data reveal substantial variations in O3~ signal intensities across
different systems. In the 60 °C/PDS system, the O3~ signal intensity,
determined by the height of the leftmost peak for semi-quantitative
comparison, was only 0.13. This indicates a weak capacity for individ-
ual thermal activation of PDS to produce O35, which aligns with the
findings of Yang et a [45]. In the Fe(IlI)/PDS system at 25 °C, the signal
intensity reached 0.48, approximately 3.7 times that of the heat/PDS
system, demonstrating that the introduction of Fe(III) effectively pro-
motes O3 generation [22]. In the heat/Fe(IlI)/PDS system, the O3~
signal intensity increased with rising temperature, reaching 0.68 at 40
°C and 1.93 at 60 °C. The intensity at 60 °C was 4.0 times that of the
ambient Fe(III)/PDS system, 2.8 times that of the 40 °C system, and 14.8
times that of the 60 °C/PDS system. These findings confirm that the
synergy between Fe(III) and thermal activation enhances O3~ produc-
tion. Furthermore, the addition of the target pollutant DIF led to a
notable reduction in the O3~ signal, with the intensity in the 60 °C/Fe
(II1)/PDS/DIF system dropping to 1.03. This phenomenon highlights
that O3~ either directly participates in DIF degradation or indirectly
facilitates DIF removal by mediating the generation of other reactive

species such as SO;~ and eOH, thereby validating its critical role within
the reaction framework [29].

The generation of ¢OH and SO% was further investigated using
DMPO as the spin trapper, as shown in Fig. 3b. At pH 3.5, the radical
signal intensities varied among the systems. For 25 °C, the Fe(III)/PDS
system exhibited characteristic DMPO-eOH quartet signals with a
1:2:2:1 intensity ratio alongside weak DMPO-SOZ~ signals. The SO3~
signals remained consistently weak and difficult to identify clearly. This
observation is likely due to the rapid conversion of SO;~ to eOH via
hydrolysis or reaction with HoO/OH  in aqueous systems (Eq. 4), a
process accelerated by heat that results in extremely low steady-state
concentrations of SO3 . The eOH signal intensity was approximately
0.18, suggesting that Fe(III) possesses an inherent capacity to activate
PDS and induce radical formation. Upon increasing the temperature to
60 °C, the eOH signal intensity in the heat/Fe(III)/PDS system rose to
0.23, roughly 1.28 times the ambient level, demonstrating that elevated
temperatures enhance the activation of PDS by Fe(III) [49].

Compared to the binary 60 °C/PDS system which yielded a «OH
signal of 0.09, the 60 °C/Fe(IIl)/PDS system achieved a signal intensity
of 0.23, representing a 2.56-fold increase. This confirms that the synergy
between Fe(Ill) and heat bolsters radical generation. Following the
addition of DIF, the eOH signal intensity decreased slightly, indicating
its involvement in the degradation process. However, the minor extent
of this decrease suggests that the «OH generation rate effectively offsets
its consumption, maintaining an ample radical supply and high steady-
state concentrations of reactive species. Regarding the influence of pH,
the ¢OH signal intensity in the 60 °C/Fe(III)/PDS system at pH 3.5 (0.23)
was 1.77 times stronger than that at pH 6.5 (0.13), which is consistent
with the degradation kinetic trends observed in Section 3.1. In acidic
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environments, Fe(III) exists primarily as soluble ions which are more
conducive to activating PDS through complexation or electron transfer
mechanisms, thereby promoting radical chain reactions. Conversely, at
pH 6.5, Fe(III) tends to form poorly ionized hydroxides, which reduces
its catalytic activity and diminishes radical generation.

SO} +OH < ¢ OH+S02 ,k=6.5x 107 M's! (C))

Since EPR failed to provide a distinct signal for SO, rendering it
difficult to directly elucidate the synergistic mechanism between Fe(III)
and thermal activation, this study employed laser flash photolysis to
monitor transient absorption signals at 450 nm, the characteristic ab-
sorption wavelength of SO3~. The results are illustrated in Fig. 3c-d. At
pH 3.5, the investigation initially focused on the heat/PDS system (60
°C) without Fe(III) supplementation. This system exhibited the highest
absorbance at 450 nm among all tested conditions, indicating that
thermal activation effectively induces PDS decomposition to generate
substantial concentrations of SO3~ as described in Eq. 5. However, the
introduction of Fe(III) resulted in a consistent decline in absorbance.
Specifically, the absorbance values for the Fe(IlI)-containing systems at
25 °C, 40 °C, and 60 °C decreased sequentially and remained lower than
those of the corresponding systems lacking Fe(III) at identical temper-
atures. This trend suggests that while the synergy between Fe(III) and
heat enhances overall PDS activation efficiency, the steady-state con-
centration of SO7 decreases with increasing temperature. Correlating
this with the EPR results, where e¢OH signals intensified at higher tem-
peratures, it can be inferred that elevated temperatures facilitate the
transformation of SO3~ into eOH as shown in Eq. 4. This observation
confirms the dynamic transformation mechanism of radical species
within the heat/Fe(III)/PDS system. Under pH 6.5 conditions (Fig. 3d),
the overall absorbance values were slightly lower than those at pH 3.5,
which is consistent with the reduced activity of Fe(III) as it primarily
exists in hydroxide forms in circumneutral environments. Nevertheless,
the Fe(III)-containing systems demonstrated a similar pattern to the pH
3.5 systems, with absorbance decreasing as temperature rose. This
phenomenon further supports the conclusion that thermal activation
drives the rapid conversion of excess SO;~ into ¢OH in the presence of Fe
(III). The remaining SO3~ that has not undergone complete trans-
formation, evidenced by the absorbance at 450 nm in the ternary system
remaining near 0.035 in Fig. 3¢, works in tandem with eOH to efficiently
attack DIF molecules. This synergistic effect leads to more thorough
degradation, thereby enhancing overall oxidation efficiency while
simultaneously reducing the steady-state concentration of SO3 .

S,02" 22805 k=57 x 107557 )

3.3.2. Qualitative and semi-quantitative analysis via chemical competition
experiments

Under the condition of pH 3.5 (Fig. 4a), the addition of TBA for ¢OH
scavenging (detailed in Section 2.2) caused the degradation rate con-
stant (k) to decrease substantially from 0.668 min~! to 0.098 min’.
Upon the introduction of MeOH to scavenge both ¢OH and SO%~, k
further declined to 0.020 min . Calculations based on Eq. S1 and S2
reveal that the apparent contributions of ¢OH and SO%~ are 85.3% and
11.7%, respectively. These values contrast sharply with the results of the
standalone heat/PDS system under similar conditions, which exhibited
contributions of 75.3% for e¢OH and 20.1% for SO5~ (Fig. S5a). The
incorporation of Fe(Ill) resulted in a nearly 10% increase in the «OH
contribution and a corresponding 8% reduction in the SO~ contribu-
tion, suggesting that Fe(IIl) shifts the equilibrium of radical generation
and transformation to strengthen the dominance of eOH. At pH 6.5
(Fig. S6), the addition of TBA and MeOH reduced the k values by 83.5%
and 93.2%, respectively. The contributions of the two radicals were
similar to those observed at low pH. Notably, the addition of TEMPO as
an O3~ scavenger inhibited DIF degradation at both pH levels. This in-
hibition was markedly more pronounced than the degradation effect
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attributed to O3~ in the standalone heat/PDS system (Fig. S5b). It should
be noted that TEMPO is not a fully selective scavenger for O3~ and may
also react with eOH; therefore, the inhibition observed upon TEMPO
addition should be interpreted with caution. However, complementary
evidence from EPR experiments consistently supports the involvement
of O3 in the system.

These results corroborate the data obtained from EPR and laser flash
photolysis, forming a consistent evidence chain. Specifically, the
enhanced eOH signals observed in EPR upon Fe(IIl) addition and the
attenuation of the characteristic SO3~ absorption peaks in flash
photolysis support the semi-quantitative shifts identified in the scav-
enging experiments. Collectively, this evidence indicates that Fe(III) acts
not only as an activator to increase the overall reaction rate but also as a
regulator that shifts the primary reactive species from SO~ to ¢OH. This
shift becomes more significant with increasing temperature. Further-
more, the accompanying electron transfer processes generate substantial
amounts of O3, driving a secondary reaction network for more efficient
DIF degradation. This is supported by previous reports from Keenan
et al. [50] regarding secondary mechanisms where O3 participates in
the generation of HoO3 and ¢OH [51].

To verify the existence of Fe(IV)=0O within the heat/Fe(III)/PDS
system, PMSO was employed as a specific probe [51]. The results
demonstrate effective PMSO degradation at pH 3.5 across various tem-
peratures including 25, 40, and 60 °C. Although ¢OH can oxidize PMSO
through multiple pathways such as those shown in Eq. 6, it does not
produce the characteristic oxidation product PMSO5[52-54]. In this
study, significant PMSO;, formation was detected, reaching 7.89 pM
after 10 min in the 60 °C/Fe(Ill)/PDS system, suggesting the possible
involvement of Fe(IV)=0 (Fig. 4b). It should be noted that PMSO, for-
mation is not definitive proof of Fe(IV)=0 [54]. Therefore, the PMSO
results are interpreted as suggestive but not conclusive evidence for Fe
(IV)=0 formation, while the radical pathways (éOH and SO3~) remain
the dominant contributors to DIF degradation. Similarly, PMSO, was
generated at pH 6.5, albeit at a lower concentration of 2.39 pM. This
phenomenon is consistent with the scavenging and EPR results, indi-
cating that Fe(III) predominantly exists in non-soluble forms under cir-
cumneutral conditions, which limits its participation in redox-mediated
reactions. As noted by Pignatello et al., the activity of Fe(III)-catalyzed
Fenton reactions peaks at pH 3 and diminishes as Fe(III) precipitates into
amorphous iron oxyhydroxides with lower reactivity [23]. By circum-
neutral pH, this inert form becomes dominant, explaining the decreased
activity of the heat/Fe(Ill)/PDS system at pH 6.5. In summary, the
degradation of DIF in the heat/Fe(IIl)/PDS system is primarily driven by
radical pathways (e.g. eOH and SOZ"), with a possible but minor
contribution from Fe(IV)=0.
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3.3.3. Analysis of complexation efficacy and electron transfer

The complexation between organic pollutants and metal ions can
influence AOPs through mediated electron transfer mechanisms [23,
55]. Under ambient temperature and at pH 3.5, the absorption spectrum
of the mixture containing Fe(IIl) and DIF exhibits substantial alterations
compared to individual components, as illustrated in Fig. 4c. The
observed increase in absorbance and the concomitant red shift confirm
the formation of the Fe(DIFE)*" complexes. Previous literature suggests
that the structural modifications resulting from Fe(III)-organic
complexation can enhance the performance of oxidation systems
through three primary pathways. First, complexation modulates the
standard reduction potential of the Fe(Ill)/Fe(II) couple, thereby
lowering the energy barrier for the reduction of Fe(III) to Fe(Il). This
acceleration of the rate-limiting step facilitates the efficient activation of
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PDS by Fe(II) and the subsequent generation of additional SO3 . Second,
the formation of these complexes can shift the reaction pathways toward
the induced generation of high-valent iron species such as Fe(IV)=O0.
These non-radical active species possess superior oxidative selectivity
toward specific contaminants and demonstrate enhanced resistance to
matrix interference [56]. Third, complexes enhance the Lewis acidity of
the Fe(II) center, which enables more effective polarization of the
peroxy bond in PDS. This effect weakens the O-O bond energy, as sup-
ported by theoretical calculations, making the bond more susceptible to
cleavage under thermal perturbation and directly promoting PDS
decomposition into reactive species [57,58].

To validate the proposed complexes-dependent mechanism,
competitive experiments were conducted using the strong chelating
agent EDTA. Given the exceptionally high stability constant of the Fe
(IID-EDTA complexes (log K = 27.51), EDTA preferentially coordinates
with Fe(III) within the system [59]. As illustrated in Fig. 4d, the addition
of EDTA to the heat/Fe(III)/PDS system resulted in a significant inhi-
bition of DIF degradation at both pH 3.5 and pH 6.5, with degradation
rate reductions of 66.7% and 70.3%, respectively. This phenomenon
suggests that the competitive sequestration of Fe(III) by EDTA disrupts
the original Fe(DIFH)3+ complexes structure [59]. Consequently, the
three previously hypothesized enhancement pathways, including the
modulation of standard potentials, the generation of Fe(IV)=0, and the
intensification of Lewis acidity, are rendered ineffective. These results
provide preliminary evidence for the pivotal role of the Fe(DIF¥)3*
complexes in PDS activation and the subsequent degradation of DIF.

Further investigation of the variations in electron transfer efficiency
following complexation, which serves as the core process underlying the

three aforementioned mechanisms, chronoamperometry experiments
were conducted. Regardless of whether the process is mediated by free
radicals or Fe(IV)=0, the fundamental essence involves electron transfer
driven by the Fe(III)/Fe(Il) cycle. The electrochemical results clearly
demonstrate the temperature and pH dependence of the electron
transfer processes within the heat/Fe(III)/PDS system (Fig. 5a). At pH
3.5, as the temperature increases from 25 °C to 40 °C and 60 °C, distinct
current response variations are observed following the sequential
addition of Fe(Ill), PDS, and DIF. These observations indicate the
occurrence of significant redox reactions and electron transfer processes.
Besides, the current response is minimal at a room temperature of 25 °C
but increases progressively with rising temperatures. The most pro-
nounced response occurs at 60 °C, which aligns closely with the optimal
degradation kinetics observed under these conditions, confirming that
elevated temperatures effectively facilitate the Fe(IlI)/Fe(II) valence
cycle and the PDS activation process. Conversely, at pH 6.5 and 60 °C,
the current response is substantially weaker than at pH 3.5. Collectively,
these complexation and electrochemical phenomena indicate that the
high efficiency of the heat/Fe(III)/PDS system stems from temperature-
accelerated Fe(III)/Fe(Il) valence cycling [60,61]. Furthermore, an
acidic environment maintains the solubility and reactivity of Fe(III).
These factors synergistically enhance the electron transfer efficiency
within the system, thereby driving rapid PDS activation and DIF
degradation.

Compared to the standalone heat/PDS system, the introduction of Fe
(III) mediates the generation and transformation of reactive species,
with the valence state transition serving as the primary internal driver.
To further validate this redox dual channel mechanism, the conversion
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Table 1
Steady-state concentrations of ¢OH and SO3 ™ in different systems.
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[¢OH]s/M [03 1ss/M [SO% 1/M
Temperature (°C) heat/Fe(III) heat/Fe(III) heat/Fe(III)

/PDS heat/PDS /PDS heat/PDS /PDS heat/PDS
25 °C 9.37 x 10713 6.92 x 10713 — — 2.76 x 10712 6.04 x 10713
40 °C 1.65 x 10712 1.68 x 10712 2.98 x 107° 1.45 x 107° 1.08 x 10712 7.45 x 10712
60 °C 416 x 10712 2.10 x 10712 9.18 x 107° 2.75 x 107> 0.41 x 10712 9.32 x 10712

of Fe(IlI) to Fe(II) during the degradation process was monitored. As
shown in Fig. 5b, the highest Fe(II) generation of 0.140 pM occurs in the
heat/Fe(II)/PDS system at pH 3.5 and 60 °C. This peak concentration
matches the observation of maximum electron transfer activity in the
electrochemical experiments, directly confirming that high temperature
and acidic conditions synergistically accelerate the Fe(III)/Fe(II) cycle,
PDS activation, and the subsequent degradation of the target pollutant
[62,63].

3.3.4. Quantification of reactive species and interpretation of the multi-
component synergistic oxidation network

The quantitative results from probe experiments (Table 1) provide
critical evidence for the unique regulatory role of Fe(Ill) within the
heat/PDS system. At 25 °C, the introduction of Fe(IIl) increased the
steady-state concentration of [eOHls from 6.92 x 107 M to
9.37 x 107'3 M. Upon increasing the temperature to 60 °C, the [¢OH],
in the heat/Fe(IlI)/PDS system reached 4.16 x 10712 M, representing a
1.98-fold enhancement compared to the heat/PDS system alone
2.10 x 107'2 M. These data align with quenching experiments where
the contribution of eOH rose from approximately 75% to over 85%, as
well as with EPR observations, thereby substantiating that the synergism
between Fe(IIl) and thermal activation promotes the targeted generation
and accumulation of eOH. Simultaneously, the concentration trends of
SO3~ reveal a more profound interactive mechanism. At 25 °C, the SO3~
concentration was 2.76 x 10712 M, which is 4.6 times higher than that
of the PDS system alone, indicating that Fe(IIl) can activate PDS to
generate SO3~ even at ambient temperature. However, when the tem-
perature reached 60 °C, SO;~ plummeted to 0.41 x 10712 M, a value
substantially lower than the 9.32 x 10712 M observed in the heat/PDS
system. This phenomenon is highly consistent with laser flash photolysis
results, which showed a decay of the characteristic SO3~ absorption
peak with increasing temperature, confirming that elevated tempera-
tures accelerate the consumption and transformation of SO3~ in the
presence of Fe(Ill). Given the complexity of the reactive species and their
potential interconversions, fully elucidating the multi-component syn-
ergistic oxidation network presents a challenge. It is essential to clarify
that thermal activation promotes the forward progression of various
reactions, thereby accelerating reaction rates and modifying the steady-
state concentrations of active species.

The efficient generation of O3 in the heat/Fe(III)/PDS system serves
as the central clue for understanding this complex oxidation network.
EPR analysis (Fig. 3a) indicated that the heat/PDS system alone at 60 °C
produced only a weak O3~ signal. With the addition of Fe(III), the O3~
signal intensity increased significantly, reaching 9.18 x 10> M at 60 °C
(Table 1), which is 3.3 times that of the heat/PDS system under identical
conditions. This enhancement suggests that Fe(Ill) initiates novel
pathways for O3~ production [64-66]. As shown in Eq. 7, O3~ can be
formed through PDS hydrolysis. Furthermore, Fe(IIl) reacts with PDS to
produce minor amounts of Fe(Il), which subsequently activates PDS or
reacts rapidly with dissolved oxygen. This latter interaction, occurring
via the reversible process in Eq. 8, continuously generates O3~ while
regenerating Fe(III) [67]. Thermal energy accelerates both pathways,
facilitating the substantial accumulation of O3 .

Although the oxidative capacity of O3~ is inherently weaker than
that of eOH and SO3~[13], its functional role within the system extends
far beyond direct oxidation. Quenching experiments revealed that the

addition of the O3~ scavenger TEMPO to the heat/PDS system reduced
the DIF degradation rate by approximately 50% within 5 min (Fig. S5b).
In contrast, the inhibitory effect was more pronounced in the heat/Fe
(II1)/PDS system, where the addition of TEMPO led to a decrease in DIF
degradation of approximately 60-78% (Figs. 4a and S6). This marked
enhancement in the inhibitory response suggests that, in the presence of
Fe(Ill), O3 acts as more than a secondary oxidant directly attacking DIF.
More critically, it likely amplifies its indirect contribution by mediating
essential redox reactions.

In conjunction with Eq. 9—11, the core mechanism is elucidated,
identifying O3~ as a highly efficient reducing agent that drives Fe(II)
regeneration via two distinct pathways. In the first pathway, O3~
directly reduces Fe(IIl) to produce Fe(Il) as shown in the forward reac-
tion of Eq. 9. In the second pathway, O3~ reacts with DIF to generate the
organic radical DIF®*~ (Eq. 10), an evolution process thoroughly verified
in our previous discussion [7,8]. Subsequently, DIF®™ transfers electrons
to Fe(IlI) (Eq. 11), thereby indirectly promoting Fe(II) regeneration. To
verify the feasibility of the reactions depicted in Eqs. 10-11, DFT cal-
culations were performed. The analysis of Gibbs free energy changes in
Fig. 5c¢ indicates that AG< 0 for the system following the reaction. This
confirms that the transformation of DIF*~ and Fe(III) into final products
is a spontaneous process, rendering the reaction thermodynamically
favorable. Moreover, the addition of TEMPO to scavenge O3 inhibits
both Fe(Il) regeneration pathway. This results in a significant 84.8%
reduction in Fe(II) concentration as illustrated in Fig. 5b. Consequently,
all high-efficiency oxidative pathways activated by Fe(II) are obstructed.
These include the activation of PDS by Fe(Il) to generate SO~ and Fe
(IV)=0 (Egs. 12-13) and the subsequent hydrolysis of SO3~ under
heating to produce eOH. Existing literature also suggests that Fe(IV)=0
reacts with water to generate HyoO», which further produces ¢OH during
Fe(II) activation. This sequence explains why the addition of Fe(III)
enhances eOH production. Because the quenching of O3~ leads to an
insufficient supply of Fe(Il) as the primary engine, the entire
multi-component oxidation network centered on the Fe(IIl)/Fe(II) cycle
collapses. This explains why the ternary system exhibits a more pro-
nounced inhibition of DIF degradation compared to the binary system
upon O3~ quenching.

Oxygen aeration experiments further support these analytical re-
sults. As shown in Fig. 5d, apart from the negligible change at room
temperature, oxygen aeration inhibits DIF degradation under various
heating and pH conditions. Specifically, at pH 3.5 and 60 °C, continuous
O, aeration into the heat/Fe(III)/PDS system results in an 8.3% decrease
in the 5-minute rate constant [26]. The introduction of excess Oy dis-
rupts the original equilibrium of Eq. 9 by pushing it to the left, which
accelerates the conversion of Fe(II) back to Fe(IIl) and leads to a lower
steady-state concentration of Fe(Il) as confirmed in Fig. 5b.

In summary, besides direct DIF oxidation, O3~ serves as a key
reducing agent in the heat/Fe(III)/PDS system. It regenerates Fe(II) via
two pathways: Direct reduction of Fe(IlI) and DIF*~ mediation (Eq.
9—11). PDS, SO, Fe(IV)=0, and eOH drive the oxidative terminal
(Egs. 12-15), forming a Fe(Ill)/Fe(ll)-centered redox dual-channel
network. Thus, the Fe(IlI)/Fe(Il) cycle mediates the generation and
transformation of reactive species in the heat/PDS system, where mul-
tiple reactive species work in concert to achieve high-efficiency DIF
degradation (Eq. 16). This multi-oxidant synergy (¢OH, SO3~, Fe(IV)=0
and 037) explains why the system (kops = 0.668 min~') outperforms
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heat/PDS (kops = 0.219 min™ 1) despite only twice the eOH level.
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3.4. Efficacy of heat/PDS systems mediated by diverse metal ions

The activation efficacy of various metal ions (Co(I), Mn(II), Cr(III))
for PDS in DIF degradation is collaboratively regulated by pH and
temperature. At 25 °C, most metal ions showed weak activation at pH
3.5, while at pH 6.5, only Mn(II) exhibited a slight promotional effect
(Fig. S7a-b). As temperature increased to 40 °C, Fe(III) and Mn(II) at pH

Table 2
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3.5 enhanced DIF degradation by approximately 23% and 4% within
20 min, respectively, compared to heat/PDS alone. At pH 6.5, all tested
metal ions outperformed thermal activation alone, with Co(II) boosting
the degradation rate by ~21% (Fig. S7c-d). At 60 °C, Fe(III) remained
the most effective at pH 3.5, whereas at pH 6.5, Mn(II), Co(I), and Fe
(II1) all markedly accelerated degradation, with increments of
7.8-11.3% (Fig. S7e-f).

Therefore, except for Fe(IIl) which tends to form insoluble species at
near-neutral pH, circumneutral conditions (pH 6.5) are generally more
favorable for the activated functions of Mn(II) and Co(Il), aligning with
our previous findings on Cu(II) and other studies [68,69]. For Mn(II), the
promotional effect is attributed to the formation of an electronic bridge
with pollutants under circumneutral conditions, enhancing its electron
density and facilitating PDS activation [68]. In contrast, Cr(III) exhibited
weak activation across all conditions due to its inherent inertness in
activating oxidants.
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To explore the intrinsic correlation between metal-ion properties and
activation performance, the correlation between the first hydrolysis
constant (pK,) and standard potential (EO) of various metal ions with the
DIF degradation rate constant (k) was analyzed (Table 2, Fig. 6). A
negative correlation was observed between pK, and k (Fig. 6a), partic-
ularly at pH 3.5, where metal ions with lower pKj, (e.g., Fe(Ill)) exist as
free hydrated ions, facilitating complexation and electron transfer.
Regarding E°, a general negative correlation with activation efficiency
was found (Fig. 6b). Metal ions with lower standard potentials (e.g., Fe
(II1)) undergo valence cycling more easily. However, Cu(Il) exhibited
exceptional activity at circumneutral pH despite its relatively high po-
tential, indicating that electrode potential alone does not determine
activation performance. These findings confirm that the mediating ca-
pacity of metal ions in heat/PDS systems is governed by a multifactorial
framework involving solution speciation, valence cycling kinetics, and
pH adaptability, rather than standard potentials alone [78-80]. Among
the ions tested, Fe(IIl) is distinctive in that it achieves high efficiency
under acidic conditions (pH 3.5) and already at low temperature (40 °C),
highlighting its unique advantage for low-carbon water treatment. This
systematic comparison provides essential guidance for selecting tailored
PDS activation strategies for specific water quality characteristics.

Correlation analysis between the standard redox potential of different metal ions and their rate constants for DIF degradation in the heat/PDS system (conditions:
[PDS] = 2 mM, [Metalion] = 17.9 uM, [DIF] = 10 mg/L, error bars represent standard deviation).

pH3.5 (k/min"')

pH6.5 (k/min~')

Redox couple PKa E° (V)

25 °C 40 °C 60 °C 25 °C 40 °C 60 °C
Cr(II1)/Cr(VI) 4.6 1.35 0.005 0.039 0.142 0.005 0.054 0.199
Mn(II)/Mn(I1I) 10.6 1.51 0.005 0.062 0.167 0.006 0.078 0.283
Co(II)/Co(III) 9.3 1.81 0.006 0.050 0.197 0.005 0.093 0.304
Fe(III)/Fe(1I) 3.0 0.77 0.071 0.475 0.678 0.053 0.273 0.442
Cu(II)/Cu(11I) 7.6 1.57 0.016 0.031 0.451 0.041 0.151 0.694

Note that the pK, values in the figure correspond to the transformation of metal ions into MOH® D species. Due to the complexity and significant variability of
hydrolysis processes, only the first hydrolysis pK, is recorded [27,70-73]. The half-reactions for the Mn(II)/Mn(III), Co(II)/Co(III), Fe(III)/Fe(II) and Cu(II)/Cu(III)
redox couples do not involve proton transfer, and thus their standard potentials [28,74-77] are utilized directly for comparisons across different pH levels. Although
the Cr(III)/Cr(VI) potential is pH-dependent, literature values are consistently employed to maintain data uniformity during correlation analysis.
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Fig. 6. Correlation analysis between the DIF degradation rate constant and (a) the first hydrolysis pK, and (b) the standard potential of different metal ions.

4. Conclusions

This study systematically elucidates the core principle by which Fe
(III) establishes a redox dual channel mechanism in the thermally acti-
vated PDS system. The synergistic effect between Fe(III) and heat is
markedly triggered at 40 °C, enhancing the DIF degradation rate con-
stant by 20.30-fold and 5.67-fold over the heat/PDS and Fe(III)/PDS
systems alone, respectively, highlighting a low-temperature activation
advantage. This synergy arises from Fe(IlI)-mediated reduction of Ea
from 89.58 to 18.53 kJ/mol. At 60 °C, a temperature achievable with
industrial waste heat or solar thermal collection, the system achieves
faster kinetics and robust performance. The eOH steady-state concen-
tration reaches 4.16 x 102 M (1.98 times that of heat/PDS), and the
multi-oxidant synergy (¢OH, SO3~, Fe(IV)=0, and O3") ensures efficient
degradation in real water matrices. Mechanistic investigations reveal
that Fe(Ill) forms Fe(DIF)3* complexes with DIF, which facilitate
interfacial electron transfer and accelerates the Fe(IIl)/Fe(II) valence
cycle. Within this cycle, two channels operate simultaneously. The
oxidative channel, driven by PDS and SO3 ", converts Fe(II) to Fe(III) and
contributes to Fe(IV)=0 generation, whereas the reductive channel,
mediated by O3~, promotes Fe(I) regeneration via direct Fe(III) reduc-
tion and formation of DIF*~. The two channels operate in concert to
sustain the valence cycle and establish a multi-component synergistic
oxidation network. System reactivity is strongly pH-dependent. Under
acidic conditions, Fe(III) remains in soluble forms conducive to the re-
action, and the multi-oxidant synergy enhances robustness against water
matrix interference. This study provides theoretical foundation and
technical pathway for leveraging environmentally abundant iron ions in
conjunction with low-grade thermal energy to achieve efficient, low-
carbon purification of antibiotic-contaminated wastewater.

Environmental implication

Fluoroquinolone pollution poses significant ecological risks. While
thermally activated persulfate is effective, high-energy costs hinder its
application. This study introduces an Fe(Ill)-mediated redox dual-
channel mechanism that dramatically lowers the activation energy
from 89.58 to 18.53 kJ/mol. By leveraging O3 -driven iron cycling to
synchronize oxidative and reductive pathways, the system achieves
superior performance at mild temperatures (40-60 °C). This provides a
low-carbon, sustainable strategy for antibiotic remediation by utilizing
ubiquitous iron ions and low-grade industrial waste heat.
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