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A B S T R A C T

Removal of natural organic matter (NOM) by conventional coagulation is often limited. This study investigated 
Fe(II)-activated sulfate-based oxidation systems (Fe(II)@SBOs), using peroxymonosulfate and peroxydisulfate 
(Fe(II)@PMS and Fe(II)@PS), for enhanced removal of NOM-derived disinfection by-products (DBPs). We pro
vided fresh evidence exploring the synergistic roles of in situ radical oxidation and swift coagulation in Fe(II) 
@SBOs. At pH 7 and a low molar dose of DOC:Oxidant: Fe of 1:0.5:0.5, Fe(II)@PMS and Fe(II)@PS achieved 
better removals in DOC (55–59 %), fluorophoric substances (64–71 %), and DBP precursors (59–71 %), out
performing traditional Fe(III) by approximately 20–30 % for all tested parameters. At a high dose of 1:2:2, both 
Fe(II)@SBO systems reduced 80–90 % DBP precursors, which mitigated the calculated cytotoxicity potency of 
treated water by 0.5 to 1 order of magnitude lower than untreated water. Radical identification confirmed that Fe 
(II)@PMS generated •OH and SO4

•– radicals more effectively than Fe(II)@PS. These radicals oxidized NOM, 
transforming its carbon‑carbon structure from a low (i.e. C–C/C–H, C–O) to a high degree of oxygenated 
carbonaceous groups (i.e. C––O, O–C––O). They reduced DBP formation via structural alternation of the pre
cursor rather than complete organic mineralization, as evidenced by their minor impact in scavenging experi
ments. Instead, the newly formed Fe(III) characterized by monomeric and polymeric iron, governed the NOM 
removal process as demonstrated by chelating experiments. In situ Fe(III) facilitated swift coagulation for better 
charge neutralization with oxidized NOM and ultimately produced more compact flocs with a O–O structure. 
These characteristics were opposed to conventional Fe(III), which formed loose and elongated flocs. This study 
elaborates the synergistic roles of in situ oxidation and coagulation in Fe(II)@SBOs systems, offering promising 
alternatives to conventional coagulation for NOM-DBP mitigation.

1. Introduction

Natural organic matter (NOM) is a ubiquitous substance in surface 
water with source-dependent concentrations varying from several to 
over 20 mg C/L [1,2]. NOM consists of unsaturated C––C components 
with higher degrees of aromaticity and heteroatoms, such as nitrogen 
and sulfur [3,4]. It tends to be highly reactive with oxidants [5,6,7]. 
Consequently, NOM inevitably reacts with chlorine during pre- and 
post-chlorination processes to produce undesirable chlorinated disin
fection by-products (DBPs) [5,8]. Nowadays, >700 DBP compounds 
have been identified [9,10,11]. Some regulated DBPs (i.e. tri
halomethanes (THMs), haloacetic acids (HAAs)) can be found at 
elevated levels 1000 times higher than those of emerging contaminants 

i.e. pharmaceuticals or poly-fluoroalkyl substances [10,12]. Due to the 
intrinsic carcinogenicity of chlorinated DBP compounds [13,14], DBP 
formation has become a major public health concern in the global 
drinking water supply [11].

Conventional iron-based coagulation can remove 16–76 % of NOM 
precursors, with removal efficiencies varying widely depending on the 
water source and treatment conditions (Table S1) [15,16,17,18]. These 
conventional methods could also moderately remove dissolved organic 
nitrogen (DON removal of 41–47 %). However, they may require 
extremely high coagulant doses, i.e. 40 mg/L poly aluminum chloride or 
70 mg/L ferric chloride [19]. Enhanced coagulation using hybrid 
organic silicate iron coagulants can somewhat achieve higher NOM 
removal rates, up to 90 % [18]. However, the 20–90 % reduction of 

* Corresponding author.
E-mail address: huang@nctu.edu.tw (C. Huang). 

Contents lists available at ScienceDirect

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

https://doi.org/10.1016/j.seppur.2025.135378
Received 16 August 2025; Received in revised form 17 September 2025; Accepted 25 September 2025  

Separation and Puriϧcation Technology 380 (2026) 135378 

Available online 29 September 2025 
1383-5866/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:huang@nctu.edu.tw
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2025.135378
https://doi.org/10.1016/j.seppur.2025.135378
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2025.135378&domain=pdf


NOM precursor is not always equally effective for DBP minimization due 
to the complex reactivity of residual NOM with chlorine. Even when 
conventional coagulation reduces a large quantity of NOM, some small 
molecular fractions remaining after treatment can still lead to unex
pected DBP formation during subsequent chlorination processes.

The limitations of conventional coagulation in removing NOM pre
cursors are increasingly evident, which highlights a pressing need to 
explore more robust alternatives. In this context, Fe(II)-activated sul
fate-based oxidation-coagulation processes (Fe(II)@SBOCs), including 
peroxymonosulfate (Fe(II)@PMS) and persulfate (Fe(II)@PS) are highly 
promising. The Fe(II)@SBOCs systems leverage synergistic benefits from 
in situ radical oxidation and swift coagulation in a single process 
[15,20,21,22]. First, these benefits are attributed to their capabilities to 
generate potent oxidative radicals, primarily sulfate (SO4

•− , E0 = 2.5–3.1 
V) and hydroxyl radicals (•OH, E0 = 1.8–2.7 V), through the homolytic 
cleavage of O–O bonds of PMS or PS [23,24,25]. Both radicals exhibit 
highly reactive and non-selective oxidation to break down electron-rich 
organic molecules that are recalcitrant to conventional coagulation 
alone [26,24,27]. Second, the Fe(II)@SBOC processes incorporate swift 
coagulation via the oxidation of Fe(II) to Fe(III), which rapidly forms in 
situ iron hydroxide colloids [15,22]. The in situ Fe(III) functions as more 
effective coagulants in removing both oxidized organic matter and 
particulate contaminants [21].

In this study, the dual-function mechanism of Fe(II)@SBOCs was 
hypothesized to provide a more integrated approach for effectively 
addressing the limitations of traditional coagulation methods. Here, we 
systematically addressed critical knowledge gaps in understanding the 
synergistic interplay between SO4

•− radical-driven oxidation and dy
namic in situ coagulation processes, which have remained largely un
explored in existing literature. General coagulation involves the 
reduction of repulsive potential within a colloidal double layer, which is 
promoted by hydrolyzed metal species [28]. We speculated that the in 
situ produced Fe(III) colloids would surpass conventional preformed Fe- 
based coagulants because of their ability to complex and cross-link with 
NOM via the magnetic crystal Fe3O4 nanoparticles or various positively 
charged iron oxyhydroxides [15,29,22]. Pan et al. [30] found that as the 
carboxylic group content increases, NOM is more readily removed by 
metal coagulants. This may be attributed to the ligand-to-metal charge 
transfer reactions between carboxylic groups and metal hydroxides [28,
31], forming carboxylate-metal bonds, such as Fe-O-C.

The first objective of this study was to evaluate the removal of NOM 
precursor by Fe(II)@PMS and Fe(II)@PS and its corresponding impact 
on NOM-derived DBP mitigation. The second objective aimed to eluci
date two key mechanisms in these novel hybrid systems, including (i) 
the role of in situ radical oxidation and (ii) the roles and dynamics of in 
situ coagulation/flocculation. Through this study, we aim to contribute 
valuable and insightful understanding into the innovative Fe(II)@SBOCs 
processes for NOM-DBP mitigation, potentially advancing the practices 
of sustainable water treatment for safe drinking water practices.

2. Materials and methods

2.1. Materials

All chemical reagents utilized in this study were of ACS grade and 
were used without further purification unless otherwise stated. Deion
ized water (DI, 18.2 MΩ.cm, Arium®mini Göttingen, Germany) was 
employed for all reagent preparations. Potassium peroxymonosulfate 
(100 %, Sigma-Aldrich) and sodium persulfate (99 %, Sigma-Aldrich) 
were employed as oxidants. FeCl3 (98 %, Alfa Aesar) and FeSO4 (100 
%, JT beaker) were utilized for preparing stock Fe(III) and Fe(II) solu
tions (at 2000 mg/L), which were subsequently added to the raw water 
to achieve the desired concentrations. Sodium nitrite (99.5 %, Sigma- 
Aldrich) and potassium iodide (100 %, Sigma-Aldrich) were employed 
as scavengers of reactive oxygen species (ROS). 5,5-dimethyl-1-pyrro
line N-oxide (98 %, Sigma-Aldrich) was used as spin-trapping reagents 

for Electron Paramagnetic Resonance (EPR) analysis. Potassium iodide 
(100 %), sodium nitrite (100 %), sodium sulfate (99 %), sodium pyro
phosphate (99 %), and methyl tert-butyl ether (MtBE, 98 %) were ob
tained from Sigma-Aldrich. For the chlorination experiment, a chlorine 
stock solution was prepared from 5 % sodium hypochlorite purchased 
from JT Baker.

All experiments were conducted with the natural raw water collected 
from the source of the Hsinchu Water Purification Plant, Taiwan. 
Table S2 gives the characteristics of the natural raw water. Note that the 
raw water source was characterized as having low organic and metal ion 
contents (with DOC <1.2 mg/L). NOM from the International Humic 
Substances Society (IHSS), specifically Suwannee River NOM (2R101N), 
was added to the raw water until the desired dissolved organic carbon 
(DOC) concentration at approximately 4–5 mg/L, a concentration 
commonly found in natural waters worldwide.

2.2. Jar-test experiment for Fe(II)@SBOC processes

All chemical dosing with Fe(III) for conventional coagulation and 
with Fe(II)@PMS/PS for hybrid oxidation-coagulation was carried out 
in a Phipps & Bird programmable jar tester (Model PB900) using a 500 
mL beaker. Fe(III), Fe(II), or PMS/PS reagents were added directly to the 
solution within 1 min of rapid mixing at 200 rpm, followed by slow 
mixing at 30 rpm for 20 min, and then settling for 10 min. Meanwhile, 
the solution pH was adjusted with 1 M NaOH and 1 M H2SO4. After 
settling, the supernatants from the Fe(II)@SBOC processes were filtered 
through 0.45 μm before further water quality analyses.

The NOM removal of Fe(II)@SBOC processes was investigated under 
varying pH values of 7, 8, and 9 and chemical dose with [DOC]:[Oxi]: 
[Fe] molar ratios of 1:0.5:0.5, 1:1:1, and 1:2:2. In particular, the pH 7–9 
range were compared to represent the common operating range for 
drinking water treatment and allowed us to explore the unique advan
tages of simultaneous radical oxidation and in-situ coagulation under 
practical conditions where conventional coagulation is less efficient. The 
[Oxi]:[Fe(II)] ratio of 1:1 was identified as the optimal activation ratio, 
as it likely results in negligible chemical residuals after treatment, based 
on our previous study [15]. The designed doses for oxidant and Fe were 
based on the proportional molar concentration respective to DOC con
centration expressed as carbon in μM. For example, given DOC = 4.3 
mg/L equivalent to 360 μM as carbon, the doses of Fe(II) and oxidants at 
[DOC]:[Oxi]:[Fe] ratio of 1:1:1 were 360 μM each. Optimal pH and dose 
were accordingly determined using the reductions of DOC and EEM. 
Furthermore, the DBP formation potential test was conducted on treated 
water samples under optimal dosing conditions of Fe(II)@PMS and Fe 
(II)@PS. The chlorination was carried out with excess chlorine added to 
maintain a residual level of approximately 0.5–1 mg/L after 24 h. Af
terward, the chlorinated samples were subjected to liquid-liquid 
extraction using MtBE saturated with Na2SO4 prior to the DBP analysis.

2.3. Characterization of water matrix

All water quality characterizations were carried out in triplicate. 
DOC analysis was measured by a TOC analyzer (Shimadzu, TOC-5000 A, 
Japan) connected with an ASI-L automatic suction device, with an 
operating pressure higher than 3 kg/cm2. All samples were filtered 
through a 0.45 μm membrane, then added 2–3 drops of HCl (1,1 V/V) for 
acidification to pH <2 before DOC measurement. The pH of water 
samples was determined by a pH meter (sensIONTM+, HACH, USA). 
The Zeta potential of the supernatants was measured using a Malvern 
ZetaSizer Nano ZS90 (Malvern, UK). The fluorescent organic compo
nents in the water were analyzed using a Cary Eclipse fluorescence 
excitation-emission matrix (EEM) spectrophotometer (Agilent Technol
ogies, USA). Detailed EEM setup followed our previous study [32]. 
Briefly, all samples were subject to 0.45 μm filtration and diluted by DI 
water to obtain a UV absorbance <0.1 to avoid the inner filter effect 
before EEM scanning if needed. The scanning ranges of excitation/ 
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emission (ex/em) were 200–400 nm and 250–550 nm, respectively, with 
a scan rate of 10 nm and 2 nm increments. The average fluorescent in
tensity (AFI) was calculated based on the 3D EEM contour plot after 
subtracting for the blank, as well as Rayleigh and Raman scattering in
terferences. Briefly, AFI of each component was calculated by dividing 
the mean fluorescence signal within each defined spectral region to the 
total number of data points in that region.

2.4. Oxidant concentration and radical identification

PMS and PS concentrations were determined using a colorimetric KI/ 
NaHCO3 method adapted from Liang et al. [33]. This method relies on 
the reactions of PMS/PS with iodide in the presence of sodium bicar
bonate, forming a yellow iodine complex that can be quantitatively 
measured. Briefly, the KI/NaHCO3 reagent was freshly prepared by 
adding 4 g KI and 0.2 g NaHCO3 to 40 mL DI water. The calibration 
curve was prepared at the oxidant concentrations of 0–200 μM (Fig. S1). 
Before the measurements, 0.1 mL of the water sample was mixed with 
40 mL of the KI/NaHCO3 reagent. The mixture was hand-shaken and 
allowed to equilibrate for 15 min. The absorption spectrum was ac
quired using a spectrophotometer (UH 5300, Hitachi, Japan) at a 
wavelength of 288 nm.

To investigate the roles of in situ radical oxidation, the in-situ for
mation of hydroxide and sulfate radicals was detected using an EPR 
spectrometer (Bruker ELEXSYS-E580, Germany) by adding DMPO re
agents for trapping DMPO-OH• and DMPO-SO4

• adducts. We mainly 
focused on OH• and SO4•- radicals, as they are well established as the 
primary oxidants in Fe(II)-activated PS and PMS systems for NOM 
degradation [34,35]. Available literature consistently reports that the 
oxidation capacity and reaction rates of OH• and SO4•- radicals are 2–4 
orders higher than superoxide-related species [35,36]. Furthermore, 
radical scavenging tests were conducted to confirm the participation of 
•OH and SO4

•− radicals [20]. To further confirm the roles of radicals, 
both NaNO2 and KI were used to cross-check the participation of •OH 
and SO4

•− radicals in the systems. The radical scavenging experiments 
were conducted under the same jar test apparatus.

2.5. Iron speciation and coagulation dynamics

The concentration of soluble iron was measured using an inductively 
coupled plasma optical emission spectrometry (Agilent, 710 Series ICP- 
OES, USA). Speciation of the in situ produced Fe(III) species can be 
categorized into Fea, Feb, and Fec, representing monomeric, oligomeric 
or small polymeric, and colloidal unreactive Fe(III), respectively 
[37,38,39]. These species react differently with ferron (8-hydroxy-7- 
iodo-5-quinoline-sulfonic acid) reagent: Fea reacts rapidly within 1 min, 
Feb reacts more slowly over 180 min, and Fec does not react within the 
measurement period [40]. The resulting colored complexes can be 
measured spectrophotometrically at 600 nm. In detail, the ferron 
working solution consisted of three reagents. Reagent A (0.2 % ferron) 
was prepared by dissolving 0.5 g of ferron in distilled water. This reagent 
was boiled to remove dissolved CO2 and filtered through a 0.45 μm filter 
prior to use. Reagent B (20 % w/v NaAc) was made by dissolving 50 g of 
sodium acetate anhydrous in 250 mL of distilled water. Reagent C (1,1 
v/v HCl) was prepared by mixing 250 mL of 37 % HCl (Sigma-Aldrich) 
with 250 mL of distilled water. These reagents were mixed in a specific 
volumetric ratio (A:B:C = 5:4:2 mL), with reagents B and C combined 
first, followed by reagent A. An aliquot of 10 mL water sample was 
added to the reagent mixture in a centrifuge tube and quickly diluted to 
50 mL. After vertexing, the ferron sample was measured for absorbance 
at 600 nm in 1 min and 180 min, assigned for the levels of Fea and Feb, 
respectively. Their concentrations were calculated using the calibration 
curve made from the 1000 mg/L total iron standard for atomic ab
sorption spectrometry (Fig. S2). The level of Fec (non-reactive Fe) was 
obtained by subtracting the sum of Fea and Feb from the total Fe.

The coagulation dynamic of Fe(II)@SBOC systems was monitored 

using a portable visualizing technique FlowCAM (Fluid Imaging Tech
nologies, US). The experimental methodology for FlowCAM was 
adapted from our prior work with minor modifications [41,29]. A 
comparison of the precipitates was made after rapid mixing (1 min) and 
slow mixing (20 min) for Fe(III) only, Fe(II)@PMS, and Fe(II)@PS. 
FlowCAM was equipped with a 4× magnification objective and a 0.3 
mm flow cell. A 20 mL sample was introduced into the flow cell by a 5 
mL programmable syringe pump at a flow rate of 1 mL/min for 1 min 
(Fig. S3). The auto image mode was triggered to capture particle size 
ranging from 10 to 500 μm at 20 frames per second. Particle concen
tration and morphological properties were computationally calculated 
in VisualSpreadsheet.

2.6. Chemical functional compositions of precipitates

To gain deeper insights into the chemical compositions and func
tional groups of the precipitates post-treatments, an X-ray photoelectron 
spectroscopy (XPS, PHI Quantera II, ULVAC-PHI, Japan) was applied for 
full-scan (0–1400 eV) and high-resolution scans for C1s (300–275 eV), 
O1s (545–520 eV), and (Fe2p (740–700 eV) elements. The XPS survey 
utilized an Al Kα X-ray source with an energy of 1486.6 eV. All experi
mental setups of XPS followed our previous study [20]. Prior to analysis, 
precipitate samples after rapid and slow mixing were collected using a 
0.45 μm membrane filter and subsequently freeze-dried. For data 
quantification, the XPS spectra were deconvoluted using Peakfit soft
ware (Systat, Software Inc., USA), as described elsewhere [42].

2.7. Chlorination experiments and DBP analysis

Before chlorination for the DBP formation test, the appropriate 
chlorine dose was determined by pre-tests to ensure a 0.5–1.0 ± 0.4 mg/ 
L residual after 24 h in a dark incubation at room temperature. Treated 
water samples were placed in headspace-free 43.5 mL amber bottles 
sealed with a Teflon-faced cover and subjected to 24 h chlorination at 
room temperature in the dark. After 24 h, the chlorine residue was 
quenched by 0.1 mL of 30 g/L ascorbic acid before subsequent DBP 
extraction.

The extraction method was adopted from US EPA method 551.1 with 
slight modification followed elsewhere [43]. 30 mL of samples were 
saturated with 12 g of baked Na2SO4 and 3 mL MtBE with 1,2,3-Trichlor
opropane as an internal standard, and shaken vigorously for 2 min. The 
extract was analyzed by a gas chromatography-electron-capture detec
tor (GC-ECD, Thermo Scientific™/ micro ECD) equipped with a DB- 
1701 column (30 m × 0.25 mm ID, 0.25 μm film thickness). The 
analyzed disinfection by-products (DBPs) included trichloromethane 
(TCM), trichloroacetonitrile (TCAN), dichloroacetonitrile (DCAN), tri
chloronitromethane (TCNM), dichloropropanone (DCP), and tri
chloropropanone (TCP). All DBP measurements were carried out in 
duplicate.

3. Results and discussion

3.1. Mitigation of NOM precursor by Fe(II)@SBOCs

Fig. 1 shows the removal of NOM precursor by Fe(II)@SBOCs as 
functions of pH and chemical dose. At the dose of [DOC]:[Fe] of 1:0.5 
and pH 7, conventional Fe(III) coagulants exhibited limited NOM 
removal, accounting for 20–32 % (Fig. 1A). Note that the NOM removal 
was also minimal for all control groups, i.e. 23–30 % for oxidant-alone 
PMS and PS and <20 % for Fe(II)-alone (Fig. S4). Both Fe(II)@PMS 
and Fe(II)@PS achieved the highest DOC removal rates of 55–59 %, 
representing a substantial improvement of approximately 30 %. 
Increasing the solution pH to 8 and 9 decreased the removal efficiencies 
by 8 % and 25 % for Fe(II)@PMS and Fe(II)@PS, respectively (Fig. 1A). 
Apparently, Fe(II)@PMS was less impacted by the pH increase compared 
to Fe(II)@PS, attributed to two key factors related to Fe(II) accessibility 
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and oxidant activation. First, Fe(II) precipitation at alkaline pH condi
tions reduced the available Fe(II) for activation [25]. This precipitation 
rendered Fe(II) less accessible to both oxidants, though with differential 
impacts. Second, the symmetric structure of PS made it less ready for 
activation by the diminishing Fe(II) [26,44]. By contrast, the asym
metric structure of PMS allowed for more efficient activation by iron 
hydroxide as an electron acceptor despite its higher O–O bond disso
ciation energy than PS [25,35,45]. This structural advantage enabled 
PMS to better utilize the limited accessible Fe(II) under challenging pH 
conditions.

Fig. 1B illustrates the DOC removal efficiencies at varying molar 
ratios of 1:0.5:0.5, 1:1:1, and 1:2:2. The ratio of PMS/PS versus Fe(II) 
was maintained at a fixed 1:1 ratio to ensure efficient activation and 
minimize the remaining reagents [15]. Both Fe(II)@PMS and Fe(II)@PS 
systems achieved optimal removal efficiencies at a 1:1:1 M ratio, ac
counting for 67 % and 66 %, respectively. These removal rates were 
slightly higher than conventional Fe(III) of 62 % at the same molar dose. 
Further increasing the dose insignificantly improved the removal rates. 
The limited improvement at the higher dose of 1:2:2 likely resulted from 
radical scavenging effects and competing side reactions [25], where 
excess oxidant and Fe(II) could intercept generated reactive species or 
engage in reactions that did not contribute to DOC removal. Compared 
to previous studies (as summarized in Table S1), the DOC removal for 
conventional Fe(III) and Fe(II)@SBOs significantly varied based on the 
conditions and research methodologies, with 17–76 % for Fe(III), 16–43 
% for Fe(II)@PMS, and 13–79 % for Fe(II)@PS [34,46,47,48]. Our study 
presented that Fe(II)@PMS and Fe(II)@PS provided relatively better 
DOC removal efficiencies compared to ferric chloride across all doses, 
aligning with the higher end of the removal ranges observed in previous 
studies (rates around 59–67 % for PMS and 55–67 % for PS).

Furthermore, fluorophoric substances of NOM were significantly 
reduced after treatments relative to raw water (Fig. S5). The reduction 
of total AFI (as shown in Figs. 1A and B) presented similar trends to DOC 
removal. At pH 7, the reduction of EEM intensities was highest at the 
[DOC]:[Oxi]:[Fe] of 1:1:1 for both Fe(II)@PMS and Fe(II)@PS, ac
counting for 92 % and 82 % intensity reductions, respectively (Fig. 1C). 
These results suggested the order of removal effectiveness in DOC and 
fluorophoric substances followed: Fe(II)@PMS > Fe(II)@PS ~ Fe(III). 

Note that across all experimental conditions, residual oxidants and re
sidual irons after Fe(II)@SBOs and Fe(III) were mostly minimal to 
nondetectable (Table S3), indicating complete consumption of reagents 
and negligible interference with subsequent experiments. The dosing 
condition at [DOC]:[Oxi]:[Fe] of 1:1:1 and pH 7 was thus selected for 
subsequent experiments.

3.2. Mitigation of DBPs by Fe(II)@SBOC systems

To further validate the efficacy of Fe(II)@SBOC systems in DBP (i.e. 
TCM, TCAN, DCAN, TCNM, DCP, and TCP) mitigation, the formation 
potential test was applied for the raw and treated water samples after Fe 
(III), Fe(II)@PMS, and Fe(II)@PS (Fig. 2). Raw water yielded the highest 
concentrations of DBPs across all measured species, with elevated levels 
of TCM (136 μg/L), TCNM (27.2 μg/L), and DCAN (20.4 μg/L) (Fig. 2A). 
At a low dose of 1:0.5:0.5, conventional Fe(III) coagulation moderately 
reduced ~55 % total DBP formation, contributed by TCM, TCNM, and 
DCP reduction. Increasing the Fe(III) dose to 1:2:2 further improved the 
overall DBP mitigation to 77 %. By contrast, both Fe(II)@PMS and Fe(II) 
@PS treatments displayed better DBP mitigation. These methods 
reduced 59–71 % of total DBP precursor at 1:0.5:0.5 and achieved near- 
complete removal ~90 % at 1:2:2, indicating their superiority in DBP 
precursor mitigation compared to conventional Fe(III) coagulation.

The calculated cytotoxicity index (CCI) is often used to compare the 
toxicity of treated water upon chlorination [15,49]. Fig. 2B shows the 
CCI determined by using the LC50-weighted concentrations of DBPs, 
which is a good indication for DBP-associated cytotoxicity of different 
treated waters. This index reflects the concentration required in the 
original water sample to achieve a 50 % decrease in the density of 
Chinese hamster ovary (CHO) cells [50]. The LC50 values of each DBP 
were collected from previous publications [51,49], as given in Table S4. 
Unfortunately, the CCI value of DCP was excluded from CCI assessment 
due to the unavailability of their CHO cytotoxicity data in the current 
literature database. Though this exclusion might limit our complete 
toxicological evaluation, the CCI values derived from the remaining 
characterized DBPs still provided valuable insights into the relative 
treatment comparison.

Both treated water after Fe(II)@PMS and Fe(II)@PS significantly 

Fig. 1. Removals of DOC and fluorophoric substances as functions of (A) pH and (B) chemical dose for Fe(III), Fe(II)@PMS, and Fe(II)@PS. The AFI of each 
component was calculated by dividing the mean fluorescence signal within each defined spectral region to the total number of data points in that region. Experi
mental conditions: [DOC]0 = 4–5 mg/L; (A) The experiments were conducted at a fixed [DOC]:[Oxi]:[Fe] of 1:0.5:0.5 under varying pH 7, 8, and 9; (B) The ex
periments were conducted at pH 7 under varying [DOC]:[Oxi]:[Fe] ratios of 1:0.5:0.5, 1:1:1, and 1:2:2.
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lowered CCI values compared to the raw water and the treated water 
with conventional Fe(III) (Fig. 2B). Their reductions were approximately 
0.5 to 1 order of magnitude lower than those of raw water at the suffi
cient dosing of 1:2:2 conditions. This superior performance was attrib
uted to the generation of highly reactive radicals, including sulfate 
radicals (OH• and SO4

•-) facilitated during PMS and PS activation. These 
radicals effectively mineralized NOM precursors, altering their carbo
naceous functional structures through enhanced oxidation processes. 
Additionally, Fe(II) was oxidized to Fe(III), which acted as a coagulant to 
adsorb small molecular substances, promoting swift coagulation mech
anisms that further reduced DBP precursors. These synergistic effects of 
radical generation and in situ coagulation highlight the efficacy of Fe 
(II)-activated systems in mitigating DBP precursors. Their prominent 
roles will be elaborated and discussed in detail in the later section.

3.3. Roles of in situ radical oxidation in Fe(II)@SBOCs

The generation of free radicals in Fe(II)@SBOC processes was 

clarified using EPR coupled with DMPO trapping agents. Figs. 3A and B 
depict the 1:2:2:1 and 1:1:1:1:1:1 signals of DMPO-OH• and DMPO-SO4

•- 

adducts, indicating the formation of OH• and SO4
•- radicals in both sys

tems [52,26,48]. At the same molar basis, Fe(II)@PMS appeared to 
produce both DMPO-OH• and DMPO-SO4

•- more intensively than Fe(II) 
@PS, suggesting its more robust capacity in radical generation. The 
advancement of Fe(II)@PMS could be attributed to the activation 
mechanisms of PMS, which is more efficient than PS [35,25]. In 
particular, activation of PMS and PS by Fe(II) begins with the heterolytic 
(electron transfer) cleavage of the O–O bond in HSO5

− and S2O8
2− [24]. 

While PS initially generates only SO4
•- radicals, PMS produces both OH•

and SO4
•- radicals [26,27]. The sulfate radicals then react with hydroxide 

ions to form hydroxyl radicals (OH•) [35]. The multi-step process in PS 
activation, coupled with its structural limitations, likely resulted in less 
intensive production of both DMPO-OH• and DMPO-SO4

• adducts 
compared to the Fe(II)@PMS system.

Subsequently, the participation of OH• and SO4
•- radicals in NOM 

reduction was corroborated using scavenger experiments with KI and 

Fig. 2. (A) DBP formation and (B) the calculated cytotoxicity index in chlorinated water after Fe(III), Fe(II)@PMS, and Fe(II)@PS processes. The experiments were 
conducted at pH 7 under [DOC]:[Oxi]:[Fe] variations of 1:0.5:0.5, 1:1:1, and 1:2:2 and [DOC]0 = 4–5 mg/L.

Fig. 3. Radical formation in (A) Fe(II)@PMS and (B) Fe(II)@PS with and without additions of KI and NaNO2 scavengers as observed by EPR spectra after 1 min of 
rapid mixing. (C) Impacts of KI and NaNO2 additions on the removal of DOC and fluorophoric substances in Fe(II)@PMS and Fe(II)@PS. Both EPR scanning and 
scavenging experiments were conducted at pH 7 under [DOC]:[Oxi]:[Fe] = 1:1:1. Experimental conditions: [DOC]0 = 4–5 mg/L; [DMPO] = 11 mM, [KI] = [NaNO2] 
= 1.8 mM.
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NaNO2 additions with rate constants of kOH•,I− = 1.0 × 1010, kSO4
•− ,I− =

3.8 × 109, kOH•,NO2
− = 6.0 × 1010, and kSO4

•− ,NO2
− = 8.8 × 108 M− 1 s− 1, 

respectively [53,54]. The additions of two radical scavengers dimin
ished EPR signals, confirming OH• and SO4

•- deletions in the tested so
lutions for both Fe(II)@PMS and Fe(II)@PS systems (Figs. 3A and B). 
However, the scavenger-added groups (KI and NaNO2) showed nominal 
deviations compared to the control, accounting for less than ±2 % DOC 
and ± 8 % EEM removal variations in the two systems. These results 
suggested that OH• and SO4

•- free radicals played a limited role in the 
overall removal of NOM in Fe(II)@SBO systems.

3.4. Roles and dynamics of in situ coagulation in Fe(II)@SBOCs

The roles of in situ coagulation in Fe(II)@SBOC system were elabo
rated using pyrophosphate (NaPP), an inert chelating reagent that 
complexes with Fe species and barely reacts with OH• and SO4

•- radicals 
[44,55]. When introduced into the tested solutions, NaPP stabilizes Fe 

(II) and terminates the formation of in situ Fe(III), thus impeding the 
coagulation process. Upon the addition of NaPP at 1.8 mM, residual 
levels of soluble Fe ions remained over 90 % (Fig. 4A), and no visible 
flocs could be formed. The termination of in situ coagulation signifi
cantly decreased the DOC removal efficiency, notably with a 61 % 
reduction relative to the control for Fe(II)@PMS, followed by approxi
mately 53 % reduction for Fe(II)@PS. The result indicated that DOC 
removal in Fe(II)@SBOC systems was primarily facilitated by in situ 
coagulation. However, the interruption of Fe(III) coagulation did not 
fully inhibit fluorophoric component mitigation. Despite coagulation 
termination, all experimental groups-maintained removal efficiencies of 
over 80 % for total AFI. This persistent removal suggested that residual 
oxidative radicals may contribute to fluorophoric substance reduction 
even when coagulation is disrupted.

Given that in situ Fe(III) are hydrolyzed species, they distinctively 
react with ferron to form complexes, categorizing into monomers (Fea), 
oligomers (Feb), and highly polymerized colloidal species (Fec) [38,39]. 

20 m

Fig. 4. (A) Impacts of sodium pyrophosphate additions on the removal of DOC and fluorophoric substances and remaining soluble Fe in Fe(II)@PMS and Fe(II)@PS. 
(B) Distribution of iron species and the corresponding zeta potential for Fe(III), Fe(II)@PMS, and Fe(II)@PS. (C) Flocculation dynamics after rapid and slow mixing 
for Fe(III), Fe(II)@PMS, and Fe(II)@PS, with inset microscopic images representing precipitated flocs after slow mixing. Experiments were conducted at pH 7 with a 
ratio of [DOC]:[Oxi]:[Fe] = 1:1:1, [DOC]0 = 4–5 mg/L, and [NaPP] = 1.8 mM.
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Comparison was made between conventional Fe(III) coagulation and Fe 
(II)@SBOCs to differentiate their hydrolyzed iron speciation (Fig. 4B). In 
particular, preformed Fe(III) primarily produced 66 % Fea species and 
33 % Fec, with minimal Feb observed. Fe(II)@PMS and Fe(II)@PS 
generated 75–78 % Fea, 18–23 % Fec, and again minimal 2–3 % Feb 
detected. In general, Fea represents the hydroxylated iron monomeric 
species (i.e. [Fe(H₂O)₆]3+, [Fe(H₂O)₅(OH)]2+, or [Fe(H₂O)₄(OH)₂]+, 
while Feb refers to those oligomeric species carrying more positively 
charged iron units, such as [Fe₂(OH)₂]4+, [Fe₃(OH)₄]5+ or [Fe4(OH)6]6+

[40,56]. These oligomers are formed through the condensation of 
monomeric species and exhibit intermediate reactivity and stability with 
ferron reagent compared to monomers and highly polymerized colloidal 
species (Fec) [40]. Both Fea and Feb are positively-charged hydroxylated 
species [37,38], which have a high tendency to neutralize the 
negatively-charged carboxylic groups of NOM, consequently promoting 
the enhanced formation of micro-flocs [28]. Indeed, better improvement 
of charge neutralization of the resulting suspensions became more 
apparent after Fe(II)@PMS and Fe(II)@PS processes compared to Fe(III) 
coagulation, exhibited the highest surface charge with a zeta potential of 
beyond 5 mV (Fig. 4B). The sequence of observed potentials after 
treatment was Fe(II)@PMS > Fe(II)@PS > Fe(III). These results sug
gested that in situ coagulation in Fe(II)@SBOC systems originated from 
the hydroxylated monomeric and oligomeric Fe(III) species, which 
featured a more positively charged surface, indicating an enhanced 
charge neutralization capability.

Furthermore, this study employed the imaging tool FlowCam to 
observe the dynamics of micro-floc aggregation and their resulting 
morphology during 20 min of flocculation (Fig. 4C). The representative 
images of the resulting micro-flocs after rapid and slow mixing from the 
three processes are given in Fig. S6. All yielded flocs showed typical 
brown-yellowish and appeared in an amorphous structure, aligning with 
previous studies [21,37,38]. Fe(III) tended to form larger and less uni
form flocs, while Fe(II)@PMS and Fe(II)@PS resulted in smaller and 
more regularly shaped flocs. After 1 min of rapid mixing, Fe(II)@PMS 
produced flocs with the highest particle concentration (17,000 parti
cles/mL) and the smallest size (20 μm). Fe(II)@PS resulted in slightly 
larger flocs (24 μm) with a concentration of 12,000 particles/mL. In 
contrast, Fe(III) formed the largest flocs (43 μm) but with the lowest 
concentration (~9000 particles/mL). After slow mixing, floc aggrega
tion was evident as particle numbers decreased and diameters increased 
across all groups. Dynamic aggregation was most efficient in Fe(II) 
@PMS with ~80 % reduction in particle number, followed by Fe(III) and 
Fe(II)@PS. Moreover, particle sizes increased by a factor of 1.9 for Fe(II) 
@PMS > 1.8 for Fe(II)@PS > 1.6 for Fe(III).

From the geometrical properties, Fe(III) formed flocs with an elon
gated, amorphous shape that was neither densely arranged nor compact 
(Fig. 4C). By contrast, Fe(II)@PMS and Fe(II)@PS similarly produced 
more compact, dense, and stronger flocs. Two geometrical properties of 
flocs were characterized including elongation (EnI) and transparency 
indexes (TrI). EnI quantifies the deviation of a particle from a circular 
shape, calculated as the ratio of its major to minor axis, starting at 1 for 
circular particles and increasing with elongation. TrI evaluates the light 
transmission ability of a particle, ranging from 0 for completely opaque 
to 1 for completely transparent particles. They both directly reflect the 
compactness of the flocs; The less elongated and less transparent char
acteristics of a particle indicate higher structural density and compact
ness. As shown in Fig. 4C, both EnI (6.1 to 8.4) and TrI (0.33 to 0.36) of 
Fe(III) flocs increased during flocculation. However, both indices 
consistently decreased in Fe(II)@PMS and Fe(II)@PS, with EnI dropping 
from 7.4 to 4.6 and 5.7 to 4.5 and TrI decreasing from 0.40 to 0.29 and 
0.35 to 0.27, respectively. These results indicated that the shape of 
conventional Fe(III) flocs became more elongated with a loose structure 
after flocculation. In contrast, Fe(II)@SBOC yielded in situ Fe(III) flocs 
that exhibited an opposite trend, becoming more circular and compact.

3.5. Formation of iron-enriched oxygenated precipitates in Fe(II)@SBOCs

Conventional Fe(III) and in situ Fe(III) displayed profound distinc
tions in iron speciation and coagulation/flocculation dynamics. This 
study further examined the compositional differences among their 
coagulated precipitates using XPS to elucidate the underlying mecha
nisms (Fig. 5). Without any treatment, the pristine NOM sample was 
constituted mainly of 65 % C and 34 % O with less than 1 % Fe, indi
cating its organic nature (Fig. 5A). After 1 min of rapid mixing, all 
precipitates were mineralized, with their C contents reduced to 40 % for 
Fe(III) and 30–35 % for Fe(II)@SBOC treatments. All coagulated pre
cipitates were incorporated by iron oxides, where O and Fe contents 
increased to 50–54 % and 10–16 %, respectively. Compared to Fe(III), Fe 
(II)@PMS and Fe(II)@PS produced more apparent iron-enriched 
oxygenated products, indicating a distinct incorporation of iron and 
oxygenated functional groups into their precipitate structures. After 20 
min of slow mixing, as shown in Fig. 5E, Fe contents remained relatively 
stable in Fe(II)@PMS and Fe(II)@PS (7.8 % and 10.0 %, respectively), 
while C content further decreased slightly. The O content remained high 
across all samples, indicating the sustained formation of iron-enriched 
oxygenated products through a steady flocculation process.

Fig. S7 illustrates the deconvolution of high-resolution spectra for 
C1s, O1s, and Fe2p functional groups in NOM (without treatment) and 
precipitate flocs following various treatment processes. The distribution 
of functional groups after deconvolution is presented in Fig. 5. Fig. 5B 
and F show that Fe(II)@SBOs precipitates notably transform from the 
low degree of oxygenated carbonaceous groups (i.e. C–C/C–H car
bon‑carbon or C–O alcoholic) to the high degree of oxygenated 
carbonaceous groups (i.e. C––O and O–C––O) [15]. Differing from Fe 
(II)@SBOs samples, both C1s profiles of the control NOM and Fe(III) 
precipitate were comparable, indicating minor modification after 
coagulation. After rapid mixing, the sum of C–C/C–H and C–O was 
82–84 % in the control NOM and Fe(III) precipitate, which reduced to 
73 % in Fe(II)@PS and 59 % in Fe(II)@PMS (Fig. 5B). Only Fe(II)@PMS 
and Fe(II)@PS were able to yield notable degrees of C––O ketone 
(17–30 %) and newly-formed O–C––O carboxylic groups (10–11 %), 
likely due to radical-driven oxidation reactions. Compared to Fe(II)@PS, 
the higher degrees of ketone and carboxylic groups in Fe(II)@PMS were 
empowered by its stronger capacity in OH• and SO4

•- radical production 
(Fig. 3), which effectively oxidized NOM into more oxygenated carbon 
structures. Notably, both C––O and O–C––O in Fe(II)@PMS and Fe(II) 
@PS disappeared after slow mixing (Fig. 5F), indicating the potential 
complexation with in situ iron oxide, which may have led to the stabi
lization and integration of these groups into the precipitate structure.

Further deconvolution of O1s and Fe2p supported the results from 
C1s. The oxygen-containing functional groups included oxygen lattice 
O–O, oxygen hydroxyl bond metal O–H, and oxygen chemically or 
physically absorbed water O–H2O (Figs. 5C and G) when the iron 
functional groups were Fe3O4, αFe2O3, and αFeOOH (Figs. 5D and H) 
[20,57]. After rapid mixing, both O1s and Fe2p functional groups were 
comparable among the three samples (Figs. 5C and D). This indicated 
the initial formation of iron oxide structures, as evident from the brown- 
yellowish micro-floc images in Figs. 4C and S5. However, significant 
changes were observed after extended mixing time, with increased O–O 
lattice and Fe3O4 contents in Fe(II)@PMS and Fe(II)@PS (Figs. 5G and 
H). For example, the O–O lattice after slow mixing substantially 
increased in Fe(II)@PMS (41.7 %) and Fe(II)@PS (56.1 %) relative to Fe 
(III) (11.7 %) (Fig. 5G). These variations indicated a major shift from 
hydroxyl groups (O–H) towards strongly bound oxygens in the lattice 
structure of Fe(II)@SBOs iron-enrich precipitates. This shift strongly 
correlated to a more well-defined structure of Fe3O4 and αFe2O3 in Fe(II) 
@SBOs yielding flocs compared to Fe(III) flocs (Fig. 5H). The expansion 
of the lattice-ordered framework likely enhanced the complexation be
tween iron oxide with negatively O–C––O carboxylic sites on the NOM 
surface, as evidenced by the disappearance of carboxylic groups in 
Fig. 5F. Fe(II)@SBO systems activated NOM through structural 
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modification, facilitating lattice-bound oxygen formation with iron ox
ides. This mechanistic difference resulted in compact, circular pre
cipitates, as opposed to the elongated structures observed in 
conventional Fe(III) (Fig. 4C).

3.6. Proposed mechanisms and environmental implications

The Fe(II)@SBOs systems leverage the synergic effects of radical 
generation and in situ coagulation to effectively mitigate NOM-DBP 
precursors (Fig. 6). First, Fe(II) activates PMS/PS to produce reactive 
hydroxyl and sulfate radicals. Unlike conventional Fe(III) coagulation, 
both Fe(II)@SBOs processes tend to transform the carbonaceous struc
ture of NOM rather than facilitating its complete mineralization (Fig. 3). 
The transformation proceeds quickly after rapid mixing, characterized 
by a marked reduction in the lower-oxygenated forms (C–C/C–H ar
omatic and C–O phenolic groups) and corresponding increases in the 
higher-oxygenated carbonaceous groups (C––O ketone and O–C––O 
carboxylic groups) (Fig. 5B). This oxidative restructuring contrasts 
sharply with Fe(III) coagulation, which shows no significant alteration 
in the carbon functional groups of NOM.

Lower-oxygenated aromatic and phenolic structures exhibit rapid 

chlorination kinetics, with phenolic groups reacting at k = 103–106M− 1 

s− 1 (e.g., monohydroxybenzenes and meta-dihydroxybenzenes) [58]. 
These reactions dominate DBP formation due to the abundance of 
electron-rich sites. In contrast, higher-oxygenated groups formed during 
oxidation of Fe(II)@PMS/PS exhibit suppressed reactivity due to 
electron-withdrawing effects. Aromatic carboxylic acids react with 
HOCl at k = 0.1–1M− 1 s− 1 [59,60], while α,β-unsaturated carbonyl 
compounds including saturated and unsaturated aldehydes and ketones 
also undergo slow nucleophilic addition with HOCl at k = 0.21–12 M− 1 

s− 1 [61]. These rate constants for oxidized groups (C––O and O–C––O) 
are 10–100× slower than those of phenolic precursors (C–C/C–H and 
C–O), aligning with the typical reactivity of HOCl with electron- 
deficient functional groups. The oxidized moieties after Fe(II)@PMS/ 
PS reduce electron density at adjacent carbon atoms through inductive 
and resonance effects, diminishing chlorine electrophilic attack. This 
electron-deactivation by Fe@SBOs likely transforms the NOM from a 
highly reactive DBP precursor material into a less reactive, more 
oxidized form, consequently reducing the overall DBP formation.

Complementing this oxidation process, the newly formed oxygen
ated functional groups exhibit a strong affinity for in situ iron oxides. In 
situ Fe(III) features hydroxylated monomeric and oligomeric Fe(III) 
species (e.g., Fe(OH)₂+, Fe₂(OH)₂4+), which enhance charge neutrali
zation and promote swift micro-floc formation (Fig. 4B). This process 
generates smaller, denser, and more regularly shaped flocs compared to 
conventional Fe(III) coagulation (Fig. 4C), improving hydraulic sweep 
efficiency and enabling >70 % removal of oxidized NOM during sedi
mentation (Fig. 4A). Carboxylic acids, in particular, can form stable 
complexes with Fe(III)-oxyhydroxides (e.g., Fe–O(–COO–) with a 
binding length of 1.80 Å [62]), enabling better removal of oxidized NOM 
after slow mixing. Zhou et al. [63] and Fizer et al. [64] have demon
strated that carboxyl and phenolic groups serve as the primary binding 
sites for Fe(III) with humic substances, which aligns closely with our XPS 
findings related to the formation and consumption of O–C––O func
tionalities during flocculation. This is evidenced by the complete 
disappearance of O–C––O groups in post-treatment precipitates 
(Fig. 5F). Concurrently, the magnetite (Fe₃O₄) and hematite (αFe2O3) 
becomes dominant in Fe(II)@PMS/PS systems, with the O–O lattice 
structure increasing by 30–45 % compared to Fe(III) controls (Figs. 5G 

Fig. 5. Atomic composition and transformation of the precipitated products collected from Fe(III), Fe(II)@PMS, and Fe(II)@PS after (A, B, C, D) rapid mixing and (E, 
F, G, H) slow mixing. (A, E) Elemental atomic concentrations of C1s, O1s, and Fe2p derived from XPS full-scan survey (0–1400 eV); High-resolution XPS survey for 
oxidation state and chemical functional group characterization of (B, F) C1s (300–275 eV), (C, G) O1s (545–520 eV), and (D, H) Fe2p (740–700 eV). NOM was 
analyzed as a pristine sample without any treatment.

HSO5
S2O8

2

FFe(II)

OH
SO4
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Fig. 6. Proposed dual oxidation-coagulation mechanism for NOM-DBP pre
cursor mitigation in Fe(II)@PMS/PS systems.
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and 5H). The dual mechanisms of Fe(II)@PMS/PS, with radical-driven 
oxidation followed by thermodynamically favored complexation, ach
ieves ~90 % DBP precursor removal at optimal doses, outperforming Fe 
(III) coagulation, which relies solely on electrostatic neutralization and 
achieves only 55–77 % reduction (Fig. 3A).

Bliss Independence Model was used to quantify the synergistic in
teractions, yielding indices of 0.93–0.97 based on the DOC removal 
metrics among the control with the scavenging and chelating experi
ments. However, this single-parameter approach could not capture the 
multifaceted synergy in Fe@SBOs, as coordinated molecular trans
formations, enhanced iron speciation, and improved floc characteristics 
all involve. Our synergy is based on mechanistic integration rather than 
simple additive effects, which requires further advancement in quanti
tative frameworks for multi-mechanism water treatment processes.

The substantial reduction in cytotoxicity index values (0.5–1 order of 
magnitude lower than raw water, Fig. 3B) demonstrates the environ
mental superiority of Fe(II)@PMS/PS systems over conventional Fe(III). 
While this study focused on 1–2 carbon volatile DBPs (e.g., TCM, 
DCAN), the observed suppression of electron-rich precursor sites and 
enhanced removal of oxidized NOM strongly suggests analogous re
ductions in haloacetic acids (HAAs) and other unregulated DBPs. The 
smaller, denser flocs generated by Fe(II)-activated systems are expected 
to improve sedimentation efficiency. The dual oxidation-coagulation 
mechanism addresses both regulated and emerging DBPs while miti
gating risks associated with chlorinated byproduct persistence in aquatic 
ecosystems. This positions Fe(II)@PMS/PS as a scalable strategy for 
balancing water safety, treatment sustainability, and infrastructure 
resilience in NOM-rich water sources.

4. Conclusion

This study demonstrates that Fe(II)-activated sulfate-based oxidation 
systems (Fe(II)@PMS/PS) significantly outperform conventional Fe(III) 
coagulation through a novel dual mechanism combining radical oxida
tion with dynamic in-situ coagulation. Fe(II)@PMS/PS generates •OH 
and SO4

•– radicals, which oxidize electron-rich NOM structures (aromatic 
C–C/C–H and phenolic C–O groups) into highly oxygenated config
urations (ketones C––O and carboxylic acids O–C––O groups). The 
process transforms electron-rich NOM precursors into oxidized, less 
chlorine-reactive forms while simultaneously generating compact Fe 
(III) flocs. The hydroxylated monomeric/polymeric species dominates 
the formation of in-situ Fe(III), enhancing rapid charge neutralization 
and micro-floc formation. Fe(II)@PMS/PS reduces 80–90 % DBP pre
cursor removal compared to 55–77 % for conventional coagulation, 
eventually lowering cytotoxicity risks by 0.5–1 order of magnitude. The 
Fe(II)@PMS/PS systems offer a promising single-step solution for 
organic-rich source waters, while simultaneously addressing both pre
cursor reactivity modification and physical removal—a significant 
advancement over existing technologies that rely primarily on physical 
separation mechanisms.
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