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Abstract
In this study, the degradation efficiency and reaction mechanisms of diclofenac (DCF), a nonsteroidal anti-inflammatory 
drug, by the combination of ferrate (Fe(VI) and peroxymonosulfate (PMS) (Fe(VI)/PMS) were systematically investigated. 
The higher degradation efficiency of DCF in Fe(VI)/PMS system can be obtained than that in alone persulfate (PS), Fe(VI), 
PMS, or the Fe(VI)/PS process at pH 6.0. DCF was efficiently removed in Fe(VI)/PMS process within a wide range of pH 
values from 4.0 to 8.0, with higher degradation efficiency in acidic conditions. The increasing reaction temperature (10 to 
30 ℃), Fe(VI) dose (6.25 to 100 µM), or PMS concentration (50 to 1000 µM) significantly enhanced the DCF degradation. 
The existences of HCO3¯, Cl¯, and humic acid (HA) obviously inhibited the DCF removal. Electron paramagnetic resonance 
(EPR), free radical quenching, and probing experiments confirmed the existence of sulfate radicals (SO4

•¯), hydroxyl radicals 
(•OH), and Fe(V)/ Fe(IV), which are responsible for DCF degradation in Fe(VI)/PMS system. The variations of TOC removal 
ratio reveal that the adsorption of organics with ferric particles, formed in the reduction of Fe(VI), also were functioned in 
the removal process. Sixteen DCF transformation byproducts were identified by UPLC-QTOF/MS, and the toxicity variation 
was evaluated. Consequently, eight reaction pathways for DCF degradation were proposed. This study provides theoretical 
basis for the utilization of Fe(VI)/PMS process.
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Introduction

Diclofenac (DCF) belongs to the family of nonsteroidal 
anti-inflammatory drugs (NSAIDs). And its sodium salt 
(diclofenac sodium) is widely used for treating painful 
inflammatory rheumatoid and non-rheumatoid diseases, 
acting as an analgesic, antipyretic, anti-arthritic, and anti-
rheumatic drug (Oral and Kantar 2019; Wang et al. 2021). 
The structure and physico-chemical properties of DCF 
are shown in Fig. 1 and Table S1 in the “Supplementary 
information” (SI). As an “emerging contaminant” (EC), 
DCF is difficult to biodegrade, and its removal in conven-
tional wastewater treatment plants (WWTPs) is limited and 
incomplete (20–40%) (Joss et al. 2005). The existences of 
DCF in WWTP effluents, surface water, ground water, and 
even drinking water have been detected (ng L¯1 to µg L¯1) 
(Huguet et al. 2013; Bu et al. 2013). Therefore, DCF is easily 
discharged into the aqueous environment, which may have 
unpredictable impact on the ecological system and human 
health although with low concentration (Petrie et al. 2015). 
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degradation of DCF.
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• Eight transformation pathways were proposed based on the 
identified by-products.
• High removal efficiency of DCF was obtained in different real 
waters by Fe(VI)/PMS.
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It is urgent to develop economic, effective, and environmen-
tally friendly treatment technologies for DCF destruction in 
aquatic environment.`

In recent years, DCF degradation by various advanced 
oxidation processes (AOPs) have been studied due to the 
strong oxidation capability of various free radicals, such 
as hydroxyl radicals, sulfate radicals, and singlet oxy-
gen (Wang and Bai 2017; Wang and Wang 2018; Huang 
et al. 2020; Xu et al. 2022). With the wide pH range 
(2–8), high redox potential (2.5–3.1 V), long half-life 
(30–40 µs), and selective oxidation ability, sulfate radi-
cal (SO4

•¯)–based AOPs have gained intensive interest 
and been extensively used in the removal of ECs in 
water (Olmez-Hanci and Arslan-Alaton 2013; Sharma 
et al. 2015a; Berruti et al. 2022). Peroxymonosulfate 
(PMS, HSO5¯) can be applied to produce SO4

•¯ but 
with extremely sluggish formation rate, which makes 
the direct use of PMS become impractical. Various 
approaches for activating PMS to SO4

•¯ have been stud-
ied, such as heat, microwave, ultrasound, ultraviolet 
light, and transition metals (Khan et al. 2014; Oh et al. 
2016; Ghanbari and Moradi 2017; Gao et al. 2022; Zhao 
et al. 2022a). Despite the rapid generation of SO4

•¯, the 
significant drawbacks of these activating approaches 
cannot be ignored. On one hand, the energy activa-
tion–based processes for PMS (heat, UV radiation, etc.) 
require continuous energy input, which are uneconomi-
cal and complicated. On the other hand, the homogene-
ous or heterogeneous transition metal activation–based 
systems may result the leaching of toxic metal ions and 
cause health concerns due to its potential toxicity (such 
as Co3+) (Simonsen et al. 2012; Zhao et al. 2022b). Of 
the various approaches to activate PMS, iron-based acti-
vators, such as Fe3+, Fe2+, and nanoscale zerovalent iron 
(Fe0), have advantages due to their greener and sustain-
able properties (Xiao et al. 2020). However, the practical 
application of these activators are restricted owing to the 
rapid consumption of SO4

•¯ by excess Fe2+ and the slow 
conversion from Fe3+ to Fe2+ (Li et al. 2020).

Ferrate (Fe(VI)), an emerging green oxidant, coagu-
lant, and disinfectant, presents a high redox potential 
from + 2.20 V to + 0.72 V in acidic and basic solutions, 
respectively (Sharma 2008). Fe(VI) can effectively elimi-
nate various refractory contaminants, such as endocrine-
disrupting chemicals (EDCs) (Yang et al. 2012; Wang 
et al. 2022), pharmaceuticals and personal care products 
(PPCPs) (Sun et  al. 2019), heavy metal ions (As(III), 
Sb(III), etc.) (Lan et al. 2016), and bacteria and viruses 
(Manoli et al. 2020). Previous studies have revealed that 
Fe(VI) preferentially oxidized organic contaminants with 
electron-rich moieties via electron-transfer and oxygen-
transfer mechanisms (Lee et al. 2005; Shi et al. 2022). In 
addition, during the Fe(VI) oxidation, the formation of 
undesirable disinfection byproducts can be avoided (Jiang 
et al. 2016), and the transformation products of Fe(VI), 
such as Fe3+ and Fe2+, can be used as coagulants to pro-
mote the removal of contaminants (Jiang 2014; Yu et al. 
2022). Even so, the rapid self-decay of Fe(VI) is unavoida-
ble in water (Eqs. (1) and (2)), which significantly weakens 
the oxidation capacity of Fe(VI) (Al-Abduly and Sharma 
2014). The drawback restricted the application of Fe(VI).

Recently, the combination of Fe(VI) and various chemi-
cals for the enhancing oxidation of organic pollutants 
has been put forward as an innovative chemical oxida-
tion technology. For example, during the degradation of 
enrofloxacin and phenol in Fe(VI)/sulfite process, the deg-
radation efficiency was significantly improved, and both 
Fe(V), SO4

•¯ and •OH contributed to the micropollutants’ 
removal (Shao et al. 2020; Yang et al. 2022). Wu et al. 
investigated the atrazine removal by Fe(VI)/PMS process 
with higher degradation efficiency than that of Fe(VI)/
persulfate or Fe(VI)/H2O2 process at pH 6.0. Also, both 
hydroxyl radical and sulfate radical were detected in the 
Fe(VI)/PMS process (Wu et al. 2018b). Nevertheless, stud-
ies systematically investigated the removal efficiency and 
mechanism of DCF by the Fe(VI)/PMS process are still 
imperative.

In this study, the combined use of Fe(VI) and PMS for the 
continuous removal of DCF was systematically investigated. 
This study aimed to (i) assess the feasibility of Fe(VI)/PMS 
process for DCF removal; (ii) evaluate the effects of experi-
mental conditions (e.g., initial pH, reaction temperature, 
dosage of Fe(VI) and PMS) and water matrix (e.g., HCO3¯, 
Cl¯, NO3¯, SO4

2¯, humic acid (HA)) for DCF degradation; 
(iii) identify the reactive species by electron paramagnetic 
resonance (EPR), free radical quenching, and probing exper-
iments; (iv) explore the variations of TOC removal ratio; (v) 
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Fig. 1   Structure of DCF
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identify the reaction intermediates of DCF and propose the 
decay pathway; and (vi) evaluate the toxicity of DCF and 
its intermediates. The findings of this study will give a new 
insight on removing DCF by the Fe(VI)/PMS process.

Materials and methods

Materials

Diclofenac sodium (DCF, 99% purity), peroxymonosulfate 
(PMS, ≥ 47% KHSO5 basis), persulfate (PS), humic acid 
(HA, used as natural organic matter (NOM)), 5,5-dimethyl-
1-pyrroline N-oxide (DMPO, > 97.0%), methyl phenyl sul-
foxide (PMSO, 98%), and methyl phenyl sulfone (PMSO2) 
were obtained from Aladdin Chemistry Co., Ltd (Shanghai, 
China). Potassium ferrate (K2FeO4, Fe(VI), 92% purity) 
was prepared using the modified wet oxidation method 
(Delaude and Laszlo 1996) and used as solid powder in the 
experiment. The purity of solid Fe(VI) was measured daily 
by direct spectrophotometric method using an Unico-2150 
UV/VIS spectrophotometer (Unico (Shanghai) Instrument 
Co., Ltd.) at a wavelength of 505 nm (Jiang et al. 2009). 
Methanol (MeOH) and acetic acid were HPLC grade, 
and other chemicals (e.g., tert-butanol (TBA), n-hexane, 
KMnO4, H2SO4, KOH, NaOH, HCl, Na2S2O3·5H2O, NaCl 
and Na2CO3) were analytic grade, which were all purchased 
from Sinopharm Chemical Reagent Co. Ltd. (China). All 
solutions were prepared using ultrapure water.

Experimental procedures

All batch experiments were conducted in 2-L beakers with 
a water-bath shaker (250 rpm). Typically, 1000 mL of 5 μM 
DCF solution was prepared, and the solution pH was adjusted 
by 1/15 M Na2HPO4, 1/15 M KH2PO4 and 0.2 M NaOH in 
advance (as shown in SI Table S2). The desired amount of 
PMS or PS was added to the above solution, and then a certain 
amount of Fe(VI) was added instantly to initiate the reaction. 
At defined time intervals, 3-mL samples were obtained and 
promptly quenched by 50 μL of 11 mM Na2S2O3. Before ana-
lyzing the concentration of DCF by ultra-high performance 
liquid chromatograph (UPLC), the samples were filtered by 
0.22-μm glass fiber filters (Xingya Purifying Material Factory, 
China), or dissolved with 0.5% of HCl. To confirm the contri-
butions of the reactive oxidation species (ROSs), quenching 
experiments were carried out using MeOH and TAB as radi-
cal scavengers. In addition, five different water samples were 
collected, including ultra-pure water, tap water, and samples 
from the Yangliu River (1#), Luxi River (2 #) and Jing Lake 
(Chengdu, China). The samples were all filtered through 0.45-
μm glass fiber filters and stored at 4 ℃. DCF solutions in 

different water samples were prepared at a concentration of 
5 μM by magnetic stirring for 24 h.

All experiments were performed in triplicate.

Analytical methods

The DCF concentration was determined by an Agilent 
1290 ultra-high performance liquid chromatograph 
(UPLC, Agilent, USA) with a diode array detector (DAD, 
setting at 276 nm) equipped with a reverse-phase Symme-
try C18 analytical column (5 μm, 4.6 × 150 mm, Agilent, 
USA). The column temperature was kept at 30 °C and the 
injection volume was 20 μL. The mobile phase was com-
posed of 75% methanol and 25% ultrapure water (contain-
ing 1‰ acetic acid) at a flow rate of 0.3 mL min−1.

The intermediate products of DCF were identified by 
a SCIEX ultraperformance liquid chromatograph cou-
pled with a SCIEX X500R quadrupole-time of flight-
mass spectrometer (UPLC- QTOF/MS). The mobile 
phase consisted of A (acetonitrile) and B (1‰ acetic 
acid in ultrapure water), and the gradient elution was 
as follows: 0–2 min 1% A and 99% B, 2–3 min a linear 
gradient to 20% A and 80% B, 3–20 min 20% A and 
80% B, 20–33 min a linear gradient to 99% A and 1% 
B, 33–42 min 99% A and 1% B, and 42–43 min a lin-
ear gradient to 1% A and 99% B. The injection volume 
was 10 μL for each sample and the flow rate was set at 
1 mL min−1. The mass spectra was conducted with nega-
tive electrospray ionization (ESI¯) with the scan scope 
of m/z 50–500.

Total organic carbon (TOC) concentration was deter-
mined by Multi N/C 3000 TOC analyzer (Analytik Jena AG, 
Germany). Electron paramagnetic resonance (EPR) spectra 
of free radicals were measured on a Bruker EMX nanospec-
trometer (Bruker, Germany) using 5,5-dimethyl-1-pyrroline 
N-oxide (DMPO) as spin-strapping agent. The concentra-
tions of PMSO and PMSO2 were analyzed with  liquid 
chromatography (Huang et al. 2021). The concentrations of 
Fe(II) and Fe(III) in solution were detected at 510 nm by 
the 1,10-phenanthroline method with a Unico-2150 UV/VIS 
spectrophotometer (Unico (Shanghai) Instrument Co., Ltd.). 
PMS concentration was measured by a modified iodide spec-
trophotometry method (Liang et al. 2008). The solution pH 
was measured by a portable pH meter (pHS-4C+, China).

Toxicity measurements

The Ecological Structure–Activity Relationship (ECOSAR) 
software was utilized to predict the acute toxicity (LC50 or EC50) 
and chronic toxicity (ChV) of DCF and its intermediates to three 
aquatic organisms (fish, daphnid, and green algae) during the 
Fe(VI)/PMS process (Yang et al. 2019).
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Results and discussion

Degradation of DCF by various oxidants

As shown in Fig. 2, the degradation of DCF was investigated 
under various oxidation processes, including the PS, PMS, 
Fe(VI), Fe(VI)/PS, and Fe(VI)/PMS processes. Due to the 
low reactivity, single PS and PMS systems were almost inef-
fective for DCF degradation, which was consistent with the 
researches of Monteagudo et al. (Monteagudo et al. 2018) 
and Rao et al. (Rao et al. 2018). The removal efficiency of 
DCF by Fe(VI) alone was 42.2% after 15-min reaction, dem-
onstrating that Fe(VI) alone could partly degrade DCF via 
1-e¯, 2-e¯ or oxygen atom transfer (Lee et al. 2014; Sharma 
et al. 2015c; Zhao et al. 2018a). In the Fe(VI)/PS process, 
10.1% higher removal of DCF was obtained than single 
Fe(VI), which was mainly caused by the catalysis of Fe2+ 
ions (generated through the decomposition of Fe(VI) (Zhao 
et al. 2018a; Sheikhi et al. 2022)) for PS to produce more 
ROSs (sulfate radicals, SO4

•¯), as indicated by Eq. (3) (Zhen 
et al. 2012). Actually, the oxidation process of Fe2+-activated 
PS (Fe2+/S2O8

2¯) has gained widespread attention recently 
and been extensively investigated in water and wastewater 
remediation due to the superior features and good perfor-
mances (Zhang et al. 2015; Waclawek et al. 2017; Liu et al. 
2018; Nie et al. 2018; Zhen et al. 2018; Gao et al. 2022). 
Obviously, the DCF degradation was significantly enhanced 
by the combination of Fe(VI) and PMS with the removal 
efficiency of 93.5% after 15-min reaction, which was much 
higher than the sum of Fe(VI) and PMS alone, suggesting 
a synergistic effect between Fe(VI) and PMS. Owing to the 
use of phosphate buffer, the solution pH was stable before 

and after reactions, revealing that the superiority of Fe(VI)/
PMS was not attributed to the acidity effect of PMS. There-
fore, the synergistic effect between Fe(VI) and PMS, such as 
the involvement of ROSs, need to be investigated urgently.

Effect of initial pH

Indicated by previous studies, the solution pH can greatly 
affect the stability, oxidation capacity, and existing form of 
Fe(VI). In the pH range of 4.0–8.0, the self-decomposition 
of Fe(VI) was accelerated with the decreasing solution pH 
(Graham et al. 2004; Chen et al. 2018; Liu et al. 2019). 
The decomposition products and oxidation–reduction poten-
tial (E0) of Fe(VI) are shown as Eqs. (4) and (5) (Sharma 
2010). In addition, the pKa values of Fe(VI) were 1.6, 3.5 
and 7.3, respectively, and the four different protonated forms 
of Fe(VI) were H3FeO4

+, H2FeO4, HFeO4¯, and FeO4
2¯, 

respectively, as shown in Eqs. (6)–(8) (Sharma 2002). The 
four protonated species of Fe(VI) showed quite different 
properties.

The effect of solution pH on DCF removal in Fe(VI)/
PMS process was investigated, and the results are shown in 
Fig. 3. After 15-min reaction, 74.7%, 81.9%, 68.1%, 53.2%, 
and 44.8% DCF degradation efficiencies were obtained at pH 
4.0, 5.0, 6.0, 7.0, and 8.0, respectively. The major species 
of Fe(VI) at pH 4.0–7.0 is HFeO4¯, which self-decomposes 
rapidly and possesses high reactivity. With the increasing 
pH (> 7.3), FeO4

2¯ becomes the major species of Fe(VI), 
which is more stable but less active than HFeO4¯ (Xu et al. 

(3)S2O
2−
8 + Fe2+ → SO

∙−

4 + Fe3+ + SO
2−
4

Fig. 2   Degradation of DCF by various oxidants. Experimental condi-
tions: [PS]0 = [PMS]0 = 500 µM, [Fe(VI)]0 = 100 µM, [DCF]0 = 5 µM, 
pH = 6, T = 25 ℃

Fig. 3   Effect of initial pH on DCF degradation by Fe(VI)/PMS pro-
cess. Experimental conditions: [PMS]0 = 500 µM, [Fe(VI)]0 = 25 µM, 
[DCF]0 = 5 µM, T = 25 ℃
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2009; Fei et al. 2022), weakening the activation for PMS and 
reducing DCF degradation. In addition, it cannot be ignored 
that the removal efficiency of DCF at pH 4.0 (74.7%) was 
slightly lower than that at pH 5.0 (81.9%). This result might 
be owing to that the excess H+ in strong acidic condition 
would react with HSO5¯ (the dominant species of PMS) in 
the pH range of 4.0–8.0 (Mahdi-Ahmed and Chiron 2014) to 
form hydrogen bonds, which restrained the synergistic effect 
between Fe(VI) and PMS.

Noticeably, it was recently reported that phosphate buffer 
inhibits the ferrate oxidation of organic pollutants and dis-
infection of pathogen due to a complexation between phos-
phate ions and Fe(V) (formed in the reduction of Fe(VI)) 
resulting in the reduction of its redox potential (Huang et al. 
2018; Manoli et al. 2020). The DCF degradation by Fe(VI)/
PMS herein was carried out in phosphate buffer, and thus, 
the inhibition effect of phosphate ions was not to be ignored. 
In addition, Huang et al. found that the inhibition effect of 
phosphate ions strengthened as the concentration increased 
(Huang et al. 2018). The concentrations of phosphate ions 
during the DCF degradation by Fe(VI)/PMS process herein 
are shown in SI Table S2. As can be seen, the concentrations 
of phosphate ions were 66.67 mM (for solution pH 4.0 and 
5.0) and 50 mM (for solution pH 6.0, 7.0 and 8.0), respec-
tively. With the close concentration, phosphate ions showed 
similar inhibition effects. Regrettably, the actual oxidation 
capacity of Fe(VI)/PMS was underestimated herein due to 
the phosphate buffer, and the underlying mechanism war-
rants further investigation.

Overall, the Fe(VI)/PMS process is efficient for DCF 
removal in phosphate buffer at pH 4.0–8.0.

Effect of reaction temperature

The effect of reaction temperature on DCF degradation in 
Fe(VI)/PMS process was investigated in the range of 10–30 
℃. As can be seen in Fig. 4, the removal efficiency of DCF 
increased with the increasing reaction temperature. Obvi-
ously, after 15-min reaction, 70.9% of DCF was degraded 
at 10 °C, and 80.3% degradation was achieved with the 

(4)
Acidic media ∶ FeO4

2− + 8H+ + 3e− → Fe3+ + 4H2O EO = 2.20V

(5)Basic media ∶ FeO4

2− + 4H2O + 3e− → Fe(OH)3 + 5OH
−
E
O = 0.72V

(6)H3FeO4+ ↔ H+ + H2FeO4, pKa = 1.6 ± 0.2

(7)H2FeO4 ↔ H+ + HFeO
−

4 , pKa = 3.5

(8)HFeO
−

4 ↔ H+ + FeO
2−
4 , pKa = 7.3 ± 0.1

raising temperature to 30 °C. This result might be owing to 
the following three reasons: (i) the self-decay of Fe(VI) was 
significantly enhanced by the increase of solution tempera-
ture, which generated more active intermediates (Fe(V) and 
Fe(IV)) and thus promoted the DCF removal (Jiang et al. 
2015; Zhao et al. 2018b); (ii) the PMS decomposition was 
accelerated and more reactive species (such as SO4

•¯) were 
generated (Eq. (9)) (Wei et al. 2017; Xiao et al. 2018); (iii) 
the collision frequencies between DCF and the oxidation 
species was stepped-up with the increasing temperature.

To further explore the impact of solution temperature, the 
self-decomposition of Fe(VI) with the solution temperature 
range from 10 to 30 ℃ was investigated, and the results are 
shown in Fig. 5. The pseudo-first-order rate constant (kobs) 
of Fe(VI) decomposition increased from 0.0029 (10℃) to 
0.0081 min−1 (30 ℃), and the activation energy (Ea) for 
the reaction was calculated to be 34.9695 kJ·mol−1, which 
revealed the great dependence for the property of Fe(VI) on 
reaction temperature.

Effect of Fe(VI) and PMS doses

The effects of Fe(VI) and PMS doses on DCF degradation 
are shown in Fig. 6. As the dosage of Fe(VI) increased from 
6.25 to 100 µM, the removal efficiency of DCF was signifi-
cantly enhanced from 17.8 to 93.2% within 15-min reaction 
(Fig. 6a). There might be two reasons for it: (i) Fe(VI) itself 
could effectively oxidize and degrade DCF due to its high 

(9)HSO
−

5

Δ

→ SO
∙−

4

Fig. 4   Effect of reaction temperature on DCF degradation in 
Fe(VI)/PMS system. Experimental conditions: [PMS]0 = 500  µM, 
[Fe(VI)]0 = 50 µM, [DCF]0 = 5 µM, pH = 6
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oxidizability and self-catalysis by the reactive byproducts 
(i.e., Fe(III) and Fe(II) ions), as demonstrated in our previ-
ous research (Zhao et al. 2018a) and (ii) more Fe(III) and 
Fe(II) ions were generated from the larger amount of Fe(VI), 
which could active PMS to produce more reactive species 
(such as SO4

•¯) and thus accelerated the degradation of DCF.
Figure 6b shows the effects of PMS dosages on DCF deg-

radation. When the dosages of PMS were 50, 250, 500, and 
1000 µM, the removal rates of DCF were 51.09%, 65.09%, 
77.15% and 91.21%, respectively. The increase was mostly 
caused by the abundant reactive species generated from the 

activation of sufficient PMS (Ding et al. 2020). The phenome-
non was reported in previous researches (Ghanbari and Moradi 
2017; Chen et al. 2022b). However, the degradation efficiency 
of DCF was slightly reduced with the excessive addition of 
PMS (2000 µM), which was resulted by the quenching reaction 
between PMS and reactive species (i.e., •OH and SO4

•¯), as 
shown in Eqs. (10) and (11) (Wang et al. 2020).

Effect of inorganic anions and humic acid

As shown in Fig.  7a–c, the effects of inorganic anions 
(HCO3¯, Cl¯, NO3¯ and SO4

2¯) on DCF degradation in 
Fe(VI)/PMS system were investigated. As seen in Fig. 7a, 
the existence of 4 mM NO3¯ and SO4

2¯ showed almost no 
effect on DCF removal, which is in accordance with bisphe-
nol A removal by CuO/Fe3O4-PMS (Ding et al. 2020). How-
ever, Hu and Luo (Luo et al. 2017; Hu et al. 2018) reported 
that excess NO3¯ and SO4

2¯ would quench active radicals, 
such as SO4

•¯ and •OH, and then showed inhibitory effects.
In addition, the same dosage of Cl¯ and HCO3¯ (4 mM) 

showed noticeable inhibition effects on DCF removal by 
Fe(VI)/PMS process. As presented in Fig. 7b, the degrada-
tion efficiency of DCF after 15-min reaction was decreased 
from 77.15 to 47.88% with the absence of 8 mM Cl¯. It 
was previously inferred that Cl¯ as a vital scavenger for 
SO4

•¯ and •OH to generate Cl• and Cl2
•¯ (Eqs. (12)-(17)), 

(10)HSO
−

5
+ ⋅OH → SO

⋅−

5
+ H

2
O k = 1.7 × 10

7M−1s−1

(11)HSO
−

5
+ SO

⋅−

4
→ SO

⋅−

5
+ SO

2−

4
+ H+

k< 10
5M−1s−1

Fig. 5   Effect of temperature on the self-decomposition of Fe(VI). 
Experimental conditions: [Fe(VI)]0 = 50 µM, pH = 6

Fig. 6   Effect of oxidants dosage on the degradation of DCF in Fe(VI)/PMS system. Experimental conditions: [DCF]0 = 5 µM, pH = 6, T = 25℃; 
for (a) [PMS]0 = 500 µM; for (b) [Fe(VI)]0 = 50 µM
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which possess lower reactivity (Chan and Chu 2009; Wang 
et al. 2011; Ding et al. 2020; Yang et al. 2022). Hence, the 
consumption of SO4

•¯ and •OH by Cl¯ restrained the DCF 
degradation, which corresponding well to the decay of 
iopamidol and X-ray contrast medium by UV/sulfite, UV/
chlorine, and UV/H2O2, respectively (Kong et al. 2018; 
Cao et al. 2021). Interestingly, previous studies showed 
that acid conditions were conductive to the formation of 
Cl2

•¯ (Wu et al. 2019), whereas the consumption of •OH 
by Cl¯ under alkaline conditions can be ignored due to 
the reversible reaction between Cl¯ and •OH (Yang et al. 
2014). To sum up, the existence of Cl¯ was adverse for 
DCF degradation in Fe(VI)/PMS process under this exper-
imental condition.

As shown in Fig. 7c, the addition of 8 mM HCO3¯ 
reduced DCF removal efficiency from 77.15 to 41.79%. 
The inhibition effect of HCO3¯ mainly attributed to the 
quenching of SO4

•¯ and •OH (Eqs. (18) and (19)), which 
generated carbonate radicals (CO3

•¯ and HCO3
•) with 

weaker oxidization ability (Zuo et al. 1999; Sharma et al. 

2015b; Chen et al. 2022b, a; Yang et al. 2022). Impres-
sively, Luo et al. found the obviously enhanced effect of 
HCO3¯ on pharmaceutical degradation by Fe(VI), which 
is a significant contrast to the strong scavenging effect of 
HCO3¯ (Luo et al. 2019). It was very likely that HCO3¯ 
can stabilize the intermediate Fe(V) species produced 
from Fe(VI) via complexation, reducing redox potential 
and prolonging Fe(V)’s lifetime, thereby preventing rapid 
spontaneous self-decomposition of Fe(V) and facilitating 
oxidation rate of pharmaceuticals. In addition, previous 
studies have shown higher stability of Fe(V)-carbonate 
complex than that of Fe(V)-pyrophosphate complex 
(Bielski 1990; Melton and Bielski 1990). And regret-
tably, phosphate was used as buffer in this study, and the 
enhanced effect of HCO3¯ was significantly concealed by 
the complexation of Fe(V) with phosphate. The inhibi-
tive effect of phosphate ions on Fe(V) oxidation led to 
the outcompeting of Fe(V) autodecomposition pathway 
and finally debilitating the overall oxidation capacity of 
Fe(VI) (Huang et al. 2018).

Fig. 7   Effect of inorganic anions (HCO3¯, Cl¯, NO3¯, SO4
2¯) and humic acid on DCF degradation in Fe(VI)/PMS system. Experimental condi-

tions: [DCF]0 = 5 µM, [Fe(VI)]0 = 50 µM, [PMS]0 = 500 µM, pH = 6, T = 25 ℃
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Natural organic matter (NOM) is one of the major con-
stituents in water resource. Thereby, its necessary to explore 
the influence of NOM on organic pollutant degradation in 
Fe(VI)/PMS system. In this study, humic acid (HA) was 
used as a probe to evaluate the effect of NOM on DCF deg-
radation, and the results are shown in Fig. 7d. The DCF 
removal decreased with the increasing addition of HA. 
When the addition of HA increased from 0 to 8 mg L¯1, the 
DCF degradation efficiency reduced obviously from 77.15 
to 58.78% after 15-min reaction, respectively. The inhibiting 
effect of HA was ascribed to the competitive reaction with 
the major free radicals (i.e., SO4

•¯ and •OH), which mainly 
occurred in the electron-rich sites of HA (Gara et al. 2009). 
The similar results were detected during atrazine degrada-
tion by Fe(VI)/PMS process (Wu et al. 2018b) and bisphenol 
A removal by CuO/Fe3O4-PMS process (Ding et al. 2020).

Reactive species and possible degradation 
mechanisms

To investigate the reaction mechanism and reactive spe-
cies in Fe(VI)/PMS system, the classical radical quench-
ing experiments using methanol (MeOH) and tert-butanol 
(TBA) as scavengers were conducted (Fig. 8a). It is well 
accepted that MeOH can effectively scavenge both SO4

•¯ and 
•OH with the reaction rate constants of 0.9–1.3 × 107 M¯1 s¯1 
and 8–10 × 108 M¯1 s¯1, respectively (Eibenberger et al. 
1978). And TBA possess similar excellent reactivity 
with SO4

•¯ and •OH (kSO4•¯/TBA = 4–9.1 × 105  M¯1  s¯1, 
k•OH/TBA = 3.8–7.6 × 108 M¯1 s¯1) (Anipsitakis and Dionysiou 
2004). As can be seen in Fig. 8a, both MeOH and TBA can 
obviously inhibit the DCF degradation in Fe(VI)/PMS pro-
cess. With the addition of 10 mM MeOH and TBA, DCF 
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removal efficiency decreased to 35.12% and 45.22% within 
6-min reaction, respectively, and then remain almost stable. 
As the dosages of MeOH and TBA increased to 50 mM, 
the degradation efficiency of DCF reduced to 26.33% and 
32.18% after 6-min reaction, respectively. The above results 
indicated that SO4

•¯ and •OH might be the main reactive 
species responsible for DCF removal in Fe(VI)/PMS system. 
Of note is that, however, MeOH could scavenge high-valent 
iron intermediates (k = 5.72 × 102  M−1·s−1), whereas the 
quenching effect of TBA on high-valent iron intermediates 
(k = 6 × 101 M−1·s−1) is much lower than that of MeOH (Oleg 
and Andreja 2004), which also suggested the role of Fe(IV)/
Fe(V) in the DCF degradation and explained why the inhibi-
tion of MeOH was little stronger than that of TBA.

To further verify the reactive species, EPR experiments 
were introduced using DMPO as a spin-trapping agent. As 
shown in Fig. 8b, no obvious signals of SO4

•¯ and •OH radi-
cals were captured in the pure Fe(VI) or PMS process. In 
Fe(VI)/PMS system, obvious signals of SO4

•¯ and •OH radi-
cals were observed, indicating that Fe(VI) and the intermedi-
ate products (such as Fe(II) or Fe(III)) could activate PMS to 
produce a certain amount of SO4

•¯ and •OH radicals. It was 
consistent with the quenching experiment results. The above 
results showed that SO4

•¯ and •OH radicals were involved in 
DCF removal by Fe(VI)/PMS process, which was consist-
ent with the research results of Wu et al. (Wu et al. 2018b).

It has been well demonstrated that methyl phenyl sulfox-
ide (PMSO) is a good probe for identifying Fe(IV)/Fe(V), 
because it can be oxidized by Fe(IV)/Fe(V) to produce 
methyl phenyl sulfone (PMSO2) through an oxygen-atom 
transfer step, which is markedly different from the radicals-
based oxidation pathway (Jin et al. 2022; Zhu et al. 2020). 
To further confirm the involvement of Fe(V)/Fe(IV) species 
in DCF degradation by Fe(VI)/PMS process, PMSO was 
applied as the probing agent in this study, and the PMSO 
consumption and PMSO2 generation were observed. As 
shown in Fig. 8c and d, PMS can promote Fe(VI) to oxi-
dize PMSO. Specifically, the removal efficiency of PMSO 
in Fe(VI) alone and Fe(VI)/PMS systems are 29.11% and 
48.05% after 15-min reaction, respectively, meaning that 
with the existence of PMS more high-valent Fe intermedi-
ates were generated. In addition, the molar ratios of gener-
ated PMSO2 to oxidized PMSO (i.e., Δ[PMSO2]/Δ[PMSO]) 
were 65.17% and 64.79% in Fe(VI) alone and Fe(VI)/
PMS systems (Fig. 8c and d), respectively, further prov-
ing the existence of Fe(IV)/Fe(V). Yang et al. revealed that 
the main species for PMSO degradation would gradually 
convert from Fe(IV)/Fe(V) to SO4

•−/HO• with the dos-
age of sulfite increasing from 50 µM to 600 µM, and thus 
reduced the molar ratio of Δ[PMSO2]/Δ[PMSO] (Yang et al. 
2022). It could be inferred that the PMSO consumption 
and PMSO2 generation in this study were disturbed by the 
abundant active species (SO4

•−/HO•) formed by the PMS 
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activation. Beyond that, previous studies revealed that the 
phosphate buffer used in this study would decrease the reac-
tivity of Fe(V) species and thus debilitate the overall oxida-
tion capacity of ferrate (Shao et al. 2019; Huang et al. 2021). 
Huang et al. investigated the impact of phosphate on ferrate 
oxidation of organic compounds and found that phosphate 
anions (50 mM, pH = 6, herein) may complex with Fe(V) 
species and decrease its reactivity due to redox potential 
reduction or steric effect (Huang et al. 2018). Therefore, the 
actual oxidation ability of ferrate for PMSO might be under-
estimated herein. To sum up, SO4

•−, HO•, and Fe(IV)/Fe(V) 
were involved in DCF removal by Fe(VI)/PMS process.

Previous studies explored the generation of Fe(V), Fe(IV), 
Fe(III), and Fe(II) during the reaction of Fe(VI) with organic 
pollutants through 1-e¯ and 2-e¯ transfer processes (Sharma 

2011, 2013; Lee et al. 2014; Chen et al. 2022a). Meanwhile, 
the dissolved iron ions (in situ Fe(III) and Fe(II)) could effi-
ciency active Fe(VI) and PMS to produce more actives spe-
cies (such as Fe(V)/Fe(IV), SO4

•−/HO•) (Eqs. (20)–(22)) 
(Feng et al. 2017; Cheng et al. 2017; Wu et al. 2018b; Shao 
et al. 2019; Zhu et al. 2020; Sharma et al. 2022). To further 
confirm the reaction mechanisms of Fe(VI)/PMS system, the 
concentration variations of PMS and iron ions in solution 
were monitored (Fig. 9). As shown in Fig. 9, the concentra-
tion of PMS decreased rapidly to 377 µM within the first 
3 min, and remained stable thereafter, which corresponded 
well to the degradation of DCF in Fe(VI)/PMS system. The 
concentrations of Fe(III) and Fe(II) increased to 14 µM and 
9 µM within 3 min, respectively, and then rapidly decreased, 
which was well consistent with the decomposition of PMS 

Fig. 8   a Effect of radical scavengers on DCF degradation in Fe(VI)/
PMS system. b EPR spectra of different systems obtained in DMPO-
H2O solution. PMSO removal and PMSO2  production in c the 

Fe(VI) system and d the Fe(VI)/PMS system. Experimental con-
ditions: [DCF]0 = 5  µM, [Fe(VI)]0 = 100  µM, [PMS]0 = 500  µM, 
[DMPO]0 = 10 mM, [PMSO]0 = 10 µM, pH = 6, T = 25 ℃
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and DCF. The above results indicated the involvement of 
dissolved iron ions (Fe(III) and Fe(II)) for the DCF removal 
in Fe(VI)/PMS system.

On the basis of the above discussion and results, the 
reaction mechanism of Fe(VI)/PMS system is proposed 
and illustrated in Scheme 1. On one hand, Fe(VI) would 
decompose rapidly to Fe(V) and Fe(IV) in acidic solution 
through 1-e¯ and 2-e¯ transfer processes. Thus, DCF could 

(20)Fe3+ + HSO
−

5 → Fe2+ + SO
∙−

5 + H+

(21)Fe2+ + HSO
−

5 → Fe3+ + SO
∙−

4 + OH
−

(22)SO
∙−

4 + H2O → SO
2−
4 + ∙OH + H+

be directly degraded by Fe(VI), Fe(V), and Fe(IV) with 
strong oxidation property. On the other hand, Fe(III), the 
by-products from the self-decomposition of Fe(VI) could 
active PMS to produce SO5

•¯ and Fe(II) (Eq. (20)). Then 
Fe(II) could react with PMS to generate SO4

•¯ and Fe(III) 
(Eq. (21)), thus forming the iron cycle between Fe(III) and 
Fe(II). Subsequently, SO4

•¯ reacted with H2O to produce 
•OH (Eq. (22)). In addition, Fe(III) and Fe(II) could cata-
lyze Fe(VI) to generate more Fe(V) and Fe(IV) and thus 
resulted in highly effective DCF degradation. In summary, 
the above results showed that free radicals (SO4

•¯ and •OH) 
and non-radicals (Fe(VI), Fe(V) and Fe(IV)) coexist in the 
Fe(VI)/PMS system.

Removal of TOC

The removal efficiency of TOC is a critical indicator for eval-
uating the quality of treated water and effectiveness of water 
treatment process. As can be seen in Fig. 10, compared with 
Fe(VI) oxidation, Fe(VI)/PMS process is more effective for the 
DCF degradation and TOC removal in the system. As shown 
in Fig. 10a, 42.13% DCF and 34.79% TOC were removed 
within 15-min reaction by Fe(VI) in the filtered samples. 
Under the same condition, 93.15% DCF and 63.79% TOC were 
removed in Fe(VI)/PMS system. This indicates that the coupling 
effects of Fe(VI)/PMS process, such as accelerating the forma-
tion of active species (SO4

•¯ and •OH) (Eqs. (20)–(22)), played 
an important role for the DCF degradation and TOC removal.

Previous studies reported that the ferric particles (compos-
ing by Fe2O3, FeOOH, and amorphous ferric), which were 
formed in the reduction of Fe(VI), possessed great adsorption 
potential for the removal of organics (Liu et al. 2017b; Yang 
et al. 2018a, 2018b; Tian et al. 2020). To further explore the 
TOC removal mechanism, the variations of TOC removal 
ratio in filtered and acidified samples by Fe(VI) and Fe(VI)/
PMS processes were investigated (Fig. 10b). The filtered 

Fig. 9   Concentration of PMS and iron ions as a function of time. 
Experimental conditions: [DCF]0 = 5  µM, [Fe(VI)]0 = 100  µM, 
[PMS]0 = 500 µM, pH = 6, T = 25 ℃

Scheme 1   Reaction mechanism 
of DCF degradation in Fe(VI)/
PMS system
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samples indicates that the solution samples were filtered 
through 0.22-μm glass fiber filter to remove ferric particles, 
and the acidified samples indicates that the solution samples 
(ferric solids) were dissolved with 0.5% of HCl, which rep-
resents the actually eliminated TOC in Fe(VI) oxidation pro-
cess. Obviously, the TOC removal ratio was largely reduced 
in acidified samples than those in filtered samples (Fig. 10b). 
In the acidified samples, 4.56% and 35.65% TOC were elim-
inated by Fe(VI) and Fe(VI)/PMS processes, respectively. 
Compared with the oxidized organics, ferric particles acted 
as adsorbent and removed around 30% of TOC in the pro-
cesses. Hence, the removal of DCF and TOC in Fe(VI) and 
Fe(VI)/PMS systems was a complex process, and both oxida-
tion and adsorption were functioned in the removal process.

Degradation intermediates and possible decay 
pathways of DCF

The reaction intermediates of DCF in Fe(VI)/PMS pro-
cess were identified by UPLC-QTOF/MS. As shown in 
Scheme 2, sixteen oxidation products (OPs) were detected 
and their chemical structure were deduced. The mass to 
charge ratio (m/z), retention time (RT), and formula of the 
OPs are exhibited in Table S3 in SI, and their relative for-
mation and evolution with the reaction time are exhibited 
in Fig. S1(a) and (b). Based on previous studies about DCF 
oxidation (Zhang et al. 2022; Zhao et al. 2022a, b), and 
the chemical structure of OPs in this study, eight possible 
degradation pathways of DCF in Fe(VI)/PMS process were 
proposed, including hydroxylation, decarboxylation, ring 
closure, dehydrogenation, C-N bond cleavage, formyla-
tion, dichlorination-hydroxylation, and sulfonation.

(1)	 Hydroxylation (pathway (1) in Scheme 2) is a common 
reaction pathway in Fe(VI)/PMS process. The by-prod-
ucts m/z 311and m/z 327 were generated by the addi-
tion of •OH at the unsaturated C5 = C6 and C3’ = C4’ 
successively. And these two products were frequently 
detected in DCF oxidation (Chi et al. 2022). Another 
hydroxylated product m/z 282 was formed by the •OH 
addition at the C5 = C6 of m/z 266 (isomer-1), which 
was produced by formylation.

(2)	 Decarboxylation (pathway (2) in Scheme 2) meant the 
loss of carboxyl group (‒CO2) from acetoxy group 
(‒CH2COOH), and then formed methyl at C1. The 
OPs m/z 252, m/z 266 (isomer-2) and m/z 122 were 
all produced by decarboxylation, which was mainly 
caused by the attack of SO4

•¯ and •OH on the lat-
eral chain of DCF. Other decarboxylation OPs, such 
as 2-((2′,6′-dichlorophenyl) amino) methylbenzene 
(C13Cl2NH11, m/z 252), 2-((2′,6′-dichlorophenyl) 
amino) m-methylphenol (C13Cl2NOH11, m/z 268), and 
2-((2′,6′-dichlorophenyl) amino)-4′,5-dihydroxy-benzyl 
alcohol (C13Cl2NO3H11, m/z 300) were detected dur-
ing the DCF degradation in heterogeneous activation of 
PMS by LaFeO3 (Rao et al. 2018), photo-electrocataly-
sis of Cu/PS (Liu et al. 2017a) and a like Fenton system 
of FeCeOx-H2O2 (Chong et al. 2017), respectively.

(3)	 Ring closure (pathway (3) in Scheme 2) referred to the 
loss of HCl (-36D) and further structural rearrange-
ment or intramolecular reaction of DCF. The detected 
product m/z 259 was formed by this path in this study. 
And it was also observed during the DCF degradation 
by the combining use of manganese oxide octahedral 
molecular sieve with PMS (P2) (Wu et al. 2018a), 

Fig. 10   a DCF degradation and TOC variations in filtered samples by Fe(VI) and Fe(VI)/PMS processes. b The variations of TOC removal ratio 
in filtered and acidified samples. Experimental conditions: [DCF]0 = 5 µM, [Fe(VI)]0 = 100 µM, [PMS]0 = 500 µM, pH = 6, T = 25 ℃
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the hydroxyl radical-mediated oxidation process (P4) 
(Agopcan Cinar et al. 2017), and the heterogeneous 
photocatalysis using nanostructured TiO2 (P1) (Mar-
tínez et al. 2011). These findings suggest that the ring 
closure of DCF was resulted by the attack of •OH.

(4)	 Dehydrogenation (pathway (4) in Scheme 2) was an 
important reaction path generally following the hydrox-
ylation of DCF. Since hydroxylation resulted ‒OH 
addition at the para-position of ‒NH2, the electronic 
density of the aromatic ring was changed. In this study, 

Scheme 2   Proposed degradation intermediates and reaction pathways 
of DCF in Fe(VI)/PMS process: (1) hydroxylation, (2) decarboxy-
lation, (3) ring closure, (4) dehydrogenation, (5) C-N bond cleav-

age, (6) formylation, (7) dechlorination-hydroxylation, (8) sulfona-
tion. Experimental conditions: [DCF]0 = 5  µM, [Fe(VI)]0 = 100  µM, 
[PMS]0 = 500 µM, pH = 6, T = 25 ℃
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the all hydroxylation products (m/z 311, m/z 327, m/z 
282 and m/z 167) possessed high electronic density 
in the ortho- and para-positions of the aromatic ring 
with ‒OH and ‒NH2 acting as the electron-donating 
groups (Zhou and Jiang 2015). Fe(VI) or the intermedi-
ates (i.e., Fe(V) and Fe(IV)) could readily attack these 
sites and then generated m/z 309, m/z 325, m/z 280 and 
m/z 122.

(5)	 C-N bond cleavage (pathway (5) in Scheme 2) resulted 
by the attack of Fe(VI), SO4

•¯ and •OH at the ipso-posi-
tion of − NH − or = N − leading to the cleavage of the 
C-N bond. Four C-N bond cleavage OPs were detected 
in this study, including m/z 167, m/z 122, m/z 147 and 
m/z 129. Also, similar C-N bond cleavage OPs were 
observed in DCF removal by simulated solar assisted 
photocatalysis (Salaeh et al. 2016), aqueous chlorine 
dioxide (Wang et al. 2014), and ultrasonic persulfate 
process (US/PS) (Monteagudo et al. 2018).

(6)	 Formylation (pathway (6) in Scheme 2) meant the for-
mation of formoxyl at the C1 site of DCF. The detected 
formylation product m/z 266 (isomer-1) might result 
from two different ways. For one, the acetoxy group (‒
CH2COOH) at the C1 site of DCF was attacked directly 
to formoxyl. For another, DCF firstly suffered the 
decarboxylation oxidizing the acetoxy group to methyl 
(m/z 252, reaction pathway (2)), and subsequently m/z 
252 was further oxidized converting the methyl to 
formoxyl. This product was also documented in other 
advanced oxidation systems, such as the DCF degrada-
tion by LaFeO3/PMS (compound 4) (Rao et al. 2018), 
and the DCF removal by FeCeOx-H2O2 (2-(2,6-dichlo-
rophenylamino) benzaldehyde) (Chong et al. 2017).

(7)	 Dechlorination-hydroxylation (pathway (7) in 
Scheme 2) referred to the substitution of chlorine in 
benzene ring by hydroxyl group (-18D). Two OPs 
m/z 241 and m/z 129 were resulted by dechlorination-
hydroxylation in this study. Coelho et  al. (Coelho 
et al. 2009) and Salaeh et al. (Salaeh et al. 2016) both 
observed similar product, 2-amino-3-chloro-phenol 
(C6ClNOH6, m/z 179), during the DCF oxidation by 
ozonation and photocatalysis, respectively.

(8)	 Sulfonation (pathway (8) in Scheme 2) was resulted 
by the attack of SO4

•¯ leading to the attachment of ‒
OSO3H to the C5’ site of benzene ring. Same product 
m/z 337 (in this study) was also detected by Rao et al. 
(Rao et al. 2018).

Toxicity analysis

Several previous studies have pointed out that the toxicity 
of aqueous solutions may increase due to the generation of 
some highly toxic aromatic compounds during the degrada-
tion of pollutants (Zhang et al. 2022, 2021). Therefore, it is 

essential to assess the toxicity characteristics of DCF and the 
degradation intermediates during the Fe(VI)/PMS process. 
ECOSAR software was utilized to predict the acute toxicity 
(LC50 or EC50) and chronic toxicity (ChV) of DCF and its 
intermediates (Fig. 11 and Table S4).

According to the system established by the Globally Har-
monized System of Classification and Labeling of Chemi-
cals (GHS), the predicted toxicity values of DCF and its 
intermediates can be divided into four categories: very 
toxic (LC50/EC50/ ChV < 1 mg/L), toxic (1 mg/L < LC50/
EC50/ChV < 10  mg/L), harmful (10  mg/L < LC50/
EC50/ChV < 100  mg/L), and not harmful (LC50/EC50/ 
ChV > 100 mg/L). The values of LC50,96 h (fish), LC50,48 h 
(daphnid), and EC50,96 h (green algae) for DCF were 37.655, 
25.754, and 41.414 mg·L−1, respectively. The acute toxicity 
of DCF was classified as “harmful” to fish, daphnid, and 
green algae, while the chronic toxicity of DCF was classified 
as “toxic” to fish and daphnid. The degradation intermedi-
ates m/z 266–1, m/z 252, m/z 129, m/z 280, m/z 147, m/z 
266–2, m/z 282 present higher acute toxicity and chronic 
toxicity than DCF. Among them, the intermediates m/z 
266–1 and m/z 252 were worthy of more attention because 
of high predicted acute and chronic toxicity (both classified 
as “very toxic” to fish and daphnid). However, with the pro-
longation of degradation time, the conversion products of 
m/z 266–1 and m/z 252 through different pathways, m/z 282 
(pathway (1)) and m/z 147 (pathway (5)), presented lower 
acute and chronic toxicity. The intermediates m/z 259, m/z 
311, m/z 337, m/z 167, m/z 122, m/z 325, m/z 241, and m/z 
309 were less toxic than DCF, and some of them became 
“not harmful,” which can result in the reduction in ecotoxic-
ity of the reacted solution. As shown in Fig. S1, the inter-
mediate products were further degraded in the Fe(VI)/PMS 
process as the reaction progressed, thereby decreasing both 
acute toxicity and chronic toxicity. The toxicity of the reac-
tion solution depends on not only the characteristics of the 
intermediate products, but also their concentrations. Due to a 
lack of standard materials, this issue could not be addressed 
in this research and will conduct an in-depth study on this 
issue.

Removal of DCF in real waters

To explore the practical application of the Fe(VI)/PMS pro-
cess, the ultra-pure water and four different natural water 
samples were collected and used as water background matri-
ces in this study. The properties of the water samples are 
exhibited in Table S5. As can be seen in Fig. 12, the DCF 
degradation in tap water was slightly reduced (90.17%) due 
to the higher pH and TOC concentration than that in ultra-
pure water (95.72%) within 30-min reaction. In the 1#, 2# 
river water, and lake water, the degradation efficiency of 
DCF were obviously decreased to 66.81%, 78.14%, and 
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61.78%, respectively, since the high concentration of TOC 
and HCO3¯. The results indicated that the DCF degradation 
in natural waters by Fe(VI)/PMS could be affected visibly by 
the water matrix (such as pH, NOM and HCO3¯).

Conclusions

In this study, the degradation of DCF by Fe(VI)/PMS pro-
cess was comprehensively explored. Fe(VI)/PMS system 
can efficiently degrade DCF in aqueous solutions with pH 
range from 4.0 to 8.0. The removal efficiency of DCF was 
significantly enhanced with an increase in the reaction 
temperature (10 to 30 ℃), Fe(VI) dose (6.25 to 100 µM), 
or PMS concentration (50 to 1000 µM). Inorganic anions 
NO3¯ and SO4

2¯ showed almost no effect on DCF oxida-
tion. However, the existences of HCO3¯, Cl¯, and humic 
acid (HA) obviously inhibited the removal of DCF. EPR, 
quenching, and probing experiments revealed that both 
SO4

•¯, •OH, and Fe(V)/Fe(IV) were responsible for DCF 
removal in Fe(VI)/PMS system, and the degradation 

Fig. 11   Toxicity evaluation of DCF and its intermediates in Fe(VI)/PMS system

Fig. 12   Degradation of DCF by Fe(VI)/PMS in various types of 
water. Experimental conditions: [DCF]0 = 5 µM, [Fe(VI)]0 = 100 µM, 
[PMS]0 = 500 µM, pH = 6, T = 25 ℃
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mechanism was evaluated. Compared with the oxidized 
organics, ferric particles, formed in the reduction of 
Fe(VI), acted as adsorbent and removed around 30% of 
TOC in the processes. Hence, the synthetical effect of oxi-
dation and adsorption for DCF removal was revealed in 
Fe(VI)/PMS system. On the basis of the UPLC-QTOF/MS 
technique, sixteen DCF degradation byproducts in Fe(VI)/
PMS system were detected, and eight reaction pathways 
were proposed including hydroxylation, decarboxylation, 
ring closure, dehydrogenation, C-N bond cleavage, for-
mylation, dechlorination-hydroxylation, and sulfonation. 
Based on the toxicity assessment, some of the intermedi-
ates were transformed into developmentally “non harm-
ful,” manifesting that the degradation process of DCF by 
Fe(VI)/PMS was a gradual detoxification process. The 
DCF removal by Fe(VI)/PMS remained highly efficient in 
different real waters. This study demonstrates that Fe(VI)/
PMS process is an efficient treatment technology for DCF 
degradation and provides valuable information on the 
practical application of Fe(VI)/PMS in various aquatic 
environmental compartments.
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