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ARTICLE INFO ABSTRACT

Keywords: Peracetic acid (PAA) as an efficient, accessible, and environmentally friendly organic oxidizer will contribute to
Peracetic acid addressing the growing global issue of pharmaceutical contamination in aquatic environment. In this study, a
Fe-S low-cost and environmentally abundant mackinawite (FeS) was used to rapidly activate PAA to efficiently
Is)il:;(iie;l:;gen remove diclofenac (DCF). Over a wide pH range (3.0-8.0), the FeS/PAA system could achieve 80-100 % removal
Mechanism of DCF within 20 min. The '0,-dominated non-radical played a dominant role in DCF degradation under near-

neutral conditions. The possible degradation pathways of DCF were proposed, and the acute toxicity of DCF was
significantly reduced after treatment by the FeS/PAA system. Cl~, SO?(, NO3, and HCO3 had virtually no
substantive influence on the removal of DCF, while HA and CO3~ had an inhibiting effect. In addition, the FeS/
PAA system showed excellent anti-disturbance and decontamination abilities on multiple pharmaceuticals in real
water samples, which demonstrated the potential application of the FeS/PAA system with a non-radical pathway
in the treatment of pharmaceutical pollution in real water bodies. This study provides a new non-radical

approach to degrade pharmaceuticals by efficiently activating PAA via heterogeneous FeS.

1. Introduction

Pharmaceutical environmental pollution has become a global issue
[1,2]. Due to their low removal efficiency in traditional wastewater
treatment plants, pharmaceuticals are frequently detected at level of ng/
L to pg/L in various water bodies. Most pharmaceuticals exhibit low
biodegradability, thus they can stay in the natural aquatic environment
for a long time. Persistent pharmaceuticals in the aquatic environment
can cause potential risks to aquatic organisms and ultimately threaten
human health [3-6]. In particular, diclofenac (DCF), a non-steroidal
anti-inflammatory pharmaceutical, has been considered the main
reason for the extinction of the Indian vulture [7], and subsequent
studies have reported the biotoxicity of DCF to other species [8].
Therefore, given their limited biodegradability and potential risks, it is
imperative to develop effective technologies to degrade pharmaceuticals

in aquatic environment.

Recently, the advanced oxidation processes (AOPs) based on per-
acetic acid (PAA) have received increasing attention in pharmaceutical
degradation due to the advantages of high oxidation potential (1.06 to
1.96 V) and limited toxic by-products formation [9-12]. Due to the
lower bond energy of the O-O bond (159 kJ/mol), PAA is more easily
activated to produce a series of reactive species (RS) such as eOH,
organic radicals (R-O®), 102, etc, compared to the HyO5 (213 kJ/mol)
and peroxymonosulfate (377 kJ/mol). PAA can be activated by various
methods, such as UV irradiation [13], heat [14], transition metals (Mn
(I1), Fe(II), Cu (II), and Co(II)) [15-17], and activated carbon [18].
Especially, Fe(II) is an excellent activator for PAA due to its easy
availability in the environment and low toxicity [19]. However, the
homogeneous Fe(Il) activation of PAA is restricted by acidic conditions,
slow Fe(III)/Fe(II) circulation, and generation of iron sludge [19,20]. In
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contrast, effective and stable heterogeneous Fe(II) (i.e. iron-based min-
erals) are highly desirable to advance the practical implementation of
PAA. Recently, the application potential of sulfide ferrite has been
mentioned. For example, Cheng et al. [21] discovered that S(—II) and
sulfides could have an essential function in the Fe(III)/Fe(II) redox cycle,
which can improve the utilization of Fe. Mackinawite (FeS) as one of the
most abundant metal sulfide minerals in nature is commonly used as
H»0; and persulfate activator due to its ability to act as both a source of
Fe(II) and as an electron donor [22,23]. FeS is low cost and has excellent
catalytic performance, unlike other catalysts that need to carry out
complex experimental modification [24-26], which is more conducive
to the actual environmental applications. As a large abundance of nat-
ural minerals, FeS is environmentally friendly, and will not cause sec-
ondary pollution to the environment. Therefore, FeS-activated PAA has
a great prospect for environmental application. Compared to experi-
mentally synthesized FeS which generates toxic gases and high cost of
chemical reagents during the synthesis process, commercial FeS is a
mature product with stable specifications and guaranteed purity, and is
more environmentally friendly and easy to scale up in the practical
application. However, the research on PAA activation by FeS is very
limited. Only one literature reported FeS used in the PAA activation
system, but it focused on experimentally synthesized FeS rather than
commercial FeS [27], in which they verified the facilitating role of S
(—ID) in the Fe(III)/Fe(II) cycle, and found that S species may consume R-
0°, and eOH is the key RS for pharmaceuticals in the synthetic FeS/PAA
system. While there is still a significant gap in understanding the acti-
vation mechanisms and S species’s role of FeS in the PAA activating
system. In particular, experimentally synthesized FeS and commercial
FeS have different physical phase configurations, which are likely to
affect the specific activation mechanism. Therefore, it is of great sig-
nificance to further investigate the catalytic mechanisms, pharmaceu-
tical degradation performance, and the influence factors of commercial
FeS-activated PAA system in terms of practical application.

Previously, the reports based on activated PAA claimed that *OH,
R-0°, and '0,, could potentially participate in pollutant removal as the
main RS [24,28]. 10, is the high-energy state of the strongly reactive
molecular oxygen [29]. Owing to its electrophilic nature, 'O, is highly
selective for electron-rich organic compounds [30]. 10,, as a non-radical
RS, is extremely compatible with water matrices, providing an unpar-
alleled advantage over free radicals in practical applications [31].
However, some recent studies have questioned the identification, val-
idity, and quantification of 105 [32-34]. Zong et al. [33] suggested that
false-positive signals may occur in the conventional EPR test for 10,
identification. Wang et al. [34] utilized a probe kinetic model to negate
the validity of 10, for degradation of target pollutants as determined by
scavenging experiments in Co304@CNTs activated persulfate systems.
Zhu et al. [35] quantified the contribution of RS and non-radical path-
ways in sulfamethoxazole (SMX) removal in the MO,C/PAA system
based on a probe method, but the quantification was imperfect such as
the absence of approximate exposure and transient concentrations of RS.
Given the above controversies, it is therefore highly imperative to
conduct an indepth study on the identification, validity, and quantifi-
cation of RS in the activated PAA system.

In this study, we used commercial FeS to activate PAA for degrading
pharmaceuticals. Diclofenac (DCF), which widely exists in natural water
and has negative ecological effects, was selected as the target com-
pound. The reaction mechanism was explored, including free radical
and non-free radical pathways. The RS contributing to the degradation
of DCF in the FeS/PAA process were systematically identified and
quantified, and the validities were verified. The effects of the water
matrix (pH, anion, and humic acid (HA)) on the stability of the natural
FeS/PAA system were investigated in detail. Also, the degradation
pathway of DCF in the natural FeS/PAA process was proposed based on
DCF intermediates, and the toxicity variation of DCF was also evaluated
by phytotoxicity tests. Finally, the applicability of the natural FeS/PAA
system was evaluated in real water and multi-pharmaceutical systems.
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To the best of our knowledge, this study is the first to reveal the non-
radical pathway (102) in the natural FeS/PAA system, which provides
new insights into the remediation of pharmaceutical pollution.

2. Materials and methods
2.1. Materials

(15 % w/w) PAA solution (20 % w/w H30,) was purchased from
Aladdin Co., Ltd. (Shanghai, China). Commercial FeS (chemically pure,
purity is well over 70 %, the rest being iron and sulfur with no other
disturbing impurities) was bought from Hushi-Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) and was ground and sieved through
a filter of 100 mesh before use. Seeds were purchased from Lvbao Seed
Industry (Shanxi, China) Co., Ltd. Other chemicals were listed in the
Supporting Information Text S1 (“S” designates text, tables, and figures
in the Supplemental Information here and thereafter). The real water
samples were collected in February 2023 from the Taipu River moni-
toring station. The water samples were stored at 4 °C after being filtered
through 0.45 pm filters. The characteristic features of the water samples
are shown in Table S1. The water used for all experiments was ultrapure
(18.2 M Q-cm), except for the real water test.

2.2. Experimental procedures

The degradation experiments were carried out in 100 mL of reaction
solution in a 250 mL beaker at a temperature of 25 + 1°C and a speed of
200 rpm with magnetic stirring. The initial pH was adjusted after the
addition of a predetermined concentration of pharmaceuticals (DCF or
probe compounds) using 0.1 M NaOH and HySO4. Subsequently, a
predefined dose of FeS was added and mixed for 1 min to form a FeS-DCF
suspension, and finally, the reaction was started by adding a pre-
determined dose of oxidant (PAA, H0,). To avoid possible reactions
between the RS and the buffer solution, no buffer solution was used in
the experiments. After starting the reaction, 1 mL of the samples were
picked up at specified intervals within 90 min, and the reaction was
scavenged with 1 mL of NaySp03 (4 g/L). The samples were filtered
through a 0.22 pm filter membrane for further analysis. All experiments
were repeated three times.

Quenching experiments were conducted by adding various scaven-
gers (tert-butyl alcohol (TBA); furfuryl alcohol (FFA); 2,4-hexadiene
(2,4-HD); p-Benzoquinone(BQ); L-histidine and methyl phenyl sulf-
oxide (PMSO)) into the system before the reaction. For the further
evaluation of the 10, role in degrading DCF, a predetermined concen-
tration of NaClO/H30, mixture was brought into the DCF solution to
start the reaction. For the O3 ~ degraded DCF evaluation experiments,
DCF was added to the pyrogallol oxidation system (adding a pre-
determined concentration of pyrogallol in Tris-HCl buffer at pH 8 and
waiting for pyrogallol autoxidation for 30 min) to initiate the reaction.
The contribution of Fe(IV) to DCF removal was evaluated by employing
the Fe(VI)/PAA system to initiate the reaction with the addition of PAA
to the Fe(VI) solution contained DCF.

2.3. Probe-based kinetic model of the FeS/PAA system

Considering PAA direct oxidation, RS oxidation, and adsorption of
FeS, the reduction of probe compounds in the FeS/PAA system follows
Eq. (1). metronidazole (MDE) and methyl phenyl sulfoxide (PMSO) were
chosen as the probe compounds for 102 and Fe(IV), respectively, and the
reduction of MDE and PMSO can be described by Egs. (2) — (3).

Where [P] and [Py] are the pollutant concentrations at time t and 0,
respectively; kpaa, K 10,, and kgev) are pseudo-second-order rate con-
stants (M~ 's™1) for the reaction of the pollutant with PAA, 102, and Fe
(IV); The kg5 is the pseudo-first order adsorption rate constant for the
pollutant with FeS. [[PAA]dt (M s) is the exposure amount of PAA,
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Table 1

Parameters for HPLC determination of compounds.
Compounds Eluents Wavelengths(nm)
DCF Methanol: 0.1 %acetic acid = 70:30 275
MDE Acetonitrile: water = 20:80 318
Florfenicol Methanol: water = 60:40 220
Sulfamethoxazole Methanol: 0.1 %acetic acid = 35:65 265
Sulfamethazine Methanol: 0.1 %acetic acid = 25:75 265
Sulfathiazole Methanol: 0.1 %acetic acid = 25:75 284
Chloramphenicol Methanol: water = 60:40 278
PMSO Acetonitrile: 0.1 %acetic acid = 70:30 230
PMSO,, Acetonitrile: 0.1 %acetic acid = 70:30 215

Table 2

The pseudo-second rate constants for the reaction of the selected pollutants with
PAA and RS.

Compounds kpaa M~1s7h) kg, ™M™ kreav) ™M™
MDE 0.00715 * 1.2 x 108 [39] 3.89 x 10**
PMSO 0.1425 ° 2.61 x 10°* 1.23 x 10° [41]
DCF 0.06572 * 1.3 x 107 [40] 2.51 x 10**

# measured in this study.

which can be determined from the integral of the decomposition curve
of PAA. [ [*051dt (M s) and J[Fe (IV)]dt (M s) are calculated from the
binary equation Egs. (2)—(3), which is based on reducing MDE and
PMSO in the FeS/PAA system.

.ln% = kpaa / [PAA]dt + K 1, / [ 102]dt + Kpeqv) /[Fe(IV)]dt+kad5t
@
-m%: Keaapme / [PAAJdt + K 10, ype / [10,]dt
+ Kre(v) mpE / [Fe(IV) |dt 4 Kags mpet o)
-1n%: kearpmso / [PAA]dt +k 10, pmso / [10,]dt
+ Kee(1v) pmso / [Fe(IV) ]dt 4 Kags pusot @)

2.4. Analytical methods

The concentrations of pharmaceuticals, PMSO, and methyl phenyl
sulfone (PMSO,) were analyzed by high-performance liquid chroma-
tography (HPLC, Agilent, USA) with a C18 column (5 pm, 4.6 x 250
mm) and a diode-array detector (DAD). Details of elution program of
mobile phase and related parameters was also shown in Table 1. The
concentrations of PAA and H30, in PAA solutions were measured by
titration, and the concentration of PAA during the reaction was deter-
mined by spectrophotometric iodometry [36,37]. Electron para-
magnetic resonance (EPR) studies were performed using a German
Bruker A300. Characterization of FeS was carried out using a surface
area and porosity analyzer (BET, Mac 2460), a scanning electron mi-
croscope (SEM, Gemini 300), X-ray diffraction (XRD, X’Pert PRO MPD),
and X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha),
respectively. The degradation intermediates of DCF were analyzed by
ultra-performance liquid chromatography-quadrupole-time-of-flight
mass spectrometry (UPLC-Q-TOF-MS, Shimadzu Japan), and the pa-
rameters are described in detail in Text S2.

Direct methods were adopted to analyze the second-order rate con-
stants of MDE and PMSO reactions with PAA [38]. Detailed experi-
mental steps were given in Text S3 and Fig. S1. The second-order rate
constants of pollutants with RS were obtained from the literature or
measured by the complete kinetic method. Detailed experimental steps
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Fig.1. Removal of DCF in various systems. Conditions: [FeS] = 100 mg/L,
[PAA] = 500 pM, [DCF] = 1 mg/L, [H>0,] = 1.5 mM, [Fe(I)] = 1 mg/L, [pH]
=8, [pH] = 7.1 (H302,FeS/H505).

are described in Text S4. The pseudo-first-order adsorption rate con-
stants of pollutants with FeS were analyzed from adsorption experi-
ments. Detailed experimental steps are explained in Text S5, and results
are given in Table S2. All the rate constants of compounds are listed in
Table 2.

2.5. Toxicity test

Three types of beans (black, red, and mung) were used for phyto-
toxicity testing of DCF intermediates. Changes in the toxicity of the DCF
intermediates were determined on account of growth (sprout rate and
mean bud length). The ecotoxicity of DCF and its intermediates were
also assessed using the ecological structure-activity relationship model
(ECOSAR). The detailed procedure of the toxicity test is described in
Text S6.

3. Results and discussion
3.1. Characterization of FeS

A series of characterizations were carried out to understand the na-
ture of commercial FeS. The XRD pattern of FeS is shown in Fig. S4. The
main diffraction peaks appeared at 20 = of 29.9°, 33.7°, 35.4 °, 41.8 °,
43.1°, 47.1°, 53.1°, 70.8 °, 71.5 °, respectively, with the FeS standard
card (PDF#37-0477) (110), (112), (201), (203), (114), (221), (300),
(224), and (118). These peaks are characteristic peaks of the FeS, indi-
cating that the FeS mainly consisted of crystalline and cubic FeS. SEM
results of FeS (Fig. S5) showed that the FeS particles before the reaction
are irregular lumps, with a more uniform particle size, and the particle
size ranges between 8 to 15 pm. The FeS surface was stacked with many
smaller-sized particles, which made the FeS surface show an uneven
structure, and this structure might provide more reaction sites [42]. The
EDS results (Fig. S5) showed that the Fe element was more distributed
on the surface of FeS while the S element was dispersed on the surface of
the Fe element, which might contribute to the rapid activation of PAA.

3.2. Assessment of the degradation effectiveness of DCF by the FeS/PAA
system

To assess the DCF removal by FeS/PAA, Fe(II)/PAA, the PAA, HyO,,
and FeS alone systems were conducted. Fig. 1 showed the removal of
DCF in various systems at pH = 8 (The pH of the H,O2 and FeS/H20,
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Fig.2. (a) Influence of 1,10-Phenanthroline on DCF removal; (b) XPS spectrum of the Fe 2p region of FeS before and after reaction; (c) Total and leaching Fe(II)
concentrations in FeS/PAA system and DCF removal in leaching Fe(II)/PAA system; (d) XPS spectrum of the S 2p region of FeS before and after reaction. Conditions:

[FeS] = 100 mg/L, [PAA] = 500 pM, [DCF] = 1 mg/L, [pH] = 8.

system was 7.1, considering that the addition of 500 pM PAA causes the
pH in the system to decrease from 8 to 7.1, whereas HoO5 does not cause
a pH change.). It can be seen that the negligible removal of DCF by FeS,
PAA, and H50- alone, suggests that FeS, PAA, or HO, alone could not
adsorb or directly oxidize DCF under near-neutral condition. As the PAA
solution coexisted with HyO,, the effect of HoO5 in removing DCF was
considered. In the FeS/H0, system, only 8.3 % of DCF was removed,
indicating little role of HyOy for DCF removal. The DFC removal by the
FeS/PAA system achieved about 80 % within 20 min, and nearly 50 % of
DFC was removed within 5 min (keps = 0.0582 min 1), which followed
pseudo-first-order kinetics. kops showed a linear relationship with both
the dosage of FeS (R2 =0.9250) and PAA (R2 =0.9717) when the dosage
of FeS was increased from 25 mg/L to 150 mg/L (Fig. S6) and PAA was
increased from 100 uM to 600 uM (Fig. S7). Considering the dosage cost
and utility, FeS = 100 mg/L and PAA = 500 uM have satisfied the DCF
for efficient removal, so they were selected as the optimal dosage. This
result demonstrated that the FeS/PAA system could be effectively
applied to remove DCF. Comparatively, the removal of DCF in the Fe
(I1)/PAA systems was only 16.7 % at pH = 8, which could explain that
the effectiveness of the homogeneous activation system is highly
dependent on the acidic conditions [19,43-45]. Therefore, it could be
deduced that the DCF removal was attributed to the excellent activation
of PAA by FeS.

To further verify the activation of PAA by FeS, the changes in the
concentration of PAA were monitored in the FeS/PAA system. As
depicted in Fig. S8, PAA was quickly decomposed under the activation of

FeS, and the tendency of PAA decomposition and DCF degradation
remained consistent. Furthermore, the variation of FeS in particle
morphology and surface elements before and after the reaction (Fig. S5)
also proved that FeS had participated in the activation process of PAA.
These results indicated that FeS would activate PAA effectively.

3.3. Mechanism of PAA activation by FeS

3.3.1. Identification of activation triggers

It is well established that the catalyst for activating PAA is Fe(II)
rather than S [20,27,45]. To take insurance, we utilized the NasS-acti-
vated PAA system to remove DCF to determine the possible activation of
PAA by S(-1I)/ S*". As a result, the removal of DCF by the NayS/PAA
system and the PAA alone system was almost the same (Fig. S9), which
excluded the activation effect of S to PAA. To confirm that Fe(II) acti-
vates PAA, 1,10-phenanthroline was used as a chelator for Fe(II). 1,10-
phenanthroline is typically a strong chelator that forms stable complexes
with Fe(Il), thereby preventing the electron transfer of Fe(I). As ex-
pected, the removal of DCF was inhibited in the presence of 1,10-phe-
nanthroline, and the removal of DCF decreased from 99.6 % to 25.9 %
at a concentration of 10 mM 1,10-phenanthroline (Fig. 2a). To investi-
gate the activated mechanism of FeS to PAA, XPS spectrum analysis of
FeS before and after the reaction was used to reveal the changes in the
surface elemental composition and valence state on the FeS surface. As
shown in Fig. 2b, the characteristic peaks with binding energies of 710.6
eV and 719.5 eV on the Fe2p orbital represent Fe(Il), and the
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Fig.3. (a) Quenching effect of various scavengers on the removal of DCF in the FeS/PAA system; (b) The variation ks of various scavengers; The EPR spectra using
(c) DMPO and (d, e) TEMPO as spin-trapping agent in the FeS/PAA system; (f) Degradation of MDE in various reaction systems. Conditions: [TBA] = 200 mM, [2,4-
HD] = 30 mM, [BQ] = 50 mM, [FFA] = 200 mM, [L-Histidine] = 200 mM, [PMSO] = 10 mM, [FeS] = 100 mg/L, [PAA] = 500 pM, [DCF] = 1 mg/L, [MDE] = 1 mg/

L, [DMPO] = 100 mM, [TEMPO] = 100 mM, [pH] = 8.

characteristic peaks with binding energies of 712.3 eV and 722.7 eV
represent Fe(III). Before the reaction, the proportions of Fe(II) and Fe
(I1) were 77.7 % and 22.3 %, respectively, while after the reaction, the
proportion of Fe(Il) decreased to 54.8 % and the proportion of Fe(III)
increased to 45.2 %, which indicated that Fe(I) on the surface of FeS
was involved in and oxidized to Fe(IIl) during the reaction. This further
proved that it was Fe(II) that dominated the activation of PAA. Notably,
total Fe and leaching Fe(II) were also monitored during the reaction. As
shown in Fig. 2c, very little Fe(II) was leached (less than 1 mg/L).
Compared with the FeS/PAA system (99.6 %), limited removal of DCF
(16.7 %) was observed in the Fe(II)/PAA system, in which the initial Fe
(I) concentration was 1 mg/L (Fig. 2¢). According to these results, we
could deduce that the heterogeneous Fe(Il) on the FeS surface acted as
the dominated active site to activate PAA, and dissolved Fe(Il) had a
little contribution to DCF removal in the FeS/PAA system.

It was reported that $%~ had a facilitating function in the Fe(II)/Fe
(1) cycle [21,27,46]. $%~ could act as an electron donor for the
reduction of Fe(IIl) to yield Fe(II) (Eq. (4)) [47]. Fig. 2d depicts the XPS
spectrum of S 2p. The characteristic peaks of $2-, 8-803, S2” and S,
were observed. The proportion of S-SOF~ was higher than that of $2,
probably due to the partial oxidation of S. After the reaction, the per-
centage of $>~ dropped from 17.3 % to 15.3 %, suggesting the oxidation
of $*~ and the possible provision of electrons to promote Fe(II)/Fe(III)
cycle (Eq. (4)).

$2~ + Fe(Il) + 4H,0 — Fe(I) + SO7~ + 8H™ 4

3.3.2. Identification of RS in the near-neutral FeS/PAA system

In previous studies, Fe(II)-based PAA-activated systems can generate
RS, such as eOH, R — 0°, and 0% ~ radicals, 105, as well as Fe(IV) (Eps.
(5) — (18)), and these RS played important roles in the degradation of

organic pollutants [19,27,31,48-51].

H,0; + Fe(ll) » Hy0 + FelVO?* (5)
H,0, + Fe(Il)—~eOH + Fe(III) + OH™ (6)
CH;3C(0) #OH + Fe(I) » CH3C(O)OH + Fe'V0?+ 7
CH3C(O)OOH + Fe(IT) — CH3C(0)Oe-+Fe(III) + OH™ (8)
CH3C(0)OOH + Fe(I) - CH3C(0)O ™~ +Fe(IIl)+eOH 9)
CH3C(O)OOH + Fe(IIl) - CH3C(0)O0e-+Fe(Il) + H (10)
CH3C(0)OOH + CH3G(0)Oe—CH3C(0)O0e-+CH35C(O)OH an
CH3C(0O)OOH-+eOH — CH5C(0)00e+H,0 12)
CH3C(0)OOH + CH3C(0)00™ —CH3C(0)OH + CH3C(0)0™+'0, (13)
Fe(Il) + Oy — Fe(IIl) + 0%~ a4
Hy0,+e0H — Hy0 + 03~ as)
eOH + 03 —OH +!0, (16)
205" +2H,0 — Hy0, + 20H 410, a7
0% +H,0,—e0H + OH +'0, 18)

To identify the contribution of these RS in DCF removal, quenching
experiments were conducted. For determining the free radicals in the
FeS/PAA system, high concentrations of TBA, 2,4-HD, and BQ were
selected as scavengers. Figure S10a shows that the addition of TBA, 2,4-
HD, and BQ had a minor effect on PAA consumption, suggesting that the
inhibition of DCF degradation was not primarily caused by the con-
sumption of PAA by the scavengers. TBA is a well-known eOH scavenger
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Fig.4. Controlled experiments of 102 (a), O3 (b) and Fe(IV) (c) on the degradation of DCF. Conditions: [PAA] = 500 uM, [DCF] = 1 mg/L, [Fe(VI)] = 500 pM, [pH]

=8.

(k tBA,e0H = 6.0 X 108M1sh. 2,4-HD could scavenge both R — O° (ky,
4D, R_0s = 9.2 x 108 M1 §71) and eOH (k2 4.1ip, son = 9.16 x 10° M}
S™1) [52,53]. The excess TBA and 2,4-HD were added to the FeS/PAA
system to evaluate the contribution of eOH and R — O°. As shown in
Fig. 3a, b and Fig. S11a, TBA ((kops = 0.0312 min~!) had almost no
inhibition on the DCF removal in the FeS/PAA system, indicating that
eOH was not the dominating RS in DCF removal in the FeS/PAA system,
which is different from the results based on the synthetic FeS/PAA
system in a previous study [27]. The inhibition of DCF removal by 2,4-
HD (kops = 0.0201 min 1) suggested that R — O® may be the RS involved
in DCF removal. However, we found that 2,4-HD inhibited the decom-
position of PAA in the FeS/PAA system (Fig. S10b), suggesting that the
inhibition of DCF removal by 2,4-HD was likely due to the inhibition of
PAA decomposition. To further test the ¢OH and R — O° in the FeS/PAA
system, EPR test using DMPO as the spin-trapping agent was conducted.
As shown in Fig. S12, although the signal of DMPO-eOH was observed in
the FeS/PAA system, the intensities were very weak. No typical signal of
DMPO-R—-0° was observed in the FeS/PAA system further confirmed
that R—0°® was not the main RS caused by the removal of DCF. To
determine the contribution of O3 ~ for the DCF removal in the FeS/PAA
system, BQ (ko;—_BQ = 1.2 x 10°M ! s71) [54] was introduced as a
scavenger. The results showed that DCF removal was significantly
inhibited and that PAA decomposition was not affected by BQ (Fig. 3a,
Fig. S10b, and Fig. S11). The DCF removal decreased to 16.6 % in the
presence of 50 mM BQ, and the significant inhibition emphasized the
crucial role of O3 ~ in DCF removal. The corresponding EPR test (Fig. 3c)
also showed a typical DMPO-O3 ~ signal in the FeS/PAA system. Based
on these results, we inferred that O3 ~ could be an important RS engaged
in DCF removal in the free radical oxidation pathway.

For insight into the reaction mechanism, the possible non-radicals
((Fe(IV) and 102)) in this study were investigated. Previous studies
proved that Fe(IV) instead of Fe(V) may be yielded in Fe-based catalyst
AOPs and can oxidize certain organics (k = 8 x 10! M™1 S! to 3 x 10°
M~ s™1) [55-57]. Since PMSO could selectively yield PMSO, with Fe
(IV) by oxygen transfer (k geqv), pmso = 1.23 x 10°M! S’l) [41], the
excess PMSO (10 mM) was used for the scavenging experiments and a
low concentration of PMSO (1 mM) was used for the probe experiments.
Fig. S10 demonstrated that the consumption effect of PMSO to PAA was
minimal and hardly affected the decomposition of PAA in the FeS/PAA
system. The results (Fig. 3a) revealed that DCF removal was slightly
inhibited in the presence of PMSO, indicating that Fe (IV) might
participate in the removal of DCF, but its contribution was minimal. In
the probe experiments, PMSO gradually decayed and PMSO; was
continuously generated as the reaction proceeded, proving the existence
of Fe(IV) (Fig.S13). Eventually, the molar ratio of the amount of PMSO,
yielded to the amount of PMSO decayed was 41.6:275. The generation of
PMSO, was much smaller than the reduction of PMSO, probably due to
the oxidation of PMSO by PAA, as evidenced by the control experiments

(Fig. S14). Based on the scavenging and probe experiments, we inferred
that trace amounts of Fe(IV) were yielded in the FeS/PAA system, and it
has a certain contribution to the degradation of DCF.

Since the identification of 105 has become partially controversial in
recent years [32-34], four methods were used to identify 105 in this
study. FFA (kio, sa = 1.2 x 10® M! §71) [58] and L-histidine
(K 10,, Lhistidine = 3-24 X 107 M~1Ss71) [40] were chosen as scavengers of
10,. The results (Fig. 3a) that the presence of both FFA and L-histidine at
high concentrations significantly suppressed the removal of DCF, and
the suppression influence was positively associated with the concen-
tration of the scavengers (Fig. S15). The removal of DCF dropped to 23.4
% and 34.6 %, respectively, in the presence of 200 mM FFA and 200 mM
L-histidine. The results indicated that 0, may be a crucial RS involved
in DCF removal. Although we found that FFA and L-histidine consumed
PAA slightly more than the other scavengers and caused some inhibition
of PAA decomposition in the FeS/PAA system (Fig. S10), this was not
sufficient to cause a strong inhibition of DCF removal (FFA: kops =
0.0026 min~!, L-histidine: kops = 0.0027 min~1), and it is the quenching
of 10, that is more likely to be responsible for the strong inhibition of
DCF removal. Furthermore,the prominent TEMPO-'0, signals (1:1:1
intensity ratio triplet line) in the EPR test (Fig. 3d) further indicated the
existence of 10, in the FeS/PAA system. Previous studies have illustrated
that 'O, is more active in D,0 and has a stronger TEMPO-10, spectral
signal due to the much shorter lifetime of 10,in Hy0 (3.5 ps) than that in
D20 (67 ps) [32,59-61]. We compared the removal of DCF in the FeS/
PAA-D50 system and the FeS/PAA-H,0 system. It was found (Fig. S16)
that the removal rate of DCF was indeed higher in the FeS/PAA-D,O
system. The EPR test also showed a stronger triplet line signal in the FeS/
PAA-D,0 system (Fig. 3e), which further proved the presence of 10, in
the FeS/PAA system. Furthermore, we adopted MDE as a probe com-
pound for 10, (k 10, MDE = 1.2 X 108 M~! s71) [39] to carry out the
probe experiments. The results showed that MDE achieved 28.5 %
removal in the FeS/PAA system (Fig. 3f). The control experiments of
other systems, also revealed that the MDE removal was primarily due to
10, oxidation rather than FeS adsorption, direct oxidation by PAA and
H20,, and the FeS/H204 system. With the synergistic identification of
the four approaches, we inferred that 10, may be the dominant RS for
DCF removal in the FeS/PAA system.

3.3.3. The verification of DCF degradation by RS

Most of the previous studies focused only on the identification of the
RS in the AOPs system, without addressing whether the identified RS
were able to degrade the target pollutants[33,62]. This would result in
incorrect identification of the RS, which may not react with the target
pollutants [34,63,64]. Thus, the validity of three RS (105, O3 ~ and Fe
(IV)) for DCF degradation was investigated to further confirm the val-
idity of the identification of RS in the FeS/PAA.

10, can directly oxidize organics containing unsaturated bonds by
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Fig.5. (a) Evolution of the exposure amount (a) and concentrations (b) of PAA, 10,, and Fe(IV) during DCF degradation in FeS/PAA systems; (c) Contribution of PAA
oxidation (f paa), 10, oxidation (f 10,), Fe(IV) oxidation (f peqrvy), and the adsorption of FeS for DCF in the FeS/PAA system. Conditions: [DCF] = 1 mg/L, [FeS] = 100

mg/L, [PAA] = 500 pM, [PMSO] = 10 pM, [MDE] = 1 mg/L, [pH] = 8.

electron transfer or electrophilic addition and exhibited high reactivity
with organics containing electron-rich groups [30,65-67]. As DCF is an
organic compound containing electron-rich groups, previous studies
have confirmed the high reactivity of 10, with DCF (k 10, pcF = 1.3 %
107 M1 §71) [40], suggesting that 'O, can be prone to degrade DFC. To
clarify the efficiency of DCF degradation by 'O, the Hy05/NaClO sys-
tem was chosen as the benchmark system for the generation of 'Oj.
Because it has been convincingly validated to produce a high yield (80
— 100 %) of '0,, and no production of intermediate radicals (Eq. (19))
[68,69]. As shown in Fig. 4a, obvious removal of DCF (23.9 % — 30.4 %)
was achieved within 90 mi at 1 mM and 10 mM system concentrations,
whether H>02/NaClO was added only once or twice. This means that
10, can achieve the degradation of DCF. The high reactivity and
excellent degradation performance of 10, for DCF confirmed that 10,
can effectively remove DCF in the FeS/PAA system.

H50; + ClO 105 + Hy0 + CI~ 19)

k=34x10°M s

03 ™ has a reduction potential of —0.33 V and a half-life of from s to
min in water [70-72]. It is mainly involved in degrading pollutants
through disproportionation, single electron transfer, deprotonation,
and nucleophilic substitution [73]. Pyrogallol autoxidation was used
as a benchmark system for O3 ~ generation [74]. DCF also demon-
strated a favorable removal efficiency (~23 %) in the various con-
centrations of pyrogallol systems (Fig. 4b), implying that O3 ~ was
feasible as a RS. However, in recent years, some studies pointed out
that O3 ~ was particularly sensitive to converted to 'O, via dispro-
portionation (Eq. (17)) and Haber-Weiss reaction (Eq. (18)) [75,76],
which means that O3 ~is primarily an intermediate for the generation
of 104 [77,78]. This is an important reason why the presence of a high
concentration of BQ inhibited the removal of DCF, because the in-
termediates generating !0, were scavenged. For further validation,
EPR tests were carried out in the pyrogallol system. The EPR test re-
sults (Fig. S17 revealed that the pyrogallol system contained not only a
considerable signal of DMPO-0O3 ~ but also a clear signal of the TEM-
PO-10, triplet line. The EPR results proved that O3 ~ was easily con-
verted to 102, so the main contribution of O3 ~ was more likely to serve
as an intermediate of 10,. Therefore, we inferred that 10 was the main
RS in the removal of DCF. Previous study reported that only Fe (IV) and
eOH were generated in the Fe (VI)/PAA system [79]. Therefore, we
employed Fe (VI)/PAA system as the baseline reaction to produce Fe
(IV) so as to verify the contribution of Fe (IV) in the removal of DCF.
From the Fig. 4c, we obserived that Fe (VI)/PAA can remove DCF
obviously. The addition of TBA has little effect on the DCF removal in

the Fe (VI)/PAA system,indicating that the removal of DCF in Fe (VI)/
PAA system is due to the presence of Fe (IV) rather than eOH. This
result further proved that Fe (IV) was involved in the removal of DCF in
the FeS/PAA.

3.4. Assessment of non-radical pathways by the probe-based kinetic
model

According to the above conclusions, the removal of DCF in the FeS/
PAA system mainly depended on non-radical pathways. Therefore, we
employed a probe-based kinetic model to preliminarily quantify the
non-radical pathways (including FeS adsorption, oxidation by PAA, 10,,
and Fe (IV)) and evaluate their contributions. The removal of probe
contaminants could be emulated by kinetic modeling (Eq. (1)). Based on
the decomposition curves of PAA and Egs. (2) — (3), the exposure of
PAA, 102, and Fe (IV) was obtained (Fig. 5a). The exposure of PAA and
10, increased with the reaction and reached 1.1799 M s and 5.27 x 10~8
M s at 90 min, respectively. Fe (IV) reached its maximum (2.36 x 107 M
s) at 10 min, and then decreased with the exposure of 1.12 x 10 ®Msat
90 min. The transient concentrations of 102 and Fe (IV) were determined
by using Egs. (20) — (21) (where R 1o, is the ratio of 102 to PAA
exposure and Rge vy is the ratio of Fe (IV) to PAA exposure) [34]. The
transient concentrations of PAA, Fe (IV), and 'O, were shown in Fig. 5b.
The concentration of Fe (IV) was 10%-10° times higher than that of 102.
Eventually, based on the exposure of PAA and RS, we calculated the
relative contributions of PAA oxidation, 10, oxidation, Fe (IV) oxida-
tion, and FeS adsorption to DCF removal (fpaa, f 10,, freav), and fags)
using Egs. (22) — (25). As shown in Fig. 5c, fgg contributed the most to
the DCF removal with 85 %, of which the contribution of 10, and Fe (IV)
was 81.5 % and 3.5 %. The direct oxidation of PAA and FeS adsorption
contributed 9.1 % and 5.9 % to DCF removal, respectively.

In general, the results showed that 'O, played a dominant role in DCF
removal in the FeS/PAA system. Although the exposure of Fe (IV) is
greater than that of 102, its contribution to DCF removal is much smaller
than that of 10, which is mainly due to the difference in the reactivity of
10y (k=1.3x10"M 'S and Fe (IV) (k =2.51 x 10 *M ' S N to
DCEF.

_J['0pJdt _ ['O,]
®ro lpAajde  [PAA o
Reety) = [[Fe(Iv)]dt _ [Fe(1V)] 1)

[[PAAJdt — [PAA]
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MS, Fig. S18 shows the mass spectra and chromatograms of each
degradation product. The possible degradation pathways were pre-
sented in Fig. 6. As we can see, amidation, addition, decarboxylation,
dechlorination-cyclization, dehydrogenation, dechlorination-
hydrogenation, formylation, and C-N bond cleavage were involved in
Ten degradation products of DCF were detected with UPLC-Q-TOF- the DCF degradation. (1) Amidation: The amidation reaction can be

3.5. Degradation pathway of DCF and the toxicity of its degradation
products
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Fig.8. Effect of (a) pH, (b) CO%", (c) HA on the removal of DCF in the FeS/PAA system. Conditions: [DCF] = 1 mg/L, [FeS] = 100 mg/L, [PAA] = 500 M.

viewed as substituting a hydroxy group in the carboxyl group with an
amino group. The amidation may be facilitated by the existence of both
carboxyl and sec-amino groups in the DCF molecular structure, thereby
promoting the production of m/z 278 [80,81]. (2) Addition: The atoms
in the DCF with a larger density of electron clouds were attacked [82],
initiating an addition reaction to produce m/z 312 and m/z 282 [83]. (3)
Decarboxylation: Decarboxylation means the shedding of the carboxyl
group from the acetate group of the DCF molecule. The generation of m/
z 266 can be attributed to the decarboxylation of DCF, which was
detected in the degradation of DCF by Fe (VI) [84], implying that Fe(IV)
may also be involved in the decarboxylation of DCF. (4) Dechlorination-
cyclizations: after the C-Cl bond cleavage of the DCF, the formation of
the C-cations and the intramolecular electron transfer of DCF, which
may be caused by 10,, ultimately led to the formation of the cyclization
product m/z 260.(5) Dehydrogenation: the phenol and aniline groups of
m/z 312 are electron-rich groups and can be dehydrogenated to produce
m/z 310 [83]. (6) Dechlorination-hydrogenation: the chlorine atom in
the DCF benzene ring was replaced with a hydrogen atom. m/z 226 may
be further produced from m/z 260. Although this product was not
detectable in the study, it is a necessary ingredient for the formation of
the m/z 196 product [80]. (7) Formylation: a reaction in which an
aldehyde group is introduced. m/z 268 and m/z 226 may be formulated
by electrophilic attack [84,85]. (8) C-N bond cleavage: 102 or Fe (IV)
may attack the C-N bond between the two aromatic rings of DCF, which
in turn generates the cleavage product m/z 107 [84,86].

We further assessed the toxicity of DCF degradation products by
analyzing the sprout rate and mean bud length of each of the three types
of beans. Mung, red, and black beans, as typical legumes, are charac-
terized by non-harsh sprouting conditions and rapid growth, which fa-
cilitates the elimination of interferences and the efficient carrying out of
phytotoxicity analyses. As shown in Fig. 7a and b, untreated DCF greatly
reduced the sprout rate of the three types of beans, while the sprout rates
of the treated DCF (DCF degradation products) system and the pure
water system were virtually the same, proving that the toxicity of the
degradation products of DCF was dramatically reduced. In the mean bud
length test (Fig. 7a and c), untreated DCF showed considerable inhibi-
tion of mean bud length, and the mean bud length difference between
the treated DCF system and the pure water system was within 0.8 cm
(eight days). In order to exclude the possible interference of acetic acid
in PAA solution as a carbon source, we also explored the effects of pure
water system containing acetic acid and DCF solution containing acetic
acid on the mean bud length and sprout rate of the three types of beans,
respectively. The results (Fig. S19 (a-b)) showed that acetic acid in PAA
hardly affected bean growth. The mean bud length of black beans in the
treated DCF system (10.6 cm) was longer than that in the pure water
system (10.1 cm), most likely due to the PAA’s organic content, which
would slightly promote plant growth. The sprout rate and mean bud
length tests indicated that the toxicity of the DCF products was

10

dramatically reduced in the FeS/PAA system. From the application
perspective, we also analyzed the effect of the FeS/PAA system on bean
sprout rate and mean bud length when DCF was not added. The results
showed (Fig. S19(c)) that there was almost no adverse effect of the FeS/
PAA system on bean sprout rate or mean bud length, which affirmed the
excellent environmental friendliness and wide application prospect of
the FeS/PAA system.

The potential toxicity of DCF and DCF degradation intermediates
was further predicted by the ECOSAR program based on quantitative
structure-activity relationship (QSAR). As shown in Table S3, the acute
and chronic toxicity of some of the intermediates were reduced, such as
m/z 312, m/z 260, and m/z 310, which demonstrated the prospects of
the FeS/PAA system in reducing the toxicity of DCF. It is noteworthy
that the acute and chronic toxicity of some of the intermediates were
even higher than that of the DCF parent, such as m/z 266, m/z 216, m/z
107, and m/z 196, among which m/z 216 had a chronic toxicity rating of
“Very toxic” to fish, daphnid, and green algae. Therefore, the potential
risk of intermediates in the degradation of DCF based on AOPs needs to
be further investigated.

3.6. Effect of pH, anions, and humic acid on DCF removal

3.6.1. pH

Because pH affects the generation and activity of RS, pH is usually a
determining factor affecting AOPs [79,87]. As shown in Fig. 8a, different
initial pH had an influence on DCF removal. On the other hand, Fig. S20
showed almost no changes in pH during the reaction. The removal of
DCF by the FeS/PAA system can reach 98 % in the initial pH range of 3 to
8. The faster reaction rate for DCF removal under acidic condition
(Fig. S21) was attributed to acidic condition, and the homogeneous Fe
(II) activation of PAA became the dominant way to synergistically
remove DCF by generating ¢OH, R—0°, etc [19,80,88]. However, the
faster DCF removal under acidic conditions is not favorable for practical
application in environmental water bodies, which are mostly nearly
neutral. At an alkaline pH (pH = 9-10), more than 60 % of DCF removal
was still achieved at 90 min. However, the reaction rate dropped under
alkaline condition (Fig. S21), which may be attributed to the deproto-
nated PAA (PAA™) with weak oxidizing ability as the predominant form
[9] and the formation of iron hydroxide complexes under alkaline
conditions [19].

3.6.2. Anions

Since anions in the water body could have a scavenging impact on
free radicals [89], it could impact the degradation of organic pollutants
by AOPs. 10,, as a non-radical RS, is unaffected by anions [78,90].
Therefore, Cl~, SO%~, and NO3 hardly affected the removal of DCF
(Fig. $22). The presence of HCO% ™ slightly slowed down DCF removal in
the middle of the reaction, and the reason may be that HCO3 scavenged
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some O3 ~, but at the termination of the reaction, DCF removal was
almost unaffected (Fig. S23). Notably, CO% ~ exhibited inhibition of DCF
removal, and the degree of inhibition increased as the CO3~ concen-
tration increased (Fig. 8b). We hypothesized that CO%~ hydrolysis (Eq.
26) produced a large amount of OH™, which increased the pH in the
system and thus inhibited the removal of DCF. We monitored the pH
variation when CO%’ was present, and the results showed (Fig. S24) that
the pH in the system was indeed raised. To further verify this specula-
tion, we added 0.1 M H,SO4 to the reaction system at 10 min to adjust
the pH in the reaction and continued to monitor the DCF removal. The
results (Fig. S25) indicated that the removal of DCF and the reaction rate
constant were enhanced by the addition of HySO4. Indirectly, it was
demonstrated that CO3~ inhibits DCF removal, mainly due to the hy-
drolysis of CO3™ to produce OH™ which raised the pH of the reaction
system. Additionally, CO%~ may scavenge 03 ~ (k = 5.0 x 108 M 1§71
[91] and produce less reactive CO3 ~ radicals [92], thus inhibiting the
formation of 102.

CO%™ + H,0 = HCO3 + OH~ (26)

3.6.3. Humic acid

Fig. 8c showed that the existence of humic acid (HA) inhibited the
removal of DCF more significantly, especially when the HA concentra-
tion was higher (50 mg/L), the DCF removal decreased to 45.87 %. The
inhibition effect of HA may be caused by the HA chelating the Fe
element in the system, resulting in a reduction of effective FeS for
activating PAA. Therefore, we further introduced an extra amount of FeS
at 5 min of the reaction and continued to monitor the removal of DCF
(Fig. S26). The results illustrated that the DCF removal and the reaction
rate constant increased significantly when FeS was additionally added.
This was further verified that HA with high concentration chelated the
Fe element, thus inhibiting the removal of DCF. In addition, the
competitive consumption of 'O, in the system by HA may also be
responsible for affecting DCF removal [93].

3.7. Recyclability of FeS and adaptability of FeS /PAA system for
removing multiple pharmaceuticals in real water samples

One of the advantages of non-homogeneous activation over homo-
geneous activation is a certain capacity for reuse. As shown in Fig. S27,
99.6 % of DCF could be degraded by the fresh FeS/PAA system, and the
removal of DCF decreased to 80 % after the first cycle. After reusing FeS
for 4 times, the removed DCEF still achieved 51.5 % within 90 min. This
indicated that FeS still maintained better catalytic activity after reuse.

To examine the effectiveness of the FeS/PAA system in practical
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real water sample). Conditions: [individual pharmaceuticals] = 1 mg/L,

applications, multiple pharmaceuticals coexistence systems and real
water samples (surface water) were employed. Six different kinds of
pharmaceuticals including DCF, florfenicol (FFC), sulfamethoxazole
(SMX), chloramphenicol (CAP), sulfathiazole (STZ), and sulfamethazine
(SMZ) were selected as target pollutants. Apart from DCF, the other five
pharmaceuticals are representative antibiotics that were difficult to
degrade and potentially risky [36,94-97]. As shown in Fig. 9a, FeS/PAA
system showed good removal ability for DCF, FFC, SMX, CAP, STZ, and
SMZ, and their removal within 90 min were 95.7 %, 55.3 %, 68.1 %,
45.1 %, 50.2 %, and 95.1 %, respectively. This indicated that the FeS/
PAA system is a highly efficient technology for the removal of various
pharmaceuticals. Compared to the ultrapure water sample, the removal
of six pharmaceuticals in real water had no obvious difference (Fig. 9b),
which further demonstrated the compatibility of the 10,-based FeS/PAA
system in real water bodies. In conclusion, the FeS/PAA system
exhibited good anti-interference performance towards the real water
matrix and possessed potential applications for removing pharmaceu-
ticals in water treatment.

4. Conclusions

This study used natural FeS to activate PAA for efficient removal of
DCF from water under near-neutral conditions. The results showed that
commercial FeS could activate PAA and the main contribution to DCF
removal was 05. The FeS/PAA system exhibited excellent performance
in a wide pH range (3-8). The FeS/PAA system achieved high DCF
removal in 90 min with kops of 0.0582 min~'. The existence of the anions
Cl-, SO3~, NO3, and HCO3 had almost no influence on the removal of
DCF dominated by non-radical oxidation. HA with a high concentration
(50 mg/L) could chelate the Fe element, thus inhibiting the removal of
DCF. The inhibitory effect of CO3~ was due to the alkaline environment
resulting from its hydrolysis. The multi-pharmaceutical coexistence
system and its application in real water bodies proved that the FeS/PAA
system has excellent anti-disturbance and decontamination ability. The
analysis of DCF intermediates and phytotoxicity tests showed that the
toxicity of DCF treated by the FeS/PAA system was significantly
reduced. The FeS/PAA system would have good potential in the removal
of pharmaceuticals in actual water bodies. To sum up, this study not only
thoroughly investigated the FeS/PAA system to remove micropollutants
from water by non-radical pathway under near-neutral condition, which
supports the application of AOPs based on activated PAA, but also
provides further exploration on the multiple identification and contri-
bution of RS, which provided a reference for in-depth understanding the
mechanism of AOPs based on activated PAA.
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