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• The natural titanomagnetite was used
for the first time as a PDS activator to
remove ATZ.

• Both free radicals and high-valent
iron-oxo species were found in het-
erogeneous titanomagnetite/PDS
system.

• The reaction mechanism of reactive
oxygen species in titanomagnetite/
PDS system were studied in depth.

• ATZ degradation pathways in titano-
magnetite/PDS system were proposed.
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A B S T R A C T

Natural titanomagnetite, a potential catalyst, was used as a peroxydisulfate (PDS) activator for the removal of
atrazine (ATZ) in water for the first time. The surface ^Fe(Ⅱ) and ^Fe(III) of titanomagnetite was certified as
the active components by XRD and XPS analyses. ATZ removal showed a strong dependence on the titano-
magnetite concentration (0–10 g/L), PDS concentration (0–10 mM) and the initial pH (3.0–11.0) under ex-
perimental conditions. Quite different from the traditional heterogeneous PDS-activated processes, titano-
magnetite/PDS system could remove ATZ via both radical and nonradical pathways. Here, both free radicals
(SO4

%− and HO%) and high-valent iron-oxo species were proved to be the main reactive oxygen species (ROS) by
quenching experiments, EPR tests and UPLC/ESI–MS/MS analysis. The high-valent iron-oxo species, ^FeⅣ]O
and ^FeⅤ]O, could be generated from the ^Fe(Ⅱ) and ^Fe(III) of the titanomagnetite via a nonradical
pathway. In addition, the generated passivation layer after reaction was found via XPS analysis, which could
block the function of ^Fe(Ⅱ) and ^Fe(III), hindering the generation of ROS. However, the catalytic activity of
titanomagnetite could recover if passivation layer was removed by ultrasonic cleaning. Finally, ten intermediates
of ATZ were measured by UPLC-QTOF-MS/MS and the degradation pathways of ATZ in titanomagnetite/PDS
system were proposed with the Gaussian 09 results. This work helps to better understand the generation of high-
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valent iron-oxo species and re-evaluate the effect of high-valent iron-oxo species in the heterogeneous iron-based
PDS-activated processes.

1. Introduction

Atrazine (ATZ) is a low-cost and highly effective herbicide [1,2],
which has been widely used in various countries due to agricultural
development [3]. In China, ATZ was initially introduced in the early
1980s and its usage had increased rapidly in the late 1990s. Due to
overuse, ATZ has been extensively detected in related aquatic en-
vironment [4,5], which has been caught attention in public and aca-
demic community.

According to previous studies, ATZ could not only affect the growth
and reproduction of aquatic organisms but also increase the risk of
getting cancer for human beings [6,7]. To ensure human health and
protect environment, various countries have regulated the relevant
standards to limit the concentration of ATZ in waters [8,9]. However,
traditional biological treatment technology can hardly meet these
standards due to the degradation-resistant nature of ATZ. Therefore, it
is urgent to develop an efficient way to degrade ATZ.

Sulfate radical (SO4
%−) based advanced oxidation processes (AOPs)

have been extensively investigated because of their outstanding ad-
vantages in degrading new pollutants, such as perfluorocarboxylic
acids, pesticides, pharmaceutical and personal care products (PPCPs)
[10–14]. SO4

%− is mainly derived from the electron transfer of per-
oxydisulfate (PDS, S2O8

2−) and peroxymonosulfate (PMS, HSO5
−)

[15–17]. Compared with PMS, PDS cannot spontaneously decompose to
generate reactive oxygen species (ROS) due to its symmetrical struc-
ture. In recent studies, many researchers are keen on activating PDS by
using various types of solid catalysts, including carbon-based materials
[18–20], synthetic metals catalysts [21–23], nano materials [24] and
chelated or unchelated transition metal-based catalysts [25,26], etc.
Usually, iron-based materials are considered as the most satisfying
catalysts since they are environmentally friendly and cost-effective
[27]. Table S1 summarizes relevant studies about PDS or PMS activa-
tion by different iron-based catalysts. It is widely accepted that iron-
based catalysts could activate PDS to form SO4

%− and hydroxyl radical
(HO%) simultaneously due to reaction of SO4

%− with H2O and HO−.
Recently, some researchers have found that instead of free radicals,
high-valent iron-oxo species of ^FeⅣ]O were generated in homo-
geneous Fe(Ⅱ)/PDS and Fe(Ⅱ)/PMS systems [28,29]. In addition, high-
valent iron-oxo species of ^FeⅤ]O were also detected when Fe(III)
doped gC3N4 was used as a heterogeneous PMS activator [30]. In
general, those iron-based catalysts were either Fe2+ in liquid or syn-
thetic. However, to the best of our knowledge, it is not clear so far
whether high-valent iron-oxo species can be formed when natural
heterogeneous iron-based catalysts are used to activate PDS.

Titanomagnetite, a composite natural mineral, is also an iron-based
material, of which (Fe2.5Ti0.5)1.04O4, FeTiO3 and Fe3O4 are primary
components. Titanomagnetite is usually used as the material for
melting of iron and titanium, but its performance in PDS activation
systems has never been investigated. Hence, we used titanomagnetite as
a PDS activator to establish a titanomagnetite/PDS system to evaluate
its performance in ATZ removal and investigate the generation me-
chanism of ROS. The objectives of this study are to (1) investigate the
effects of key operational parameters on ATZ removal; (2) detect the
main ROS and explore the generation mechanism of high-valent iron-
oxo species (^FeⅣ]O and ^FeⅤ]O); (3) verify the formation of
passivation layer and explore the impact of adsorbates in the catalyst
deactivation; (4) analyze the degradation pathways of ATZ.

2. Materials and methods

2.1. Reagents

Sources of chemicals are provided in the Supporting Information
(SI) Text S1.

2.2. Experiment procedure

In this study, the stock solution of ATZ was prepared in advance. At
each run, 150 mL of ATZ stock solution (10 mg/L) and known amounts
of titanomagnetite (3–10 g/L) and PDS (2–10 mM) were simultaneously
added to a 250 mL beaker to initiate the reaction. The initial pH of ATZ
stock solution without adjusting was 6.3. Furthermore, 1 mM NaOH
and H2SO4 were used to adjust the initial pH (3.0–11.0). To ensure
complete contact of catalysts, oxidants and contaminants, the reaction
was equipped with a mechanical stir bar at 300 rpm. As well, the re-
action temperature was controlled at 30 ± 1 °C by a water bath. The
whole reaction time was 90 min. To detect the degradation of ATZ
during the reaction process, 2 mL of sample was collected from the
solution at predetermined times and filtered through 0.45 μm PTFE
syringe filter discs. At the same time, excess (500 mM) EtOH and TBA
used as scavengers were added to the sample to quench the free radi-
cals. All data shown in this study were obtained after repeating three
times. Meanwhile, the error bars in the figures stand for standard de-
viation of the means.

2.3. Analytical method

The concentration of ATZ during the reaction process was quanti-
fied by a reversed-phase high performance liquid chromatography
system (HPLC, Agilent USA) equipped with the Eclipse XDB C-18 (5 μm,
4.6 × 250 mm) column. The mobile phase was mixed with ultrapure
water (20%) and methanol (80%). As well, the flow rate of the mobile
phase was set at 1.0 mL/min and the test wavelength was set at
λ = 225 nm. The total organic carbon (TOC) removal was analyzed via
a TOC analyzer (Shimazu, Japan). The PDS consumptions in reaction
processes were measured by modificatory iodometric detection method
[31]. Details about the measurement method are shown in SI Text S2.
Furthermore, the dissolved Fe in the effluent was detected by in-
ductively coupled plasma-Mass Spectrometry (ICP-MS, NexION, 300X,
PerkinElmer, USA). The NO3

− in the effluent was detected by ion
chromatography system (Thermofisher, ICS-600). The phase analysis of
titanomagnetite was studied by X-ray powder diffraction (XRD, PANa-
lytical B.V., Holland). Elementary compositions of titanomagnetite
were detected by an energy dispersive spectrometer and (EDS, SU8010,
Hitachi, Japan). The nitrogen gas uptake isotherms were analyzed by
Micromeritics ASAP 2460 (Micromeritics, USA) and the specific surface
areas (SSAs) were calculated based on Brunauer-Emmett-Teller (BET)
model. The chemical states of Fe, O, Ti and S were detected by an X-ray
photoelectron spectroscopy (XPS, AXIS Ultra DLD, Kratos Co., UK). Free
radicals generated in this system were detected by electron para-
magnetic resonance (EPR, Bruker, Germany). High-valent iron-oxo
species were indirectly studied by UPLC/ESI-MS/MS systems. The de-
gradation intermediates of ATZ were analyzed via ultrahigh perfor-
mance liquid chromatograph (Agilent, 1290 Infinity II) coupled with an
AgilentG6545 Q-TOF mass spectrometry (UPLC-QTOF-MS/MS). The
details are provided in the SI Text S3.
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3. Results and discussion

3.1. Characteristics of titanomagnetite

It is well illustrated from the XRD pattern (Fig. 1(a)) that the
compositions of the natural titanomagnetite are titanomagnetite
((Fe2.5Ti0.5)1.04O4), ilmenite (FeTiO3) and magnetite (Fe3O4), indicating
Ti and Fe were the principal elements in the titanomagnetite. To
quantify the percentage of these three minerals in titanomagnetite, EDS
was used in this study. EDS-mappings were tested three times to take
the mean to eradicate any discrepancies (Fig. S1). There were 56.29%
Fe, 15.32% Ti and 28.39% O in the natural titanomagnetite. According
to the stoichiometric ratio, it could be calculated that the proportions of
titanomagnetite, ilmenite and magnetite were 70%, 25% and 5%, re-
spectively. In general, instead of Ti, Fe was the active species for PDS
activation. Therefore, the main active element, Fe, in the titano-
magnetite was analyzed by XPS experiments (Fig. 1(b)). There were two
peaks located at 711.5 eV and 712.3 eV for Fe 2p3/2, representing the
Fe(II) and Fe(III) on the surface sites of titanomagnetite, respectively. In
other words, both ^Fe(II) and ^Fe(III) existed in the titanomagnetite,
which might facilitate the PDS activation for ATZ removal. Further-
more, the magnetism of titanomagnetite is shown in Fig. S2, suggesting
titanomagnetite is easily recycled and restraining the secondary pollu-
tion.

3.2. Degradation of ATZ in different systems

The efficiency of ATZ removal was investigated in three systems
(i.e., titanomagnetite/PDS, PDS alone and titanomagnetite alone sys-
tems). Fig. 2 (a) shows neither titanomagnetite (1%) nor PDS alone
(5%) had effects on ATZ removal, which might be the absence of the
generation of ROS. Excellent removal efficiency of ATZ (92%) could be
only achieved in titanomagnetite/PDS system, implying the efficient
activation effect of titanomagnetite on PDS. Moreover, ATZ removal
during the treatment process was fitted by the pseudo-first-order kinetic
model. The kinetic rate constant can be calculated as Eq. (1):

=- d[ATZ]
dt

k [ATZ]obs (1)

where kobs represents the pseudo-first-order rate constants (min−1), t
stands for the reaction time (min) and [ATZ] represent the concentra-
tion of ATZ. Fig. 2(b) suggests the kobs in titanomagnetite/PDS system
(2.5 × 10−2 min−1) was 79.4 times and 416.7 times of that in the PDS
alone (3.15 × 10−4 min−1) and titanomagnetite alone (0.6 × 10−4

min−1) systems. Here, enhancement ratio (f) [32,33] (Eq. (2)) was in-
troduced to quantify the enhancement of titanomagnetite/PDS system

for ATZ removal. If f > 1, indicating there was an enhancement effect
on ATZ removal in titanomagnetite/PDS system. If f less than 1, in-
dicating an inhibition effect on ATZ removal. Besides, if f = 1, the
removal efficiency of ATZ in the titanomagnetite/PDS system was
simply the sum of ATZ removal in PDS alone and titanomagnetite alone
systems. According to Eq. (2), the calculated f was 66.7, suggesting an
excellent catalytic effect of titanomagnetite on PDS activation.

=

+

f
k

k k
obs titanomagnetite/PS

obs PS alone system obs titanomagnetite alone system (2)

Fig. 2(c) shows that TOC removal (about 32%) in titanomagnetite/
PDS system was much more than that (1% and 1%, respectively) in PDS
and titanomagnetite alone systems. The results convincingly demon-
strated that the satisfactory removal efficiency of ATZ in titano-
magnetite/PDS system thanks to the effective catalytic performance of
titanomagnetite to PDS. Furthermore, to better illustrate the me-
chanism of PDS activation by titanomagnetite, PDS consumptions in
reaction processes in titanomagnetite/PDS and PDS alone systems were
detected. Fig. 2(d) suggested PDS was hardly decomposed into ROS
without titanomagnetite. Thus, ATZ removal efficiency was limited in
PDS alone system. However, once titanomagnetite added, PDS could be
decomposed effectively, leading to the generation of ROS and de-
gradation of ATZ. The mechanism of ROS generation is discussed de-
tailedly in Section 3.4.

3.3. Effect of parameters

In this section, some crucial parameters that affect ATZ removal
such as titanomagnetite concentration, PDS concentration, and the in-
itial pH, were investigated in detail.

3.3.1. Effect of titanomagnetite concentration on ATZ removal
Fig. 3(a) shows PDS without titanomagnetite can hardly degrade

ATZ due to its limited oxidizability. However, the ATZ removal effi-
ciency increased largely after adding titanomagnetite. The ATZ removal
efficiency increased from 6% to 92% when titanomagnetite con-
centration increased from 0 to 8 g/L. Nevertheless, the final ATZ re-
moval efficiency was not improved when titanomagnetite concentra-
tion increased from 8 to 10 g/L. To better illustrate the effect of
titanomagnetite concentration on ATZ removal, PDS consumptions in
treatment process were measured. Fig. S3(a) shows PDS consumptions
increased with the increased concentration of titanomagnetite. The
results suggested that the existence of titanomagnetite provided plen-
tiful active sites for PDS decomposition to generate ROS. However,
superfluous active sites leading to fast generation of ROS, which might
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Fig. 1. XRD patterns of titanomagnetite (a) and XPS fitting result of Fe 2p in the titanomagnetite (b).
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be quenched by themselves and residual PDS (Eqs. (3) and (4)). Ad-
ditionally, excess titanomagnetite made the reaction between ^Fe(Ⅱ)
and SO4

%− (Eq. (5)) possible [34].

+
− − −SO S OSO4

·
4 2 8

2 (3)

+ +
− − − −S O SO S O SO2 8

2
4
·

2 8
·

4
2 (4)

≡ + → ≡ +
− −II Fe III SOFe( ) SO ( )4

·
4
2 (5)

3.3.2. Effect of PDS concentration on ATZ removal
We can see in Fig. 3(b) that ATZ can hardly be removed without

PDS. However, once PDS was added in the aqueous solution, ATZ re-
moval efficiency raised rapidly. As the PDS concentration increased
from 2 to 5 mM, the removal efficiency of ATZ rapidly increased from
69% to 92%. Nevertheless, as PDS concentration continued to increase
(5–10 mM), the expected ATZ removal efficiency had never occurred.
Besides, Fig. S3(b) suggests the PDS consumptions increased with the
PDS concentration. The PDS consumptions signified the generation of
ROS. Thus, the amount of ROS was consistent with PDS consumptions.
All the results indicated that excess PDS could scavenge ROS (Eq. (4)).
In addition, excessive SO4

%− could be self-quenched due to the fast
generation rate of SO4

%− (Eq. (3)).

3.3.3. Effect of initial pH on ATZ removal
The initial pH is an important factor in pollutants removal process

because it influences the pHzpc of catalyst, the acid dissociation con-
stant (pKa) of contaminant, and the decomposition rate of PDS, thereby
affecting the removal efficiency of pollutants. In this study, the effect of
initial pH on ATZ removal efficiency is shown in Fig. 3(c). Of note, the
buffer chemicals like phosphate, carbonate and borate might have an
adverse impact on ATZ removal efficiency. Thus, no buffer was used in
this part. The ATZ removal efficiency enhanced from 80% to 100% as
the initial pH decrease from 11.0 to 3.0. In other words, acidic condi-
tions favored ATZ removal. To clarify the reason of ATZ removal trend
at different initial pH, the pH changes during the treatment were ex-
amined.

It is obvious in Fig. 3(d) that the pH value during the treatment
maintained around 3.0 regardless of initial pH. This could be attributed
to the buffering capacity of titanomagnetite/PDS system. Once PDS and
titanomagnetite were in full contact, PDS would be decomposed in
large amounts and H+ would be generated in large quantities. There-
fore, a part of the PDS might not react to generate ROS, but released H+

to carry out neutralization reaction under alkaline conditions. From this
perspective, the fewer PDS involved in the reaction, the less ROS
formed in reaction process. Besides, Fig. S3(c) shows the PDS con-
sumptions at different initial pH. It was apparent that the PDS con-
sumptions under alkaline conditions were lower than that under acidic
conditions. From this perspective, the fewer PDS involved in the reac-
tion, the less ROS formed in titanomagnetite/PDS system. Ultimately,
ATZ removal efficiency was unsatisfactory under alkaline conditions.

The pKa of ATZ equals 1.68 [35–37], therefore, ATZ obtained a
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Fig. 2. The ATZ removal (a), kobs (b) and TOC removal in titanomagnetite/PDS, PDS alone and titanomagnetite alone systems. PDS consumption (d) in titano-
magnetite/PDS and PDS alone system. ([ATZ]0 = 10 mg/L, [PDS]0 = 5.0 mM, titanomagnetite = 8 g/L, initial pH = 6.3 and stirring rate = 300 rpm).
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negative charge in the pH range of this study. Meanwhile, the pHzpc of
the titanomagnetite was 6.6 (seen in Fig. S4). At the initial pH <
pHzpc, the surface of the titanomagnetite was protonated, while the
surface of titanomagnetite was deprotonated at initial pH > pHzpc.
Additionally, S2O8

2− in the liquid is fully ionized, indicating it was in
negative charges in this study. Thus, under acidic conditions, the in-
teraction between titanomagnetite, PDS and ATZ could be enhanced.
However, when the initial pH was under alkaline condition, the tita-
nomagnetite, ATZ and S2O8

2− were all negative. In other words, the
electrostatic interaction between titanomagnetite, PDS and ATZ was
mutually exclusive at alkaline pH, resulting in insufficient contact be-
tween titanomagnetite, PDS and ATZ. Furthermore, to exam the ad-
sorption effect at different initial pH, BET surface area of titano-
magnetite was detected and adsorption control experiments were
conducted. Fig. S5(a) shows BET surface area of titanomagnetite was
3.1 m2/g, suggesting the surface area of titanomagnetite was small.
Besides, Fig. S5(b) shows the adsorption effects on ATZ removal at
different initial pH. Although the ATZ removal efficiencies at acidic
conditions were promoted, the adsorbed ATZ was also easy to deso-
rption, indicating the adsorption effects could be ignored. In other
words, the contact of titanomagnetite, PDS and ATZ was a physical
absorption.

Besides, under alkaline conditions, a part of SO4
%− would change

into HO%, as shown in Eqs. (6) and (7). The rate constants of the

reaction between SO4
%− and ATZ (kATZ+ SO4

%− = 3.5 ± 0.08 × 109

M−1s−1) is higher than that between HO% and ATZ (kATZ+ HO
% =

(2.4–3) × 109 M−1s−1) [38–40]. Hence, the above three factors acted
in a synergistic manner to affect the removal efficiency of ATZ.

Furthermore, by the analysis of ICP-MS, there was no dissolved iron
(including Fe2+ and Fe3+) in the effluent at different initial pH. In
other words, homogeneous catalysis was not involved under acidic
conditions.

+ +
− − −HO SO HO SO4

· ·
4
2 (6)

+ → + +
− − +H O SO HO SO H2 4

· ·
4
2 (7)

3.4. Detection of reactive oxygen species

3.4.1. The detection of free radicals
It was well documented that PDS/PMS-activated systems by tran-

sition metal-based materials always form free radicals like SO4
%− and

HO% to degrade organics in the aqueous solution [41–43]. According to
the capture rate of different quenchers, tert butyl alcohol (TBA) was
used as an effective HO% scavenger (kTBA+ HO

% = (3.8–7.6)X 108

M−1s−1, kTBA + SO4
%−=(4–9.1) × 105 M−1s−1) [44], while ethyl al-

cohol (EtOH) was used as a quenching agent for both SO4
%− and HO% (k

EtOH + HO
%=9.1 X 106 M−1s−1, k EtOH + SO4

%−=3.5 × 107 M−1s−1)
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Fig. 3. Effect of titanomagnetite concentration (a), PDS concentration (b) and initial pH (c) on ATZ removal; pH value in treatment process at different initial pH (d).
([ATZ]0 = 10 mg/L, [PDS]0 = 5.0 mM, titanomagnetite = 8 g/L, initial pH = 6.3 and stirring rate = 300 rpm).
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[45]. Seen in Fig. 4(a), both EtOH and TBA had quenching effects on
ATZ removal efficiency, indicating generation of both SO4

%− and HO%

in titanomagnetite/PDS system. The inhibition effect of EtOH was only
slightly higher than TBA, indicating HO% accounted for a larger pro-
portion in the titanomagnetite/PDS system. In addition, to examine
whether superoxide radical (O2

%−) existed (Eqs. (8) and (9)) [46], BQ
was used as a probe (Fig. S6). The ATZ removal efficiency was slightly
better than that without BQ. Thus, superoxide radical (O2

%−) was not
formed in titanomagnetite/PDS system. The better removal efficiency
of ATZ could be illustrated as the generation of other ROS with addition
of BQ [47].

+ → + +
− − − +S O 2H O HO 2SO 3H2 8

2
2 2 4

2 (8)

+ → + + +
− − − − − +S O HO SO SO O H2 8

2
2 4

·
4
2

2
· (9)

The EPR experiment in titanomagnetite/PDS system was conducted
with DMPO, which was used as a trapping agent to analyze the domi-
nant ROS. Fig. 4(b) shows the characteristic peaks were the signal of
DMPO-OH (aN = aH = 14.9 G) and DMPO-SO4(aN = 13.2 G, aH = 9.6
G, aH = 1.48 G and aH = 0.78 G). The HO% was detected to be the
dominant ROS in the titanomagnetite/PDS system, suggesting that
SO4

%− could change into HO% during the reaction process (Eqs. (6) and
(7)) [41]. Another possibility is that the conversion of DMPO-SO4 to
DMPO-OH might occur in aqueous solution [48].

3.4.2. The detection of high-valent iron-oxo species
Recently, some researchers suggested that high-valent iron-oxo

species (^FeⅣ]O and ^FeⅤ]O), from catalyzation of PDS or PMS by
Fe(Ⅱ)/Fe(III), could also make a contribution for contaminants de-
gradation [28,30]. Thus, the presence of high-valent iron-oxo species
should be studied in this study.

It is generally believed that the sulfoxides can be oxidized to sul-
fones by high-valent iron-oxo species (Eqs. (10) and (11)) [49,50],
which are different from the SO4

%−-induced and HO%-induced products
[28]. If there was sulfones generation in the titanomagnetite/PDS
system, it could provide convictive evidence for the formation of high-
valent iron-oxo species. In this study, we used aromatic sulfoxide
(PMSO) as probe compound. Methyl phenyl sulfone (PMSO2) could be
easily analyzed via UPLC/ESI–MS/MS. The analysis method was based
on the approach already reported [28]. The details are supplied in the
SI Text S4. In this work, 100 μM PMSO were added in titanomagnetite/
PDS system. The initial pH of 100 μM PMSO solution was 6.4. After
known amounts of titanomagnetite and PDS added, the pH quickly
changed to 3.0. In other words, although the initial pH was 6.4, the pH

in the whole process was around 3.0. The reaction condition was si-
milar to ATZ removal (i.e., initial pH = 6.3, pH in reaction process was
3.0). The high-valent iron-oxo species are strong oxidants in both acidic
and alkaline conditions. In literature, the density functional theory
calculation results about the reactivity of high-valent iron-oxo species
with organics showed that the oxidation ability of high-valent iron-oxo
species is much stronger in acidic conditions than that in alkaline
conditions [51,52]. Thus, under that pH condition, high-valent iron-oxo
species have strong oxidizing properties.

(10)

(11)

Fig. 5a shows the extracted ion current (XIC), MS/MS spectrum of
PMSO2 standard and total ion chromatogram (TIC) in the negative ESI
mode. As expected, PMSO2 was detected when PMSO was treated in the
titanomagnetite/PDS system (Fig. 5(b)). To confirm that the generation
of PMSO2 was not attributed to the contribution of SO4

%− and HO%,
control experiment was conducted in the Fe3O4/PDS system. From Fig.
S7, no spectra were displayed at the retention time of 2.05 min in
Fe3O4/PDS system, indicating PMSO2 in titanomagnetite/PDS system
was formed not because of the SO4

%− and HO%. Thus, high-valent iron-
oxo species must be formed in titanomagnetite/PDS system. Further-
more, dissolved irons were not detected by the analysis of ICP-MS, in-
dicating surface reaction for the generation of high-valent iron-oxo
species. The surface reaction of the generation of high-valent iron-oxo
species might be attributed to the natural crystal structure of the tita-
nomagnetite.

3.5. Reaction mechanism of titanomagnetite/PDS system

Based on the above results, both free radicals and non-radicals were
generated in titanomagnetite/PDS system. In general, the non-radical
generation process always undergoes a two-electron transfer pathway
[53]. Besides, both surface ^Fe(Ⅱ) and ^Fe(III) were involved in this
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work. Thus, both ^FeⅣ]O and ^FeⅤ]O might be generated in tita-
nomagnetite/PDS system. In other words, diverse ROS including
SO4

%−, HO%, ^FeⅣ]O and ^FeⅤ]O were generated simultaneously
in titanomagnetite/PDS system. We thought that SO4

%−, HO% and
^FeⅣ]O came from the reaction of surface ^Fe(Ⅱ) and PDS, while
^FeⅤ]O came from the reaction of surface ^Fe(III) and PDS. To
confirm the hypotheses of the formation mechanism of ROS, we used

1,10-phenanthroline and sodium citrate as chelating agents to detect
the important roles of surface ^Fe(Ⅱ) and ^Fe(III) in the titano-
magnetite.

Some literature have reported that ligands exchange could happen
between ligand and specific sites of Fe (i.e., ^Fe-OH) [30,54,55],
which then could suppress the capability of catalysts for PDS activation.
In other words, the 1,10-phenanthroline could coordinate with Fe(Ⅱ)

(a)

(b)

Fig. 5. UPLC/ESI−MS/MS XIC chromatogram, MS/MS spectra and TIC chromatogram of PMSO2 (m/z 155.0) standard in negative ESI mode (a) and UPLC/ESI–MS/
MS XIC chromatogram, MS/MS spectra and TIC chromatograms of PMSO treated in the titanomagnetite/PS system (b). ([PDS]0 = 5.0 mM, titanomagnetite = 8 g/L
and stirring rate = 300 rpm).
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[56], leading to the inactivation on the surface of ^Fe(Ⅱ) in the tita-
nomagnetite. In this way, surface ^Fe(Ⅱ) could not react with PDS,
suppressing the generation of SO4

%−, HO% and ^FeⅣ]O. Meanwhile,
the sodium citrate could coordinate with Fe(III) [54], forming the
metal-carboxyl complex and causing the inactivation on the surface of
^Fe(III) in the titanomagnetite. Then, the generation of ^FeⅤ]O
could be inhibited in the titanomagnetite/PDS system. From Fig. S8, it
is clear that ATZ removal efficiency decreased to 17% and 30% with the
addition of 1,10-phenanthroline and sodium citrate. respectively. The
results manifested that chelating agents indeed suppressed the cap-
ability of surface Fe(Ⅱ) and Fe(III), leading to a decrease of ROS. In
other words, both surface ^Fe(Ⅱ) and ^Fe(III) of the titanomagnetite
were involved in the formation of ROS. To further investigate whether
chelating agents competed for ROS, the concentration changes of 1,10-
phenanthroline and sodium citrate were detected by HPLC during the
reaction processes. The detection methods were depicted in SI Text S5.
Fig. S9 shows that the concentration of 1,10-phenanthroline decreased
by less than 1% in the whole process. The decreased concentration of
1,10-phenanthroline manifested the successful ligands exchange be-
tween 1,10-phenanthroline and surface of ^Fe(Ⅱ) in the titano-
magnetite. Due to the constant concentration of 1,10-phenanthroline
measured, 1,10-phenanthroline did not react with ROS. Besides, Fig.
S10 shows that the peak intensity of PMSO2 in the titanomagnetite/PDS
system obviously decreased with the addition of 1,10-phenanthroline
(Fig. S10(a)). Furthermore, the spectra of DMPO-OH and DMPO-SO4 in
the titanomagnetite/PDS system were not observed with the addition of
1,10-phenanthroline (Fig. S10(b)). Thus, the decreased ATZ removal
efficiency could be attributed to the decrease of ROS rather than
competing for ROS after 1,10-phenanthroline addition.

However, the situation changed when sodium citrate added in ti-
tanomagnetite/PDS system. Fig. S9 depicts that the concentration of
sodium citrate declined slightly when the titanomagnetite/PDS system
added sodium citrate. To better explain the decreased concentration of
sodium citrate, high-valent iron-oxo species and free radicals were
detected in titanomagnetite/PDS systems after adding sodium citrate.
From Fig. S11 (a), the peak intensity of PMSO2 with the addition of
sodium citrate decreased. Besides, EPR experiments (Fig. S11(b)) show
that SO4

%− and HO% still generated in titanomagnetite/PDS systems
after adding sodium citrate. In previous work, it was reported that so-
dium citrate can react with HO% with high reaction rate (k(sodium citrate/

HO
%
) = 3.2 × 108(L·mol−1 s−1)) [54], but it does not react with high-

valent iron-oxo species [30]. In other words, the decreased concentra-
tion of sodium citrate could be explained as the high reaction rate be-
tween HO% and sodium citrate, rather than between sodium citrate and
high-valent iron-oxo species. Thus, the decreased concentration of
PMSO2 (Fig. S11(a)) could be certainly attributed to the absence of
^FeⅤ]O after adding sodium.

In short terms, only ^FeⅤ]O was generated after adding 1,10-
phenanthroline addition, while SO4

%−, HO% and ^FeⅣ]O still existed
after adding sodium citrate. All of the above results were consistent
with our hypothesis. In addition, since Fe did not dissolve in the ef-
fluent, homogeneous catalysis was not involved in this study. The re-
action mechanism of titanomagnetite/PDS system could be proposed as
two parts (Fig. 6):

(i) the surface ^Fe(Ⅱ) reacted with PDS to generate free radicals: The
formation of free radicals undergoes a single-electron transfer process.
The decreased ATZ removal efficiency in the titanomagnetite/PDS
system after adding chelating agents suggested that surface^Fe(Ⅱ) was
the main catalytic component to activate PDS generating SO4

%− and
HO% (Eqs. (6), (7) and (12)). The surface ^Fe(Ⅱ) of titanomagnetite
would not participate in the reaction after it complexed with 1,10-
phenanthroline. Thus, the production of SO4

%− and HO% would be
suppressed, leading to a decrease of ATZ removal efficiency. However,
^Fe (III) could hardly react with PDS to produce free radicals. Thus,
the activity of surface ^Fe (III) for free radicals’ generation could be
ignored.

(ii) the surface ^Fe(Ⅱ) and ^Fe (III) reacted with PDS to generate
high-valent iron-oxo species: The formation of high-valent iron-oxo spe-
cies undergoes a two-electron transfer course. PMSO2 was formed when
PMSO was added into the titanomagnetite/PDS system suggesting that
high-valent iron-oxo species existed in the reaction process.
Furthermore, the formation of PMSO2 could be detected when 1,10-
phenanthroline and citrate were added. Thus, both ^FeⅣ]O and
^FeⅤ]O were generated in titanomagnetite/PDS system. The gen-
eration of high-valent iron-oxo species indicated that the surface ^Fe
(Ⅱ) and ^Fe (III) have oxygen acceptor sites. Thus, the formation of
high-valent iron-oxo species could be illustrated as: the surface ^Fe(Ⅱ)
was oxidized by PDS to produce ^FeⅣ]O, while surface ^Fe (III)
reacted with PDS to produce ^FeⅤ]O. Additionally, ^Fe(III) would
be formed on the surface of titanomagnetite when surface of ^Fe(Ⅱ)
reacted with PDS. Those ^Fe(III) could then be used in the formation
of ^FeⅤ]O. Finally, the generated SO4

%−, HO%, ^FeⅣ]O and
^FeⅤ]O reacted with ATZ in a synergistic manner.

≡ + → ≡ + +
− − −II IIIFe( ) S O Fe( ) SO SO2 8

2
4
·

4
2 (12)

3.6. Recyclability of titanomagnetite

To examine the recyclability of the titanomagnetite, life tests were
performed for five cycles. The titanomagnetite was recycled in two
different ways: (1) titanomagnetite was directly separated by magnetic
separation after each run; (2) titanomagnetite was firstly magnetically
separated, and then ultrasonically cleaned to remove adsorbate from
titanomagnetite surface. Interestingly, the ATZ removal efficiency
varied with the recycling method. Fig. 7(a) shows that the ATZ removal
efficiency was 92%, 74%, 68%, 65%, and 57%, respectively, if titano-
magnetite was directly magnetically separated after each run. However,
if 30 min of ultrasound treatment (power: 70 W, frequency: 19.87 kHz)
was used after each run, ATZ removal efficiency (Fig. 7(b)) was 92%,
89%, 89%, 86% and 85%, respectively. This could be concluded that
the recycle method influenced titanomagnetite recyclability.

Previous study showed that SO4
2− in the UV-LED/ilmenite/PDS

system had been deposited on ilmenite surface after multiple-use,
which deactivated the catalytic capacity of ilmenite [57]. Therefore, the
similar passivation layer might be generated on the surface of titano-
magnetite, if titanomagnetite was directly magnetically separated after
each run. To confirm the assumption, XPS and XRD analysis was carried
out. Fig. 7(c) compares the XPS fitting results of S 2p core level of the
raw titanomagnetite, directly collected titanomagnetite and

Fig. 6. Reaction mechanism for the ATZ removal by titanomagnetite/PDS
system.
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ultrasonically cleaned titanomagnetite. As shown, there were no ob-
vious spectra in the raw titanomagnetite, suggesting the raw titano-
magnetite did not contain S. Compared with raw titanomagnetite, peaks
of S 2p3/2 and S 2p1/2 located at 168.7 eV and 169.8 eV appeared in the
directly collected titanomagnetite. We believe that the S originated
from PDS (Na2S2O8). In addition, an apparent spectrum of S 2p core
level was not found in the ultrasonically cleaned titanomagnetite, in-
dicating ultrasonic treatment could effectively remove the absorbed
sulphate to recover the activity of the titanomagnetite. Other XPS fit-
ting results, such as Fe 2p, Ti 2p and O 1s, were depicted in Fig. S12.
From Fig. S12(a), it is clear that Fe 2p, Ti 2p and O 1s were all con-
tained in these three titanomagnetites regardless of the recycling
method. Fig. S12(b) shows the Fe 2p core level of these three samples.
There were two peaks located at around 711.0 eV and 712.5 eV, re-
presenting the ^Fe(II) and ^Fe(III) on the surface sites of titano-
magnetite, respectively. For the raw titanomagnetite, the deconvoluted
peaks of ^Fe(II): ^Fe(III) ratio was 3:2. However, the deconvoluted
peaks of ^Fe(II): ^Fe(III) ratio changed into 1:1 and 1:2 indirectly
collected titanomagnetite and ultrasonically cleaned titanomagnetite.
The results proved that titanomagnetite reacted with PDS could change
the ratio of ^Fe(II) and ^Fe(III). Besides, ^Fe(II) in the titano-
magnetite could be further oxidized to ^Fe(III) with the ultrasonic
treatment.

The Ti 2p core level of these three samples is presented in Fig.

S12(c). The results manifested that the peaks of Ti 2p3/2 located
around 458.5 eV and Ti 2p1/2 located around 464.3 eV was ^Ti(Ⅳ).
Furthermore, the XPS spectra of O 1 s of these three samples are de-
picted in Fig. S12(d). The peaks around 530.1 eV, 532.0 eV and
533.4 eV were assigned to the lattice oxygen (O2

−), hydroxyl group
(–OH) and the adsorbed H2O on the surface of titanomagnetite, re-
spectively [58–60]. An obvious change of oxygen species happened
when the reused-titanomagnetite recycled with the sonication disper-
sion after five cycles. Specifically, the content of –OH decreased in ul-
trasonically cleaned titanomagnetite, suggesting the adsorbed –OH on
the surface of titanomagnetite was involved in the reaction process.

Fig. 7(d) shows XRD spectra of the raw titanomagnetite and two
kinds of reacted titanomagnetite after five cycles. Obviously, no matter
whether the samples were ultrasonically cleaned or not, the main
crystalline phases of the reacted samples had not changed, suggesting
that crystal structures of titanomagnetite were not changed by ultra-
sonic treatment. Therefore, the decreased ATZ removal efficiency did
not ascribe to the changes of crystal structure of titanomagnetite.
Moreover, the target pollutant adsorbed on the used catalyst might also
inhibit the catalysts’ activity [61]. To examine if ATZ adsorbed on the
used titanomagnetite, the used titanomagnetite was soaked in the
deionized water and treated with ultrasound (power: 70 W, frequency:
19.87 kHz). After 30 min of ultrasonication, the effluent was detected
by HPLC. The testing results suggested that ATZ was indeed adsorbed
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on the titanomagnetite, which provided an indirect proof for the de-
creased catalytic activity by adsorbed ATZ. However, ultrasonic treat-
ment could effectively remove the adsorbate to maintain the activity of
titanomagnetite.

To figure out how the passivation layer inhibited the production of
ROS, experiments of quenching and measure of high-valent iron-oxo
species were conducted. Fig. S13 shows that ATZ removal efficiency
was decreased from 74% to 18% and 25% with the addition of 100 mM
of EtOH and TBA, suggesting that SO4

%− and HO% still formed in the
reused-titanomagnetite/PDS system even though the passivation layer
existed on the catalyst. The UPLC/ESI–MS/MS result of the measure of
PMSO2 (Fig. S14) suggested that only very few high-valent iron-oxo
species were formed in the reused-titanomagnetite/PDS system. In
other words, the passivation layer mainly hindered the generation of
high-valent iron-oxo species.

3.7. Possible degradation pathway of ATZ

As shown in Table S3, ten intermediates of ATZ were detected by
UPLC-QTOF-MS/MS. Additionally, bond length and bond energy of
ATZ was calculated by density functional theory (DFT, Gaussian 09).
The method used in this study came from Cheng’s group [62]. The
calculated results were listed in Table S4. The results suggested that the
bonds of C(6)-Cl(14), C(8)-N(7), C(11)-N(10) and C(11)-C(12) were
more susceptible to cleavage than other bonds (Fig. S15). Besides, the
TIC chromatogram and mass spectra of detected intermediates are
presented in Fig. S17–S27. According to these intermediates detected in
this study, five degradation pathways ((1) side-chain dealkylation; (2)
dechlorination–hydroxylation; (3) side-chain alkylic-oxidation; (4)
side-chain alkylic-hydroxylation and (5) side-chain olefination) were
proposed for ATZ degradation.

For the Scheme I (Fig. 8), CAIT (m/z 188), CEAT (m/z 174) and

CAAT (m/z 146) were generated due to the attack of ROS on the side
ethylamino or iso-propylamino chains of ATZ [63]. Combined with the
bond length and energy of C(8)-N(7) and C(11)-N(10) (Table S4), it was
clear that these two bonds were easily cleaved, leading to the genera-
tion of dealkylation products. Besides, CAIT (m/z 188) and CEAT (m/z
174) could respectively take off the iso-propylamino and ethylamino to
generate CAAT (m/z 146). For Scheme II, dechlorination-hydroxylation
reaction occurred on ATZ to produce OEIT (m/z 198) by the attack of
ROS. According to the results of bond length, the bond length of C(6)-Cl
(14) was the largest in ATZ (1.763 Å), suggesting the bond of C(6)-Cl
(14) was susceptible to cleavage. As oxidation reaction proceeded,
olefination occurred to form OVIT (m/z 196). In addition, AITO (m/z
170) was formed by dealkylation. For Scheme III, CNIT (m/z 232) was a
derivative of alkylic-hydroxylation, in which an alkyl group is hydro-
xylated by substitution of a hydrogen atom with a hydroxyl group.
Besides, CNIT (m/z 232) could further form an aldehyde product (CDIT
(m/z 230)) by oxidation of the ROS. Then, dechlorination-hydroxyla-
tion reaction could further happen to form ODIT (m/z 212). Further-
more, according to the bond length (1.436 Å) and energy (3.900 eV) of
N(10)-C(11), N(10)-C(11) was easier cleaved to generate AITO (m/z
170). OAAT (m/z 128) could be generated from CAAT (m/z 146) and
AITO (m/z 170). There were two generation pathways of OAAT (m/z
128). CAAT (m/z 146) formed OAAT (m/z 128) via the effect of de-
chlorination–hydroxylation, while AITO (m/z 170) produced OAAT (m/
z 128) via deprivation of iso-propylamino. The detection intermediates
were well matched with results of Gaussian 09, and well-illustrated that
ROS in the titanomagnetite/PDS system promoted the decomposition of
ATZ. Additionally, the NO3

− in the effluent detected by ion chroma-
tography system was 3.35 mg/L, also indicating the oxidation of ATZ in
the titanomagnetite/PDS system.

Fig. 8. Degradation pathway of ATZ in the titanomagnetite/PDS system.
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4. Conclusions

In summary, this work introduced a natural iron-based mineral, ti-
tanomagnetite, as a PDS activator to remove ATZ. ATZ removal effi-
ciency showed a strong dependence on the titanomagnetite con-
centration (0–10 g/L), PDS concentration (0–10 mM) and initial pH
(3.0–11.0) at experimental conditions. The results of quenching ex-
periments, EPR spectra and UPLC/ESI − MS/MS spectra showed its
efficient activity visibly enhanced the ATZ removal due to the pro-
duction of ROS. The mechanism of the titanomagnetite/PDS system
included the single-electron transfer and two-electron transfer reac-
tions. Proved by experiments, ROS in the titanomagnetite/PDS systems
generated from surface reaction, containing SO4

%−, HO%, ^FeⅣ]O
and ^FeⅤ]O. The generation of SO4

%− and HO% followed a single-
electron transfer process, while the formation of^FeⅣ]O and^FeⅤ]
O underwent a two-electron transfer course. The surface ^Fe(Ⅱ) re-
acting with PDS not only generated SO4

%− and HO%, but also produced
^FeⅣ]O. As for ^FeⅤ]O, it was an oxidative product of surface ^Fe
(III). In general, the reaction of the surface ^Fe (Ⅱ) and ^Fe (III) re-
acted with PDS affected the removal efficiency of ATZ in a synergistic
manner. Besides, the passivation layer was generated during the PDS-
activated process, which could inhibit the generation of ROS, causing a
decrease of the ATZ removal efficiency. However, the passivation layer
could be removed through sonication dispersion method. In addition,
five degradation pathways of ATZ were proposed via UPLC-QTOF-MS/
MS and Gaussian 09 analyses. In general, this work investigated the
generation of ROS in depth, which would urge us to re-evaluate the
contribution of high-valent iron-oxo species in the PDS-activated pro-
cessed when iron-based materials used.
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