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The natural hematite («-Fe,03) is stable and abundant on the earth, as well as with strange electronic
band structure and good visible light absorption properties. However, the composition and catalytic per-
formance of natural hematite should be explored. In this study, the photo-assisted hematite nanoparticles
activated persulfate (H-NPs/PS/vis) system was constructed. As detected, H-NPs had an irregular agglom-
erate structure with abundant internal pore and were mainly composed of Fe,03, SiO, and TiO,. The
system was applied to removing various antibiotic (i.e., lomefloxacin, ciprofloxacin and enrofloxacin with
initial concentration of 10 mg/L), achieving high degradation performance of 82.0%, 81.2% and 82.2% after
120, 330 and 240 min, respectively. Moreover, H-NPs had excellent reusability with low metal leaching
(Ti leaching percentage lower than 0.01%, Fe dissolution percentage was 0.48%) and stable structure. At
last, a possible reaction mechanism of H-NPs/PS/vis system was proposed that lomefloxacin (LOM) was
efficiently removed via the synergistic process of components contained in H-NPs with PS and light, in-
volving the generation of ‘O,~, *OH and SO4'~. Above all, this paper provided a novel application scheme

of natural hematite through in-depth and comprehensive experimental exploration.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to the irreplaceable role of antibiotics in disease treatment,
antibiotics are more and more widely used in many fields [1]. The
antibiotics are with high toxicity and negative environmental ef-
fects even at low concentrations [2,3], even lead to the existence
of resistance genes [4]. However, antibiotics are unable to be com-
pletely metabolized by organisms, so that the traditional technolo-
gies are incapable of their efficient removal from urban sewage
treatment [5,6]. Therefore, pharmaceutical and personal care prod-
ucts (PPCPs) have become a research hotspot because of their grad-
ual accumulation in environment, so that various techniques have
been developed for the treatment of wastewater which is con-
tained of antibiotic drugs [7,8].

In traditional advanced oxidation processes (AOPs), hydrogen
peroxide (H,0,) is used as oxidant to produce hydroxyl radical
(*OH) for targeted pollutants removal. However, the instability of
‘OH and its production efficiency are limited by narrow avail-
able pH range (2.8-3.5) [9,10]. Thus, in recent years, persulfate
which can be activated to produce abundant powerful sulfate rad-
ical (SO4°~) has been considered as a potential alternative oxidant
for AOPs. Compared with “OH (acid solution 2.7V, neutral solution
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1.8V), SO4*~ has a higher redox potential (2.5-3.1V), better selec-
tivity, longer half-life and wider pH tolerance range [11]. There-
fore, sulfate radical-based AOPs (SR-AOPs) have been frequently
applied to treat wastewater which contains recalcitrant and non-
biodegradable contaminants. Among various methods for SO4 "~
generation, the use of heterogeneous nanocatalysts to activate per-
sulfate has proved to be an effective strategy [12,13].

In order to improve the degradation efficiency of contaminants,
UV/persulfate/transition metals catalyst (light-responsive photocat-
alyst) system has been further studied. Iron-based catalysts have
been focused due to their high-efficient and low-toxicity [14]. Cor-
respondingly, an innovative combination of visible light irradiation
and heterogeneous iron oxide catalyst for AOPs has provided a
prospective approach for the sustainable use of solar energy and
iron species, while promoting the circulation efficiency of surface
Fe(Ill)/Fe(Il) via using light generated electrons [14-16]. Hematite
not only has a strange electronic band structure, but also has good
visible light absorption properties [14,17]. Recently, hematite has
been wildly studied in AOPs counting on its abundance, accessi-
bility and non-toxicity [18]. Nonetheless, the as-studied hematite
nanoparticles were obtained through solvothermal and calcination
methods [17,19,20], which are time consuming and energy inten-
sive, and have high requirements on raw materials. Specifically,
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natural hematite («-Fe,03) is the most stable and abundant iron
oxide on the earth. However, the composition and catalytic perfor-
mance of natural hematite should be explored, as well as the reac-
tion effect and mechanism of photo assisted persulfate activation
system for pollutant degradation need to be further studied.

Overall, to explore the potential of natural hematite nanoparti-
cles (H-NPs) in the field of environmental remediation, the physic-
ochemical property of H-NPs would be detected, including mi-
cromorphology, composition and crystal phase structure. Moreover
importantly, the photo-assisted hematite nanoparticles (H-NPs) ac-
tivated persulfate (H-NPs/PS/vis) system would be constructed and
used to remove nonbiodegradable organic pollutants in water. The
effect of experimental parameters and co-existing substances on
the system also need to be further detected. The contribution of
reactive oxide species generated in H-NPs/persulfate/photocatalytic
reaction system (H-NPs/PS/vis) would be investigated to prove the
reaction mechanism. And then, with combination of characteriza-
tion method, we would propose a possible reaction mechanism of
efficient removal of refractory antibiotic pollutants in H-NPs/PS/vis
system.

H-NPs were brought from Shandong analysis and test cen-
ter. Lomefloxacin (LOM, Ci7H;gF;N303) was purchased from Al-
addin Chemistry Co., Ltd. Besides, peroxydisulfate (PS, K;S,0g),
potassium hydroxide (KOH), sulfuric acid (H,SO,4), potassium ni-
trate (KNOs3), potassium bicarbonate (KHCO3), potassium chlo-
ride (KCI), humic acid (HA), tert-butyl alcohol (TBA, C4H150), p-
benzoquinone (p-BQ), potassium dichromate (K,Cr,07), ethylene-
diaminetetraacetic acid (EDTA) and ethanol (Et-OH, C,HsOH) were
provided by Sinopharm Chemical Reagent Co., Ltd. Deionized wa-
ter (DI water, resistivity of 13-15 MQcm) was used throughout
this experiment. The chemicals in this experimental process were
analytical grade and without further purification. As for charac-
terization methods of catalyst, the JSM-5600LV scanning electron
microscopy (SEM) with an EDS attachment was applied to de-
tect microscopic morphology of H-NPs. The phase structure of
catalysts was identified by a D/max-2004 Advance X-ray diffrac-
tometer (XRD) with a film attachment under Cu Ko radiation
(A=0.15418 nm). And the applied current, accelerating voltage,
step length and measurement speed were set as 40mA, 40KkV,
0.02° and 0.1 s/step, respectively. X-ray photoelectron microscope
(XPS) was carried out to determine the near-surface elements
chemical states by a PHI-5700 ESCA apparatus (radiation source
was monochromatic Al Ko radiation and pass energy was set as
1486.6eV). In addition, The C 1s at 284.8eV served as adventi-
tious carbon used to calibrate the shift of binding energy [21].
Metal leaching of H-NPs in photo-assisted reaction systems was
measured by Agilent 7700 ICP-MS. An electron paramagnetic res-
onance (EPR) spectrometer (Bruker A300-10/12) was used to de-
termine the dominant reactive oxide species (i.e., ‘OH, SO4"~ and
*0,7) in continuous wave X-band mode, which were captured by a
spin trapping agent 5,5-dimethylpyrroline-oxide (DMPO).

In this study, LOM was selected as simulated pollutant and
served as probing molecule to detect the PS activation performance
of H-NPs. In experiments, 21.6 mg (0.8 mmol/L) PS and 5.0 mg H-
NPs were put into a reactor of 100mL 10 mg/L LOM solution. Af-
terwards, the suspension was exposed under a 35W Xenon lamp
(operating wavelength: 190-1100nm, + 1.0nm) as an extra visible
light source and magnetic stirring in the meantime. At a certain
time interval, the water samples were got from the reactor and fil-
tered via 0.22 pm nitrocellulose membrane. The results were deter-
mined via measuring the absorbance of LOM solution at 281 nm
via ultraviolet-visible spectrophotometer. All of the experiments
were proceeded at 30 °C. Moreover, to study the influence of pH
in the above-mentioned photocatalysis system, 0.5 mol/L H,SO4 or
KOH solutions was used to adjust from 3.00 to 13.00 before the
adding of PS and H-NPs. Besides, a certain amount of relevant
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potassium salts and humic acid were put into the suspension so-
lutions to identify the effect of co-existing substances. The system
was employed to removal various antibiotics in water, and the con-
centration of contaminants was 10 mg/L totally. As the stability and
repeatability are of great concern for the catalysts in practical ap-
plications. The photostability of H-NPs was assessed via cycling ex-
periments under the same conditions to measure PS activation per-
formance. After each run, the suspension was centrifuged to sep-
arate H-NPs powder, and then washed by Et-OH and DI water re-
peatedly to ensure completely removing coexisting ions and degra-
dation intermediate. After that, adding the re-collection H-NPs into
a new reaction cycle under identical experimental conditions. At
last, putting the used H-NPs into oven and drying under 60 °C
overnight, to complete SEM and XPS measurements for compar-
ison to fresh H-NPs confirming the stability and repeatability of
catalyst.

In this study, LOM was selected as a simulated pollutant to de-
tect the PS activating capability of H-NPs in water, as shown in
Fig. 1a. Firstly, the adsorption efficiency of H-NPs was detected as
16.3% within 120 min, but Xenon lamp irradiation was unable to
destroy LOM molecules efficiently either. As well as, the removal
of LOM was pretty low in single chemical oxidation and H-NPs/PS
systems, illustrating that either H-NPs activating PS or PS alone
could not decompose forming plenty reactive species to remove
LOM efficiently. Nevertheless, with the addition of PS and Xenon
lamp irradiation simultaneously, 82.0% LOM was destroyed in H-
NPs/PS/vis system after 120min treatment. In sharp contrast to
the degradation efficiency of other reaction systems, implying that
H-NPs/PS/vis system has a commendable performance for organic
pollutants removal in water. Meanwhile, it was proved that cata-
lyst, PS and visible light were indispensable in H-NPs/PS/vis system
to destroy LOM efficiently. Compared with those artificially syn-
thesized iron-based catalysts, H-NPs is an admirable catalyst with
smaller risk of secondary contamination, lower health hazards,
nature easy-gained and more negligible environmental influence.
Therefore, H-NPs/PS/vis system has expansive application prospect
in organic contaminants water treatment for further study.

In order to further confirm the practical application potential
and universal applicability of H-NPs/PS/vis system, the degradation
efficiencies of various quinolone antibiotics were detected in this
system. LOM and ciprofloxacin (CIP) are traditional antibiotics ap-
plied for human treatment, while enrofloxacin (ERF) is a common
animal therapy drug. These antibiotics pollution threatens aquatic
ecosystems and water supplies. As reported, quinolone antibiotics
have commonly been detected in multiple natural water bodies
and even in sewage treatment plants [22]. Recent years, a vari-
ety of treatment technologies have been developed for the removal
of antibiotics. As presented in Fig. 1b and Fig. S1 (Supporting in-
formation), all of the selected quinolones can be removed effi-
ciently in H-NPs/PS/vis system. More than 80% LOM was degraded
from water within 120 min. In addition, the as-constructed photo-
assisted SR-AOPs also achieved 81.2% and 82.2% degradation effi-
ciency of CIP and ERF after 330 and 240 min, respectively. Thus, H-
NPs/PS/vis system had the ability to remove a variety of antibiotic
contaminants in water, implying that H-NPs activating persulfate
with assistance of light is a promising technique for the efficient
removal of antibiotics.

It is important to confirm the stability and reusability of H-
NPs for practical application. In this research, the consequence of
photostability was detected by five cycling runs. Seen from Fig.
1c, the degradation efficiency of LOM was almost unchanged af-
ter five sequential cycles. Meanwhile, on account of H-NPs con-
taining transition mental Fe and Ti, excessive metal leaching con-
centration would lead to secondary pollution in the degradation
process which could affect the practical application potential of H-
NPs/PS/vis system. Therefore, the dissolution concentration of tran-
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Fig. 1. (a) Removal of LOM in different reaction systems (reaction conditions: Solution volume =50 mL, [LOM]y =10 mg/L, [PMS], = 0.8 mmol/L, [H-NPs]y =50 mg/L, initial
pH 5.98 (unadjusted) and reaction temperature =30 °C). (b) Removal efficiency of different antibiotic drugs (reaction conditions: Solution volume =50 mL, [LOM], =10 mg/L,
[PMS]o = 0.8 mmol/L, [H-NPs], = 50 mg/L, unadjusted initial pH and reaction temperature =30 °C). (c) Degradation efficiency of LOM in recycle experiments and metal leaching
of H-NPs/PS/vis system, the metal leaching concentration of (d) Fe and (e) Ti (reaction conditions: Solution volume=50mL, [LOM]o =10mg/L, [PMS], =0.8 mmol/L, [H-
NPs]o =50 mg/L, unadjusted initial pH and reaction temperature =30 °C, reaction time =40 min).

Table 1

Percentage of metal leaching in hematite/PS/vis system.
Cycling rus 1 2 3 4 5
Fe (%) 0.35% 0.29% 0.38% 0.45% 0.48%
Ti (%) < 0.01% < 0.01% < 0.01% < 0.01% < 0.01%

sition metal ions in water samples during cycling runs was mea-
sured by ICP. Seem from Figs. 1d and e, the metal leaching con-
centration of H-NPs was pretty low. Moreover, the dissolution con-
centration of Ti ions was much lower than that of Fe ions, and
the leached concentration of Fe ions presented an increasing trend
in the augment of cycle times. Figuring out the corresponding per-
centage of metal ions dissolution which was the ratio of metal ions
dissolution to the addition amount of H-NPs in this system dis-
played in Table 1.

Notably, Ti had the highest leaching percentage on the third
time, but the percentage of Ti leaching was lower than 0.01%.
Therefore, Ti ions leaching in H-NPs system could be ignored. At
the meantime, the Fe ions leaching concentration achieved the
maximum value of 0.2408 mg/L after five times, and dissolution
percentage was 0.48% correspondingly. In conclusion, metal leach-
ing concentration of transition metal in H-NPs/PS/vis system was
pretty low. The heterogeneous system could effectively control the
metal ions leaching concentration. Moreover, we compared this
reaction system with another reported studies about iron-based
nanocatalysts (Table S1 in Supporting information), illustrating that
the H-NPs/PS/vis reaction system exhibited considerable applica-
tion potential due to its advantages such as excellent and stable
degradation performance, small amount of catalyst and oxidant, as
well as pretty low metal leaching. Hence, it was a kind of green,
economic and efficient photocatalytic system which was conducive
to maintaining the stability of degradation efficiency and avoiding
the secondary pollution of heavy metals.

Besides, as displayed in Figs. S2a and b (Supporting informa-
tion), the change of H-NPs microstructure was insignificant. It
could be observed from Figs. S2a and b that the SEM images of H-
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NPs presented a compact irregular stacked aggregate lump-shape
with uneven surface and particle size as before after five cycles.
It can be seen that the particles of different sizes were in a state
of accumulation and agglomeration, whereas the internal aperture
turned to be smaller. According to EDS spectrum exhibited in Fig.
S2c¢ (Supporting information), the main elements in H-NPs had not
changed. Whereas, the content of Fe decreased, which were con-
sistent with the elements content in above-discussed metal ion
dissolution analysis. For natural raw H-NPs, the Fe ion leaching
concentration was not too high with comparison of some artifi-
cial Fe-based catalysts [23,24]. This fact was attributed to that Fe
existed in form of Fe,03 with a tight agglomeration structure and
the highest content. Hence, it was difficult to be separated from
H-NPs surface during reaction process to reduce the occurrence of
consumption. Fig. 2 exhibited the comparison of XPS spectra of H-
NPs before and after five cycles. It could be seen from the full XPS
spectra that there was almost no change in characteristic peak po-
sition of C, O, Si, Ti and Fe after the repeated reaction. Neverthe-
less, it could be observed that the peak intensity of Ti decreased
dramatically. This fact may be ascribed to that LOM and interme-
diate products during experimental process were adsorbed on the
surface of H-NPs and occupied active sites. Overall, the chemical
elements contained in H-NPs remained well after five cycle exper-
iments, in addition the microstructure was relatively stable with
certain repeatability.

The micromorphology of H-NPs was further verified by SEM
and presented in Figs. 2a and b. The SEM images indicated H-NPs
had an irregular agglomerate structure with nonuniform particle
sizes and rough surface. As displayed in Fig. S3 (Supporting infor-
mation), most of the particle sizes were smaller than 200nm ac-
counting for over 80%, and between 1 nm to 100 nm were 40%—60%
approximately. Moreover, H-NPs were with plentiful inner pore
channels, which can further increase the local concentration of
organic molecules in the vicinity of active layer, thus improving
the reaction efficiency [25]. In the meanwhile, this microstructure
can improve light collection efficiency by reflecting and scattering
light multiple times in the voids inside of H-NPs, which is benefi-
cial to photocatalysis [26]. Seen from Fig. S4 (Supporting informa-
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Fig. 2. (a, b) SEM images and (c) XRD patterns of H-NPs. (d) XPS spectra of H-NPs. High resolution XPS spectra of (e) C 1s, (f) O 1s, (g) Fe 2p, (h) Ti 2p and (i) Si 2p.

tion), EDS spectrum demonstrated that multifarious elements are
co-existed in H-NPs and Fe signal is the uppermost. The atomic
contents of Fe, Ti, Si and Al were quantified to be 32.24%, 0.33%,
1.03% and 0.49%, respectively. Among these elements, Ti is tran-
sition mental which is always applied to prepare photocatalysts
[27]. Si could serve as inert nonmetallic element which was used
as frozen composition of active substance in material preparation,
as well as can play role in photocatalysis process [28]. Meanwhile,
C and O accounted for big parts, implying that there may be abun-
dant functional groups on the surface of H-NPs, which may be con-
ducive to the decomposition of PS and adsorption of LOM.

The crystal structure of H-NPs was determined via XRD analy-
sis with result shown in Fig. 2c. The main characteristic peaks in
24.14°, 33.17°, 35.65°, 40.86°, 49.47°, 54.07°, 57.59°, 62.45°, 64.02°
and 71.95° were ascribed to (012), (104), (110), (113), (024), (116),
(018), (214), (300) and (1010) lattice plane of Fe,O3 (PDF #33-
0664). The intense peaks located at 20.88° (100), 26.62° (101),
39.28° (102) and 50.14° (112) confirmed the existence of SiO, (PDF
#46-1045). Furthermore, the classic diffraction peaks at 24.89° and
75.47° were ascribed to lattice plane (101) and (215) of anatase
TiO, (PDF #21-1272) which was the primary photosensitive crystal
type to be helpful for enhancing photocatalytic capability of H-NPs
[29,30]. Hence, XRD proved the well-defined crystal structure of
H-NPs and further confirmed that H-NPs mainly contained Fe,03,
Si0, and anatase TiO,, which were consistent with the elements
mentioned in EDS analysis.

XPS spectra were recorded to confirm elements types and
chemical valence on the surface of H-NPs. Clearly seen from Fig.
2d, the XPS full-survey spectrum exhibited obvious peaks of Si,
Fe, Ti, O and C which was same as the analyses of EDS and XRD
to prove the main elements of H-NPs adequately. More impor-
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tantly, high resolution XPS spectra were applied to analyze element
chemical states. As exhibited in Fig. 2e, the XPS spectrum of C 1s
was composed of two characteristic peaks located in 284.7 eV and
285.8 eV which was corresponding to C-C/C-H and C-OH, respec-
tively [31]. The three strong peaks in O 1s spectrum (Fig. 2f) at
529.8eV, 530.7eV and 532.1eV were assigned to M-O (M=Fe or
Ti), O-H and lattice oxygen [31]. This result indicated that the oxy-
gen element in H-NPs mainly existed as above three states, which
were identical to the results obtained from XRD analysis. Mean-
while, as depicted in Fig. 2g the high resolution XPS spectrum of
Fe 2p was fitted with four peaks. According to previous researches,
the two evident peaks at 710.0eV and 711.8 eV were attributed to
Fe 2p;p, and the characteristic peak located at 724.4eV was re-
lated to Fe 2p;j,. Combining with the satellite peak at 718.0eV,
iron element in H-NPs existed in the form of Fe,03, because all
above peaks were characteristic peaks of Fe,03 [31]. Besides, there
was no Fe® peak in the Fe 2p spectrum indicated that metallic
iron was completely oxidized which demonstrated iron element
in H-NPs was in the shape of metal oxides entirely [32]. In Fig.
2h, XPS spectrum of Ti 2p could be decomposed into four distinct
peaks. The characteristic peaks of 459.0eV (2ps3;) and 464.3eV
(2pyj2) were one group that proved the existence of Ti(IV). In addi-
tion, another group peaks of 457.6eV (2ps;) and 462.9eV (2p;,)
were characteristic peaks of Ti(Ill) [33]. Moreover, the comparison
of peaks showed that the characteristic peaks area of Ti(IV) was
significantly larger than that of Ti(Ill). This fact implied that the
most of titanium in H-NPs existing in Ti(IV) valence state, which
was corresponded to the main composition TiO, confirmed by XRD
spectrum. Furthermore, the Si 2p spectrum in Fig. 2i was decom-
posed into four peaks centered at 99.2eV, 100.2eV, 101.7eV and
102.9eV, which were related to Si 2p3;, and regarded as the in-
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Fig. 3. (a) Influence of PS concentration (reaction conditions: Solution volume =50 mL, [LOM], = 10 mg/L, [H-NPs]o = 50 mg/L, initial pH and reaction temperature =30 °C). (b)
Influence of H-NPs dosage (reaction conditions: Solution volume =50 mL, [LOM]y =10 mg/L, [PMS], = 0.8 mmol/L, initial pH and reaction temperature =30 °C). (c) Influence
of initial pH value and (d) pH value change (reaction conditions: Solution volume =50 mL, [LOM], =10 mg/L, [PMS], = 0.8 mmol/L, [H-NPs], =50 mg/L and reaction temper-
ature =30 °C). Influences of (e) Cl-, (f) HCO5~, (g) NO3~ and (h) humic acid on the degradation of LOM (reaction conditions: Solution volume =50 mL, [LOM]y =10 mg/L,
[PMS]o = 0.8 mmol/L, [H-NPs]o =50 mg/L, initial pH and reaction temperature =30 °C).

dicator of Si, Si(I), Si(Ill) and Si(IV) [34,35]. Thereinto, the relevant
peaks area followed order of Si(IV) > Si(I) > Si > Si(Ill), and the
peak area of Si(IV) was much larger than that of another three va-
lence states. It was demonstrated that Si element in H-NPs mainly
existed as Si(IV), while having slight another valence silicon. This
consequence was consistent with the conclusion that the main
compound of silicon element appeared as SiO, obtained by XRD
analysis.

It is well known that the generation of plentiful SO4°~ and
*OH which play essential role in organic pollutant removal process.
In general, the higher oxidant concentration would produce more
S04~ and ‘OH to accelerate removal rate and enhance elimina-
tion efficiency. Thus, Fig. 3a and Fig. S5a (Supporting information)
demonstrated the influence of PS concentration on LOM degrada-
tion efficiency and reaction rate constant, which was fit via the
pseudo-first-order kinetic equation. With the change of PS concen-
tration from 0.4 mmol/L to 0.8 mmol/L, LOM degradation efficiency
and rate constants increased from 76.4% to 82.0% and 0.014 min~!
to 0.015 min~!, respectively. Clearly, efficiency and rate constants
were escalated with the increase of PS concentration (0.4 mmol/L,
0.6 mmol/L and 0.8 mmol/L). However, when the concentration of
PS was higher than 0.8 mmol/L, experimental result reflected an
inhibited and inefficient reaction effect. With initial PS concen-
tration of 1.2 mmol/L, the efficiency and rate constant of reaction
system reduced to 66.0% and 0.010 min~!, respectively. As for ex-
planation for this phenomenon, PS is regarded as the contribu-
tor of SO4"~, therefore, enhancing appropriately of PS will encour-
age more S,0g2~ to generate to attach the active sites on H-NPs
surface which can promote LOM degradation process (Eq. 1) [36].
When PMS concentration remained too low to produce enough
radical species, reaction rate would increase with PMS concentra-
tion, leading to an increased degradation efficiency as well as reac-
tion rate. Whereas, higher PS concentration was, more reactive ox-
ide species would be activated, so that the self-consume reactions
of SO, and S,04%~ may occur (Eqs. 2 and 3) generating S,0g'~
and S,0g2~ with poor reactive property and leading to lower LOM
removal efficiency [37]. For another aspect, PS concentration could
influence application cost as well as result in excessive salt concen-
tration in water, which has a negative impact on the aquatic envi-
ronment [38]. Hence, we selected 0.8 mmol/L as optimal PS con-
certation in this study.

S,0%~ + vis/Catalyst — 250,4°" (1)
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S04"” + 504" — $,0%" (2)

SO4°” 45,02 < S,05° +503~ (3)

The relation between LOM degradation efficiency and H-NPs
dosage is similar to influence of PS concentration. As depicted in
Fig. 3b and Fig. S5b (Supporting information), when the dosage of
H-NPs increased from 10 mg/L to 50 mg/L, both of LOM degra-
dation efficiency and rate increased from 75.4% to 82.0% and from
0.012 min~! to 0.015 min~! correspondingly. This is due to that
the higher photocatalyst dosage was, more improvable active sites
would be existing to promote the production of photoinduced
charge carriers and radicals. When H-NPs dosage increased to
70mg/L and 90 mg/L, the enhancement of LOM degradation effi-
ciency could not be observed, as well as the removal rate of LOM
in H-NPs/PS/vis system. This fact can be explained that the ex-
cessive active sites with too much catalyst addition would lead
to overmuch generated radicals, occurring self-scavenge reaction
of SO4°~ (Eq. 2). Additionally, for photocatalytic reaction system,
the increased H-NPs dosage in suspension may lead to that a part
of radiant energy of the incident light to be lost due to scatter-
ing [39]. As a result, photocatalytic actions for the catalyst and PS
were limited, leading to a reduced LOM removal performance in H-
NPs/PS/vis system. Consequently, 50 mg/L was selected as optimal
catalyst dosage with consideration of LOM removal performance
and economic cost.

In AOPs, pH is a primary influence factor that can impact the
activation performance of catalyst and removal efficiency of tar-
geted pollutants. Hence, the influence of initial pH on experimen-
tal process was detected under acidic (pH 2.87), weakly acidic (pH
4.94), unadjusted (pH 5.98), neutral (pH 6.92), weakly alkaline (pH
8.84) and alkaline (pH 10.96 and 12.81) conditions. Solution pH
was not buffered to avoid the interference of buffering anions (e.g.,
phosphate). As presented in Fig. 3¢, the influence of initial solution
pH on LOM removal in H-NPs/PS/vis system was significant. Never-
theless, LOM was rapidly and efficiently degraded in the wide pH
range of 2.87-8.84. This reaction system was negatively affected
under alkali conditions (pH 10.96 and 12.81), achieving the re-
moval efficiencies of 51.7% and 28.6%, respectively. Because SO4'~
exists in a solution with pH < 9 and predominates acidic condi-
tions. However, sulfate radicals will transform to *OH under strong
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alkaline (Eq. 4) [40]. In addition, *‘OH can be a quencher to con-
sume S04~ to influence the concentration of active substance (Eq.
5) [37]. Moreover, according to the measurement of pH changes
(Fig. 3d), this system almost kept the initial pH value. Hence, the
reaction results under alkaline condition exhibited worse than oth-
ers, attributing to the poorer oxidation property and shorter life-
time of "OH compared with SO4"~. Under neutral and weakly alka-
line, the coexistence of *OH and SO4 "~ could accelerate degradation
by participating together.

S04° + OH™ — *OH + SO2~ (4)

(5)

The H-NPs/PS/Vis reaction system exhibited excellent LOM re-
moval performance when initial pH in 2.87-8.84, particularly under
the weakly acidic and neutral conditions. On account of most of
natural water pH being from 5.0 to 9.0, the H-NPs/PS/vis reaction
system can be fitted to apply in actual water treatment perfectly.

In general, natural water environment universally has abundant
co-existing substances such as inorganic matters (Cl-, HCO3~ and
NO3~) and natural organic matters like humic acid. These ingredi-
ents may affect the targeted contaminant removal process via re-
acting with reactive oxide species. To evaluate the pollutant degra-
dation potential of H-NPs/PS/vis system in practical wastewater,
detecting the influence of these natural matters with different con-
centration is significative.

As displayed in Fig. 3e and Fig. S6a (Supporting informa-
tion), with the increase of Cl~ concentration from 1mmol/L to
10 mmol/L, LOM removal efficiency changed from 70.1% to 51.9%
and degradation rate constant reduced from 0.010 min~! to 0.006
min~!. Clearly, the presence of Cl~ played a significant inhibitory
role in this photo-activated SR-AOP oxidation systems. On con-
trast to no-added system, the minimum change of degradation ef-
ficiency and rate constant was 11.9% and 0.005 min~! with lower
Cl~ concentration. In reaction process, ClI~ can react with *OH and
S04~ to produce HOCI'~ and CI' correspondingly (Eqs. 6 and 8).
Furthermore, HOCI'~ and H* will engender Cl~ to build a circu-
lation which would expend ‘OH constantly (Eq. 7). As for chlo-
rine radicals, they are with inferior redox potential thereby reduc-
ing the concentration of SO4'~ (Eq. 9) [37,41]. When the concen-
tration of CI~ was 5mmol/L and 10 mmol/L, more chlorine radi-
cals were generated and participated in the reverse reaction, while
there were not enough ‘OH and SO4"~, which had strong oxida-
tion capability. As a result, the degradation performance of LOM
decreased.

SO4*” + *OH — HSOg

Cl~ + *OH — HOCI*- (6)
HOCI*~ + H" — CI~ + H,0 (7)
Cl~ +5S04°" — CI* +S03~ (8)
Cl* +ClI- — Cly* (9)

Seen from Fig. 3f and Fig. S6b (Supporting information), HCO3~
performed an inhibitory effect in line with its induced concentra-
tion enhancement in H-NPs/PS/vis reaction system. With the ad-
dition of HCO3~, LOM removal efficiency decreased from 82.0% to
66.8%, 58.7% and 48.6%. Simultaneously, the rate constant declined
from 0.015 min~! to 0.008 min~!, 0.007 min~! and 0.005 min~!.
As reported, HCO3~ can react with *OH and SO4'~ consuming these
reactive radicals (Eqs. 10 and 11), so that the LOM degradation re-
action was trapped [42].

HCOj; + *OH — C05*~ + H,0 (10)
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HCO3 + S04~ — HCO3*~ + S02" (11)

The influence of NO3~ was conducted under NOs;~ concen-
tration range from 1mmol/L to 10mmol/L, as presented in Fig.
3g and Fig. S6¢ (Supporting information). The experimental result
confirmed the negative impact of NO3~ in H-NPs/PS/vis system.
The maximal inhibiting effect appeared in 10 mmol/L with degra-
dation efficiency of 49.8% which decreased by 32.2%, meanwhile,
the removal rate constant was reduced from 0.015 min~! to 0.006
min~!. Although ‘OH could be motivated by the photolysis of NO;~
(Egs. 12 and 13), synchronously, NO,~ would generate and react
with *OH and SO4"~ as radical scavenger. Correspondingly, organic
contaminant oxidation reaction was retarded (Eqgs. 14 and 15). Be-
sides, NO3~ can directly scavenge SO4"~ inhibiting removal of LOM
(Eq. 16) [43,44].

NO; — [NO5 ]’ (12)
[NO3]" — NO3 + 0*~ — NO3 + *OH + OH" (13)
NO; + *OH — NOj + OH~ (14)
NO; +S04°~ — NO3% + S03~ (15)
NOj +S04°~ — NO3% + S03~ (16)

Humic acid is one of representative natural organic matters
in water environment. As depicted in Fig. 3h and Fig. S6d (Sup-
porting information), the degradation efficiency and rate constant
dropped significantly with comparison of original H-NPs/PS/vis
system, proving that humic acid played inhibitory effect on LOM
degradation process. Nevertheless, compared with the influence
of inorganic matters (Cl~, HCO3;~and NOs™) in this study, the in-
hibitory effect of humic acid was weaker. According to previous
study, lots of non-selective active substance, i.e., “OH, would be
consumed by humic acid, meanwhile, SO4*~ could react with LOM
molecules. Specially, when the concentration of humic acid in-
creased to 100 mg/L, LOM removal efficiency was higher than those
systems with another two concentrations (10mg/L and 50 mg/L).
This phenomenon can be explained that certain types of humic
substances are photosensitive, and the increase of humic acid can
provide more reaction sites for pollutant molecules and H-NPs. So
that humic acid with a certain concentration may have a syn-
ergistic effect on contaminant degradation reaction in photocat-
alytic system [21,39]. Moreover, humic acid can enhance turbidity
in suspension solution resulting in radiation energy scattering, so
that the photo-activation process of PS would be hampered. In the
meantime, humic acid competed with LOM molecules by capturing
*OH and SO4"~ to hinder the LOM removal (Eqs. 17 and 18) [45]. In
conclusion, with humic acid addition, LOM removal was greatly in-
hibited via multiple ways in H-NPs/PS/vis system.

Humic acid + SO4*~ — products (17)

Humic acid + *OH — products (18)

It was necessary to distinguish the main reactive oxide species
for LOM degradation in H-NPs/PS/vis system. Commonly, SO4*~ and
*OH could be generated via persulfate activation, in the meantime,
*0,~ may be produced. The assistance of light irradiation led to the
formation of photogenerated electrons (e~) and holes (h*), which
can induce contaminant decomposition. The reaction rates of Et-
OH/'OH (k=9.1x10%L mol~'s~1) and Et-OH/SO,4"~ (k=3.5 x 107
L mol~'s~1) are close to each other [46]. TBA was selected as an
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Fig. 4. (a) Removal efficiency of radical scavengers on the degradation of
LOM by H-NPs/PS/vis system (reaction conditions: Solution volume=50mL,
[LOM] =10 mg/L, [PMS]o =0.8 mmol/L, [H-NPs], =50 mg/L, initial pH and reaction
temperature =30 °C). (b) EPR spectra in various reactions (reaction conditions: 35W
Xenon lamp, [PMS], = 0.8 mmol/L, [H-NPs], =50 mg/L, initial pH and reaction tem-
perature=30 °C, LOM was not added). The possible reaction mechanism in H-
NPs/PS/vis system.

*OH scavenger (3.8-7.6 x 108), because of the higher reaction activ-
ity with ‘OH compared with SO4*~ [47]. As shown in Fig. 4a, LOM
degradation efficiency showed significant decrease during reaction
processes with individual addition of TBA and Et-OH, illustrating
that *OH and SO,4'~ were played important roles in LOM degrada-
tion process. Moreover, p-BQ, K;Cr,0; and EDTA were applied to
capture "O,~, photoinduced e~ and h*, respectively. As shown in
Fig. 4a, the addition of different scavengers caused an adverse ef-
fect on the degradation of LOM, and the adverse effect of p-BQ was
more remarkable. This fact revealed that photoinduced e~ and h*
contributed to LOM decomposition, particularly, *0O,~ played essen-
tial roles in LOM degradation process.

Moreover, to identify the reactive radicals directly, EPR trapping
experiments with DMPO were conducted. Seen from Fig. 4b, the
signals of DMPO-"0,~ were detected. Besides, a four-line (1:2:2:1)
spectrum (DMPO-'OH) appeared, as presented in Fig. 4b, indicat-
ing that H-NPs with assistance of light irradiation was able to ac-
tivate PS producing ‘OH. Meanwhile, the relatively weak EPR sig-
nals of DMPO-SO4'~ could be observed, indicating that ‘OH was
more important for LOM degradation process over than SO4*~. In
H-NPs/PS/vis system, the photocatalytic treatment and PMS activa-
tion act synergistically to produce a large amount of *OH based on
the reactions described in Eqs. 19 and 20 [48].

2503 + OH™ — SO2™ +*OH (19)

2505 +H,0 — SO2~ + "OH + H* (20)

Above all, *OH, SO4~ and ‘O,~ made predominant oxidation
contribution in H-NPs/PS/vis system which produced on surface
of catalyst. The photogenerated charge carriers played oxidiza-
tion roles in the photo-assisted SR-AOPs as well. According to the
above-mentioned analysis, a possible reaction mechanism of H-
NPs/PS/vis system for organic contaminant degradation were pro-
posed and depicted in Fig. 4c.

First of all, the chemical bonds of organic pollutants absorbed
energy from light source and would be destroyed directly. More-
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over, PS was activated by light irradiation to produce SO4*~. Ac-
cording to previous research, O-O bond energy in PS (140.0 k]/mol)
was less than that in H,O, (213.3 kJ/mol), thus, PS was more eas-
ily to be activated in photocatalysis system [21]. And the chemical
bonds of pollutants were destructed by radicals achieving the pur-
pose of organic pollutants degradation.

Secondly, based on the analysis of characterization, H-NPs were
composed by Fe;03, SiO, and TiO,. It is widely accepted that TiO,
was a traditional semiconductor with high photoactivity, splen-
did chemical inertia, low cost, non-toxicity and excellent sustain-
ability [49]. As well, hematite (x-Fe,03) frequently has been pro-
moted as photocatalyst with favorable optical band gap (~2.1eV)
and excellent chemical stability [50]. The photocatalyst contained
TiO, and Fe,03 could produce photogenerated e~ and h* pairs ef-
ficiently with Xenon lamp irradiation (Eq. 21) and further induce
the generation of various reactive oxide species, including ‘OH and
‘0, (Egs. 23 and 24). However, the limited solar light adsorption
and high rate recombination of photogenerated carriers in pristine
TiO, and «-Fe,03 hinder their industrial and real-life applications.
The composition of TiO, and «-Fe,O3 would adjust band gap so
that H-NPs possessed more suitable band gap for visible light re-
sponse and lower reduced charge carrier recombination rates (Eq.
22). Previous research proved that the absorbance of photocata-
lyst would increase with more Ti(Ill), which might promote TiO,
to have preferable photocatalytic activity [51]. According to Eqgs.
25 and 26, Ti(Ill) facilitated the production of ‘O,~ to acceler-
ate the removal of pollutants [52]. Besides, as depicted in Fig. 2h,
both of the characteristic peaks located at 462.9eV and 464.2 eV
were corresponded to Ti(Ill) and Ti(IV), respectively. After five cy-
cles, Ti(Ill) increased and Ti(IV) decreased obviously, indicating the
transformation of titanium from Ti(IV) to Ti(Ill). Therefore, this re-
sult indicated that a large amount of ‘O, was generated in this
system based on the change from Ti(IV) into Ti(Ill). Correspond-
ing to the experiment of free radical capture, ‘O, played essen-
tial roles in LOM degradation process in the H-NPs/PS/Vis system.
More interestingly, PS could serve as an electron acceptor of pho-
togenerated e~ reducing the recombination of e~ and h* (Eq. 27)
[40].

photocatalyst + hv — e~ +h* (21)
e~ (Ti0,) — e~ (Fe,03) (22)
0, +e (Ti0y) — *0; (23)
OH™ +h* - *OH (24)
Ti(IV) + e~ — Ti(lll) (25)
Ti(Ill) + 0, — Ti(IV) + *0; (26)
$,05 + e~ (Fey03/TiO,) — SO3 + SO2 (27)

Thirdly, the transition metal Fe with lower valence could also
efficiently activate PS (Fenton-like process). In the heterogeneous
system, the interaction between various iron species with differ-
ent valence states would produce reactive oxide species in SR-AOPs
(Egs. 28 and 29) [53]. To better understand the catalytic mecha-
nism of H-NPs for PS activation with assistance of UV-vis irradia-
tion, the Fe 2p high resolution XPS spectra of fresh and used H-
NPs were detected. The characterization result revealed that iron
existed in form of Fe,O03 in H-NPs Fe 2p (Fig. 2g) and transformed
slightly after repeated experiment. Thus, Fe(Il) and Fe(Ill) were re-
cycled and not consumed in the reaction process. Correspondingly,
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Fe could activate PS to generate reactive species continuously while
undergoing cyclic transformation process to maintain the stable
catalyst performance of H-NPs.

Fe(Il) + S,02~ — Fe(lll) + SO4*~ + SO;~ (28)

Fe(Ill) + SO4°~ — Fe(Il) + SO%~ (29)

According to relevant reports, the effect of SiO, composition
on structure stability and photocatalytic reactivity of photocatalysts
was determined [54,55]. Meanwhile, SiO, can immobilize nano-
TiO, and Fe,03 on its surface, preventing active sites aggregation
and weakening the photoinduced carriers recombination to pro-
mote photocatalysis reaction on the surface of H-NPs [56]. At the
same time, previous studies illustrated that due to the electron in-
teraction between TiO, and Fe,0s, the composited photocatalysts
would be with specific photolysis characteristics which affects the
stability and photocatalysis. The introduction of SiO, could inhibit
direct electrical contact at the interface of TiO, and Fe,03, pre-
venting the occurrence of light dissolution and strengthening the
material stability and removal effect of antibiotic drugs [57]. On
the other hand, amorphous SiO, can act as a role of absorbent
to concentrate organic molecules near the active sites [25]. In this
case, e~ and h* would be excited constantly inducing more differ-
ent kinds of reactive species. In this process, oxygen atoms in the
material were released to form oxygen holes, as following, water
molecules took up these oxygen holes to produce -OH groups at-
taching to the surface of H-NPs. So that the surface of H-NPs was
hydrophilic which was conducive to the efficient combination of
catalyst material, oxidant and pollutant, improving the LOM re-
moval efficiency. Fig. 2i depicted the transformation of Si state,
in detail, the mass percent of Si® reduced and even the charac-
teristic peak of Si(I) disappeared. Simultaneously, the contents of
Si(Il) and Si(IV) increased indicating that Si in H-NPs was con-
verted from Si(I) and Si to Si(Ill) and Si(IV). As SiO, was a fixed
material in H-NPs and a large area contacted reactive oxide sub-
stances, which might have influence on Si leading to the transfor-
mation of Si(I) and Si® into Si(Ill) and Si(IV).

Above all, LOM was efficiently removed via the synergistic pro-
cess of components contained in H-NPs with PS and light. The
composition of TiO, and Fe,03 enhanced photocatalytic capabil-
ity of H-NPs, promoting the occurrence of multiple light inten-
sification reactions. Simultaneously, transition metals activated PS
to produce abundant radicals with the assistance of light irradia-
tion. Furthermore, SiO, provided an excellent structure and inter-
face predominance for catalytic and oxidic reactions. Hence, H-NPs
could be applied as catalysts without modified treatment in photo-
assisted SR-AOPs to degrade antibiotic pollutants efficiently.

All in all, H-NPs/PS/vis system was applied to degrade LOM in
this work. Firstly, based on characterization results, it was proved
that H-NPs was mainly composed of Fe,03, TiO, and SiO,. Mean-
while, SEM images of H-NPs depicted the irregular block-shaped
stacked and agglomerated microstructure with abundant pores,
which was beneficial to adsorption of pollutant molecules and PS
during the degradation process. Secondly, the pollutant degrada-
tion capacity of H-NPs/PS/vis system (82%, 120min) were evalu-
ated with comparison of various LOM degradation process. Ad-
ditionally, the influence of different experiment parameters and
co-existing ions were studied. It should be highlighted that the
H-NPs/PS/vis system exhibited excellent degradation performance
in various antibiotics removal process. As well, the results of re-
peated experiments and metal ion dissolution indicated that H-NPs
had a good stability and low secondary contamination risk during
LOM degradation process. Meanwhile, quenching experiments and
common free radical quantitative concentration experiments clar-
ify that "O,~, "OH and SO4"~ were the dominant reactive species
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in H-NPs/PS/vis system. Finally, a possible reaction mechanism was
proposed based on the analysis characterization and experimental
results, suggesting that LOM was efficiently removed via the syner-
gistic process of components contained in H-NPs with PS and light.
Therefore, H-NPs are an environment-friendly material suitable for
photocatalysis as causing smaller risk of secondary contamination
and more affordable.
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