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a b s t r a c t

The development of “green” water disinfection technology utilizing solar energy is highly desired but
remains challenging. In this study, sulfate radical (�SO4

�)-mediated bacterial inactivation was first
attempted by using Fe3O4-based magnetic hydrochar (MHC) as a recyclable catalyst for persulfate (PS)
activation under visible light (VL) irradiation. Complete treatment of 8.0 log E. coli cells was reached
within 40 min in VL/PS/MHC system, compared with that of only 2.0 log-reduction was obtained in the
PS/MHC system under the same conditions. The system was applicable in wide range of pH (3.0e9.0),
and increasing dissolved O2 could further promote the efficiency. A three-route mechanism was pro-
posed, in which the PS activation by ≡Fe(II) of Fe3O4 and photo-generated electron captured by PS were
the major processes. The bacterial cell lesion process was found to be triggered directly via �SO4

�, which
caused the damage of outer membrane, followed by up-regulation of intracellular ROSs and destroy of
chromosomal DNA, finally leading to irreversible cell death. Moreover, the VL/PS/MHC system is also
effective to inactivate versatile pathogenic bacteria including P. aeruginosa and S. aureus. As a proof-of-
concept, our study provides meaningful information to advance the areas of “green” water disinfec-
tion technology which can be realized by recyclable photocatalytic systems using solar energy.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Pathogenic microorganisms transmitted via drinking water
have been recognized as the major sources causing waterborne
diseases and deaths in developing world (Li et al., 2008).With rapid
urbanization of society, there is an increasing microbial contami-
nated wastewater generation, which leads to outbreaks of water-
borne diseases occurring at high level (Ashbolt, 2004). Therefore,
effective elimination of pathogens in drinking water is crucial and
this calls for efficient disinfection technologies. Although conven-
tional water disinfection technologies, like ozonation, chlorination,
and UV, have been extensively used, there are growing concerns
about their adverse effects, including carcinogenic disinfection by
products, high energy input and bacterial re-colonization
(Dalrymple et al., 2010; Wang et al., 2015). Developing alternative
“green” and cost-effective disinfection technologies with low en-
ergy consumption and high efficiency is urgent, but still chal-
lengeable in scientific community (An et al., 2016; You et al., 2019).

Solar disinfection (SODIS) uses the inexhaustible solar energy to
eliminate pathogens inwater, which has been practiced as low-cost
disinfection method in ancient cultures for centuries. It has been
recently emphasized by United Nations (UN) as a “sustainable” and
“transferrable” technology, which needs preferential development
as alternative for chlorination (Keane et al., 2014). However, the
major challenge of SODIS technology remains the low efficiency,
and the treated water volume is small (Keane et al., 2014;
McGuigan et al., 2012). In this regard, photocatalytic disinfection
have received enormous attention as it uses a photocatalyst to
accelerate the SODIS process, which can remarkably promote the
disinfection efficiency (Ganguly et al., 2018; Li et al. 2015, 2019;
Wang et al., 2017). However, the identified photocatalysts are
mostly UV responsive, which is ineffective to use the whole solar
spectrum. Although a number of excellent visible light (VL) driven
photocatalysts have been developed for bacterial inactivation, no-
ble metals (i.e. Pt, Ag) are often loaded as co-catalysts (Feng et al.,
2018; Ma et al., 2016; Zhang et al., 2010), and these powdery
photocatalysts suffer from difficulties in recovery from aqueous
environment (Wang et al., 2018b).

Photo-Fenton-like processes (e.g. H2O2/UV, persulfate/UV, per-
oxymonosulfate/UV) have attracted increasing attention for their
use in organic pollutants degradation (Pablos et al., 2013; Rehman
et al., 2018; Wu et al., 2017), in which the UVC/persulfate (PS)
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Fig. 1. (a) XRD pattern of the as-prepared hydrochar (HC) and magnetic hydrochar (MHC); (b) UVeVis DRS spectra of the HC and MHC; (c) Magnetic hysteresis loops of MHC; (d) N2

adsorption-desorption isotherms of MHC (Inset: pore distribution curve).
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system has been promising for E. coli inactivation (Michael-
Kordatou et al., 2015). Unfortunately, these systems also used UV
as the light source to catalyze PS decomposition. Fortunately, we
have recently found that PS can also be sensitized with VL
Fig. 2. (a) Bacterial inactivation efficiency in VL/PS/MHC system and other control systems
linear-shoulder model); (b) Bacterial inactivation efficiency in VL/PS/MHC system with diffe
VL/PS/MHC system. Experimental conditions: [MHC] ¼ 200 mg/L; [PS] ¼ 2 mM; [Fe(II)] ¼
irradiation for E. coli elimination (Wang et al., 2019). However, the
efficiency of bacterial inactivation is yet not satisfactory for prac-
tical use, thus additional technologies are needed to accelerate the
PS decomposition process. Generally, transition metal-based
including VL/MHC, VL/PS, Fe/VL/PS and PS/MHC (dash line is kinetic fitting using log-
rent initial cell concentrations; (c) PS decomposition kinetics in the VL/PS, PS/MHC and
1.5 mg/L; [Fe(III)] ¼ 1.5 mg/L; T ¼ 25 �C; [pH]0 ¼ 6.0; l > 420 nm.



Fig. 3. (a) Effect of different pH on the bacterial inactivation efficiency; (b) Effect of
different aeration conditions on the bacterial inactivation efficiency in VL/PS/MHC
system. Experimental conditions: [Cell] ¼ 8.0 log cfu/mL; [MHC] ¼ 200 mg/L;
[PS] ¼ 2 mM; T ¼ 25 �C; l > 420 nm.
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catalysts (Liu et al., 2019a; Waclawek et al., 2017; Wu et al., 2019)
and metal-free carbon-based materials (Duan et al. 2015, 2016;
Olmez-Hanci et al., 2018) can be applied to activate PS without light
irradiation. In addition, it is reported that photo-generated elec-
trons from semiconductor photocatalysts can also be used to pro-
mote PS decomposition (Gao et al., 2017). In turn, the electron
trapping by PS can suppress the undesired electrons-hole recom-
bination. However, the possible synergistic effect of catalytic PS
activation and photocatalysis has not beenwell studied for bacterial
inactivation. Therefore, it is attractive to develop green catalysts
that can catalyze the PS decomposition and can also be served as a
photocatalyst for bacterial inactivation. The ideal photocatalysts
should also be environmental benign, active under VL irradiation as
well as facile recycling.

One of such choice is magnetite (Fe3O4), which is widely used in
constructing composite catalysts with magnetic separable ability.
Owing to its small band gap (Eg¼ 0.1 eV) (Zhang et al., 2009), it has
high VL absorption, but its photocatalytic activity is restrained by
fast electron-hole recombination. On the other hand, Fe3O4 is also
an excellent heterogeneous catalysts to activate PS for degradation
of pollutants (Du et al., 2019). However, Fe3O4 nanoparticles suffer
from aggregation in aqueous solution, leading to decreased cata-
lytic and magnetic properties. One solution is to load the magnetic
particles to carbonous materials to prevent particle aggregation
(Liu et al., 2019b; Zhu et al. 2014, 2016). In this regard, biochar
produced from waste biomass either by pyrolysis (pyrochar) or by
hydrothermal carbonization (hydrochar) has received growing in-
terests as absorbents and catalysts supports (Kambo and Dutta,
2015; Qin et al., 2018). Chen et al., (2017) has found that
compared with porochar, hydrochar possesses more oxygen func-
tional groups, making it preferable for being utilized as catalyst
supports. However, the use of magnetic hydrochar as dual-
functional catalyst for PS activation and photocatalysis to inacti-
vate bacteria in water has not been studied yet. Its underling
inactivation mechanisms are also by far understandable.

Herein, magnetic hydrochar was fabricated using a one-step
hydrothermal method. The physicochemical properties of the as-
prepared sample were characterized by multiple technologies.
The bacterial inactivation performances in the presence of mag-
netic hydrochar and PS were studied in detail under VL irradiation.
Moreover, the mechanisms of bacterial inactivation in terms of
main reactive species, cell morphology change, antioxidant enzyme
activity and chromosomal DNA destruction were all systematically
investigated. Furthermore, the universality of this system to inac-
tivate two more pathogenic bacteria was also investigated. This
work may provide innovative information to develop low-cost
magnetic hydrochar catalysts for recyclable bacterial inactivation
under VL, thus finally accomplishing the aim of “green” water
disinfection technology using inexhaustible solar energy.

2. Experimental

2.1. Synthesis of materials

Hydrochar (HC) was synthesized via a hydrothermal carbon-
ization process. Briefly, 8.0 g glucose (Aladdin, AR grade) was put
into a beaker, followed by adding 80 mL distilled water. Then, the
obtained solution in autoclave was subjected to hydrothermal
treatment for 10 h at 180 �C. After reaction, the precipitates of HC
were collected by centrifugation, washing and drying in vacuum at
60 �C for 24 h before use.

Magnetic hydrochar (MHC) were produced by a modified
method using FeCl3 as precursor of magnetic particles and ZnCl2 as
porogen (Zhu et al., 2014). Typically, 1.0 g anhydrous FeCl3 (Aladdin,
AR grade) and 2.0 g ZnCl2 (Aladdin, AR grade) were mixed in
12.5 mL distilled water. Then, 2.0 g HC were added to the solution.
The mixtures were vigorously stirred for 24 h and then dried for
4 h at 80 �C in air. The dried products were then activated at 600 �C
for 90 min in N2 flow of 1 L min�1. The final products of MHC were
washed with 0.1 M HCl, ethanol and water several times before
drying for 4 h at 80 �C. The characterization details of the samples
were provided in Supporting Information.
2.2. Experiments for bacterial inactivation and analysis

The bacterial inactivation capability of the MHC with PS under
VL irradiation were tested using E. coli as the model bacteria. The
bacterial culture and testing procedures can be found in our pre-
vious study (Wang et al., 2019). Briefly, 20 mg MHC was put into
100 mL bacterial cell solution in a flask under vigorous stirring,
followed by adding PS (2 mM) under VL irradiation to start the
reaction. Two other pathogenic bacterial strains (i.e. Pseudomonas
aeruginosa, Staphylococcus aureus) were also utilized for the testing.
The details for analytical methods can be found in Supporting
Information.
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3. Results and discussion

3.1. Characterization of catalysts

In this study, hydrochar was produced by hydrothermal
methods according to previous study (Hu et al., 2017). Then, mag-
netic particles were incorporated into the hydrochar by pre-
impregnation with iron salts, followed by thermal activation. As
shown in Fig. 1a, the XRD of the samples show that the pure
hydrochar (HC) is amorphous in nature, as there is only a broad
peak of 20� - 30� corresponding to graphite. In contrast, the ob-
tained magnetic hydrochar (MHC) shows strong diffraction peaks
at 30.1�, 35.4�, 56.9�, 43.1� and 62.5�, which can be assigned to
crystal planes of Fe3O4 in cubic phase (JCPDS 19e0629, space
group: Fd3m), suggesting Fe3O4 nanoparticles are successfully
fabricated onto HC without other impurities. The UVeVis absorp-
tion spectra show that the pristine HC exhibits semiconductor-like
absorption with cutoff wavelength up to 800 nm (Fig. 1b), which is
due to delocalized p electrons in HC (Hu et al., 2017). After incor-
poration with Fe3O4, the MHC exhibits obviously enhanced VL ab-
sorption because of the narrow band gap of Fe3O4 (Eg ¼ 0.1 eV)
(Zhang et al., 2009). Themagnetization curve in Fig.1c indicates the
MHC has superparamagnetic property with zero resonance and
coercivity. The saturated magnetization value of MHC reached 7.5
emu/g. Such superparamagnetic property favors the rapid separa-
tion of the catalysts from aqueous solution (Qin et al., 2015). As
demonstrated in the inset of Fig. 1c, the MHC powders can be
tightly attracted on the vessel by external magnet, suggesting its
good magnetic recyclability. The Fe3O4 weight ratio determined by
ICP-OES was 9.17% in the MHC composites.

The N2 adsorptionedesorption isotherm of MHC shown in
Fig. 1d demonstrates a type-I isotherm with microporous structure
(Kyotani et al., 2003). The pore sized distribution (inset of Fig. 1d)
confirms themicroporosity with pore size below 3 nm. As shown in
Fig. 4. (a) Repeated experiments for bacterial inactivation in the VL/PS/MHC system; (b) XRD
reaction. Experimental conditions: [Cell] ¼ 8.0 log cfu/mL; [MHC] ¼ 200 mg/L; [PS] ¼ 2 m
Table S1, the degree of microporosity demonstrated by the ratio of
micropore volume/total volume (Vmic/Vt) was calculated to be
81.4%. The surface area (BET) was obtained as over 1072 m2/g
(1356 m2/g when using Langmuir model). In contrast, the pristine
HC shows a type-IV isotherm with hysteresis loop (Fig. S1), indi-
cating a mesoporous structure. The proportion of microporosity
decreased to be 1%, and the BET surface area was only 9.18 m2/g
(Table S1). The remarkably increased surface area and micropo-
rosity on MHC would be benefit for PS absorption, thus promoting
subsequent PS decomposition and bacterial inactivation
efficiencies.

The morphology of MHC was analyzed using TEM and SEM
(Fig. S2). A typical SEM image of the as-prepared MHC exhibits
microsphere morphology with particle diameters of 200e400 nm.
The spherical morphology is not changed, suggesting Fe3O4 loading
would not change the microstructure of HC. The TEM image clearly
demonstrates that Fe3O4 with sizes of 20e50 nmwere anchored on
the amorphous carbon sphere. In addition, the HRTEM further
shows clear crystal lattice fringe with interplanar distance to be
0.253 nm, which corresponds to the (311) crystal plane of Fe3O4.
The HAADF-STEM image and corresponding EDX elemental map-
ping at the atomic scale further confirms the existence of C, O, and
Fe elements. The surface Fe content was determined to be 12.7%.
These results confirm the successful synthesis of Fe3O4 loaded
hydrochar with large surface area and high porosity.

3.2. Bacterial inactivation efficiency

As a microbiological indicator in drinking water, E. coliwas used
to test the catalytic inactivation activity of the MHC sample. To test
the applicability in heavilymicrobial contaminated water, a relative
high cell concentration of 108 cfu/mL was applied hereafter. As
Fig. 2a shows, with VL/PS or VL/MHC, almost no bacterial inacti-
vation efficiency was observed, suggesting PS activation by VL
patterns and (c) High-resolution Fe 2p XPS spectra of MHC sample before and after the
M; T ¼ 25 �C; [pH]0 ¼ 6.0; l > 420 nm.



Fig. 5. (a) Bacterial inactivation efficiency in VL/PS/MHC system with different scav-
engers (1 mM methanol, TEMPOL, TBA and FFA). (b) EPR spectra of DMPO spin-
trapping adducts in different systems. Experimental conditions: [Cell] ¼ 8.0 log cfu/
mL; [MHC] ¼ 200 mg/L; [PS] ¼ 2 mM; T ¼ 25 �C; [pH]0 ¼ 6.0; l > 420 nm.
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alone and photocatalytic activity of MHC by VL alone are not
effective for high concentration bacterial inactivation, although we
have previously found that the VL/PS system can inactivate bacte-
rial cells with much lower concentration of 107 cfu/mL within
120 min (Wang et al., 2019). In case of PS/MHC, it was found that
about 2.0 log-reduction of E. coli cells was inactivated after 40 min,
suggesting that the PS could be activated by Fe3O4 loaded into MHC
to cause moderate cell inactivation. Interestingly, in VL/PS/MHC
system, the bacterial inactivation efficiency was remarkably
enhanced and complete inactivation of 8 log viable cells was
accomplished within 40 min. The bacterial inactivation kinetic was
studied according to the log-linear-shoulder model (Geeraerd et al.,
2005). The obtained specific inactivation rate constant kmax
(R2 ¼ 0.99) was calculated to be 0.19 and 0.99 min�1 for bacterial
inactivation in the PS/MHC and VL/PS/MHC system, respectively.
Therefore, the bacterial inactivation efficiency by the VL/PS/MHC
system is about 5.21 times higher than that of PS/MHC system. In
addition, when the concentration of cells was decreased to normal
levels of 107 and 106 cfu/mL, the complete inactivation was ach-
ieved within 20 min and 10 min, respectively (Fig. 2b). It should be
noted that this bacterial inactivation efficiency exceeds most of the
VL-driven photocatalytic systems reported so far, except some Ag-
based phocatalysts (Table S2). Since the possible released Ag is toxic
to environment and would cause secondary pollution, thus the
MHC is more environmental benign and low cost which shows
promise for large scale applications.

The PS decomposition kinetics was studied according to first-
order kinetics’ model (Fig. 2c). The obtained apparent reaction
constant (k) (R2 ¼ 0.99) was 6.32 � 10�3, 2.27 � 10�3 and
6.93 � 10�4 min�1 for VL/PS/MHC, PS/MHC and VL/PS system,
respectively. It is clear that the VL/PS/MHC system exhibits the
highest PS decomposition efficiency, which matches well with the
above bacterial inactivation efficiency. The PS concentration was
deceased from 2mM to 1.484 mM after completed 40 min reaction,
which indicates that 0.516 mM PS was decomposed, corresponding
to a SO4

2� release concentration of 99.1 mg/L theoretically. This
value was significantly lower than the pollution limit of SO4

2�

(250 mg/L) in drinking water suggested by the World Health Or-
ganization (WHO) (Ioannidi et al., 2018). Therefore, the released
SO4

2� concentration is low and would not cause significant sec-
ondary pollution. The possible released Fe content was also
measured to be only about 1.31 mg/L after completed 40 min re-
action (Fig. S3). The addition of equivalent amount of Fe2þ (1.5 mg/
L) or Fe3þ (1.5 mg/L) in the VL/PS system without catalysts would
not cause significant bacterial inactivation (Fig. 2a). Therefore, the
homogeneous reaction by Fe/VL/PS could be excluded, due to the
low amount of Fe ions which cannot trigger sufficient ROSs to cause
bacterial inactivation.

The effect of pH on bacterial inactivation efficiency was studied
(Fig. 3a). The control experiments show that the pH variation in the
range of 3.0e9.0 will not cause obvious bacterial inactivation,
suggesting pH value alone has negligible effect on the inactivation
efficiency in the test period (Fig. S4). The pH variation in the VL/PS/
MHC systemwasmonitored, which shows that all the pH values are
decreased a little under different initial pH, and the pH is decreased
more significantly under alkaline condition (Fig. S5a). Generally, it
is known that basic pH could accelerate PS decomposition to pro-
duce �OH, thus enhancing the degradation efficiency towards
organic pollutants (Furman et al., 2010). Nevertheless, in the pre-
sent work, it was recognized that when pH value was increased to
9.0, only about 3.0 log reduction of viable cells was found in 40 min
of treatment. In contrast, when the pH was decreased to 3.0, total
inactivation of 8.0 log cells could be completed within 30 min,
suggesting acidic pH would favor the disinfection activity (Fig. 3a).
This can be partially due to the fact that the surface of E. coli cells is
negatively charged, which results in the electrostatic repulsion
between the cells and S2O8

2�. The adsorption of PS onto the cells is
hindered with higher pH value, thus reducing the bacterial inacti-
vation activity. Nevertheless, compared with traditional homoge-
neous photo-Fentonmethods inwhich only strong acidic pH can be
applied, the VL/PS/MHC system can be applied in a wide pH range
of 3.0e9.0 for water disinfection.

The effect of dissolved O2 on the disinfection efficiency was
investigated by pumping with O2 or N2 in the reaction mixture. As
shown in Figs. 3b and 8.0 log reduction of E. coli cells is reached
within 30 min, which is much faster than that of normal air equi-
librium conditions, indicating dissolved O2 is crucial to obtain high
inactivation efficiency. This was further confirmed by N2 bubbling
experiments that N2 bubbling was found to significantly inhibit the
bacterial inactivation process. The pH variationwas also monitored,
which shows that the pH is decreased more significantly with O2
bubbling (Fig. S5b). It has been reported the Fe(II) could reduce
dissolved molecular O2 to produce H2O2 via generation of �O2

� (Eqs.
(1) and (2)) (Harrington et al., 2012), which can further promote the
PS decomposition to generate �SO4

� (Eqs. (3) and (4)) (Zhang et al.,
2017). To support this conclusion, the generation of H2O2 was



Fig. 6. (a) CAT activity; (b) SOD activity and (c) Intracellular ROSs levels of bacteria in different treatment systems; (d) DNA agarose gel electrophoresis of bacterial cells in the VL/PS/
MHC system; (E) SEM images of E. coli cell treated by the VL/PS/MHC system with different irradiation time. Experimental conditions: [Cell] ¼ 8.0 log cfu/mL; [MHC] ¼ 200 mg/L;
[PS] ¼ 2 mM; T ¼ 25 �C; [pH]0 ¼ 6.0; l > 420 nm.
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monitored (Fig. S6). Results evidenced that the H2O2 was produced
with reaction time, and the concentrations followed the order of O2

bubbling (6.36 mM) > air equilibrium (4.85 mM) > N2 bubbling
(2.88 mM). Therefore, increasing dissolved O2 could promote H2O2
generation, leading to acceleration of PS decomposition and
enhanced bacterial inactivation efficiency. In addition, the
increased dissolved O2 was also supposed to trap the photo-
generated electrons, thus preventing the undesired charge
recombination on MHC photocatalysts, which further improving
the disinfection efficiency.

Fe (II) þ O2 / Fe (III) þ �O2
� (1)

Fe (II) þ �O2
� þ 2Hþ / Fe (III) þ H2O2 (2)

S2O8
2� þ �O2

� / SO4
2� þ �SO4

� þ O2 (3)

S2O8
2� þ 2H2O2 / 2�SO4

� þ O2 þ 2H2O (4)

The reusability and regeneration of photocatalyst is vital for
practical applications. To test the recyclability, the used photo-
catalysts were simply recovered by external magnetic field. The
treated effluent was drawn out, followed by directly adding another
set of bacterial suspension with cell concentrations of 8.0 log cfu/
mL. As demonstrated in Fig. 4a, in the first run, all of the bacterial
cells were inactivated within 40 min of VL irradiation. Generally,
the bacterial inactivation efficiency remains stable in the repeated
experiments, while slightly decreases in the 3rd and 4th run. The
bacterial inactivation efficiency could still reach more than 5.0 log
reduction in the 4th run (corresponding to 99.999% disinfection
efficiency). In addition, the efficiency was found to be completely
recovered in the 5th run after the catalyst was regenerated simply
by washing with distill water (Fig. 4a), suggesting the MHC can be
reused without activity deterioration. To evaluate the effect of dark
absorption, the dark absorption of the bacteria using the MHC
sample after reaction and washingwas studied, and comparedwith
the 1st dark absorption before the reaction. The results indicated
that the dark absorption of the bacteria was low, and there was no
significant difference between the 1st dark absorption and 2nd
dark absorption (Fig. S7), suggesting the recovery of the bacterial
inactivation efficiency was not due to dark absorption.

Moreover, the XRD before and after the reactions illustrated in
Fig. 4b demonstrates there is no detectable crystal structure change
of the MHC sample. In addition, XPS of the Fe spectrum clearly
shows the co-exists of Fe(II) and Fe(III). The bind energy peak
located at 710.8 and 723.8 eV can be assigned to Fe(II), while the
bind energy peak located at 715.0 and 728.0 eV can be attributed to
Fe(III), respectively (Fig. 4c). It is found that the surface contents of
Fe(II)/Fe(III) decreases slightly from 51.8/48.2 to 48.3/51.7 after the
reaction, suggesting only limited amount of surface Fe(II) is
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oxidized to Fe(III) during the reaction. This results further confirms
the high photo-stability and recyclability, which is essential for
low-cost applications.

3.3. Bacterial inactivation mechanism

The possible main reactive species in the system of PS/VL/MHC
were investigated by using specific scavengers to trap potential
reactive species. Methanol, tert-butyl alcohol (TBA), furfuryl alcohol
(FFA) and TEMPOL were applied as scavengers for �SO4

�, �OH, 1O2
and �O2

�, respectively (Wang et al., 2011; Xia et al., 2018). As Fig. 5a
shows, with the addition of 1 mM TBA, FFA, and TEMPOL, there is
no obvious effect on the bacterial inactivation efficiency, suggesting
that �OH, 1O2 and �O2

� were not the main species during the bac-
terial inactivation process. Methanol is known to trap both �OH and
�SO4

� radicals (Rastogi et al., 2009). The addition of methanol was
found to significantly inhibit the cell inactivation efficiency, indi-
cating that the main species is �SO4

�. To further confirm the
dominant role of �SO4

�, EPR characterization using DMPO as spin
trapping reagent was conducted to distinguish different radicals
(Cai et al., 2019). As Fig. 5b shows, the EPR spectra with seven main
peaks can be assigned to DMPOX adduct, which was originated
from the oxidation of DMPO by �SO4

�, as the �SO4
�/DMPO adduct is

reported to be not stable and would transformed to DMPOX
immediately (Du et al., 2019). In addition, the ESR signal of DMPOX
was also found in PS/MHC system with much smaller intensity,
suggesting the �SO4

� was also the major reactive species but the
�SO4

� concentrationwas significant smaller than that in VL/PS/MHC
system, which is consistent with the above cell inactivation per-
formances (Fig. 2a). However, in the cases of VL/PS and VL/MHC,
only weak signals of DMPO/�OH was observed. Since the �SO4

� will
further transform to �OH (Ahmad et al., 2013), this result indicates
only small amount of �SO4

� was produced and immediately anni-
hilated to produce trace amount of �OH, resulting in low cell
inactivation ratio in VL/PS and VL/MHC systems. All these confirm
that the main active species for the VL/PS/MHC is �SO4

� rather than
�OH. Large amounts of �SO4

� is produced and directly cause the loss
Fig. 7. Schematic illustration of the bacterial inact
of bacterial cells viability.
To further investigate the cell lesions mechanism caused by

�SO4
�, several intracellular enzymatic activities were also analyzed

during the treatment process. Catalase (CAT) is a typical enzyme
which catalyze the decomposition of H2O2. It is found in Fig. 6a that
the CAT level increases promptly in the first 10 min and reaches the
highest value in 15 min, and then decreases gradually with the
complete of bacterial inactivation. This indicates the bacterial cells
were encountering significant oxidative stress, and high level of
enzyme was induced to annihilate the ROSs, leading to the slow
bacterial inactivation rate at the initial stage. After the bacterial
defending systemwas overwhelmed by continuous ROSs attacking,
the cell apoptosis occurred. Compared with the VL/PS/MHC system,
the induced CAT level was much lower in the VL/PS and PS/MHC
system, suggesting the reduced oxidative stress in the systems
which results in low inactivation efficiency. Similar phenomenon
was also observed in the case of superoxide dismutase (SOD) ac-
tivity (Fig. 6b). These results indicate the attacking of �SO4

� is
associated with up-regulation of intracellular ROSs including H2O2,
�O2

� and �OH, which can initiate the chain oxidation reaction inside
cell as reported in previous studies (Sun et al., 2014). To further
confirm this conclusion, total intracellular ROSs was also examined
using fluorescent probe DCFH-DA (Fig. 6c). The intracellular ROS
level increased with time, and intensity on VL/PS/MHC systemwas
the highest, suggesting the oxidation process is like a self-
propagating progress induced by up-regulation of intracellular
ROSs. The intracellular ROSs would then lead to the cytoplasm
oxidation and destruction of genomic DNA (Fig. 6d), finally result-
ing in the irreversible cell death.

To test the bacterial re-growth activity, the cell lesions process
was also examined by SEM observation. As indicated in Fig. 6e, the
cell structure was intact at the initial stage, while the cell outer
membrane was ruptured and lots of holes were observed after
10 min of VL irradiation, suggesting the first attacking site by �SO4

�

is the cell membrane, which is consistent with �OH-mediated
disinfection process (Chen et al., 2019; Liang et al., 2018; Wang
et al., 2018a). With prolonged reaction time, the cell was
ivation mechanism in the VL/PS/MHC system.



Fig. 8. Bacterial inactivation efficiency for (a) P. aeruginosa and (b) S. aureus by the VL/
PS/MHC system. Experimental conditions: [Cell] ¼ 8.0 log cfu/mL; [MHC] ¼ 200 mg/L;
[PS] ¼ 2 mM; T ¼ 25 �C; [pH]0 ¼ 6.0; l > 420 nm.
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completely destructed, leaving only cell debris after 40 min.
Therefore, there is no bacterial re-colonization after dark repair,
since the cell structure is oxidized into pieces. The released organic
bio-molecules would then be further oxidized and mineralized, as
confirmed by TOC analysis (Fig. S8). The bulk TOC was increased at
the initial stage, due to the release of intracellular components, and
then decreased gradually, suggesting the subsequent elimination of
the released organics.

Based on the above results, a tentative mechanism of the bac-
terial inactivationwas proposed in Fig. 7. WhenMHCwas irradiated
by VL in the presence of PS, three major processes were occurred:
(1) the PS was directly sensitized by VL to generate �SO4

�, which
subsequently transformed to �OH (Eqs. (5) and (6)), as confirmed in
Fig. 5b and also evidenced in our prior study (Wang et al., 2019); (2)
the surface or lattice Fe(II) in Fe3O4 could absorb PS to form ≡Fe(II)/
O3SOeOSO3 complex (Xia et al., 2018), which then trigger the ho-
molytic dissociation of OeO bonds in PS and then produce ≡Fe(III)
and �SO4

� (Eqs. (7) and (8)). This route is supported by themoderate
bacterial inactivation activity in PS/MHC system (Fig. 2a); (3) the
photo-excitation of Fe3O4 generated photo-electrons on the con-
duction band (CB) of the photocatalysts (Eq. (9)). The CB electrons
then transfer to the adsorbed PS, and lead to the sensitization of PS
to generate �SO4

� (Eq. (10)). The CB electron trapping by PS could
further promote the separation of electron-hole recombination,
thus increasing the quantum efficiency of photocatalysis. The three
route reactions occurred simultaneously inwhich the latter two are
more important, exhibiting a synergistic effect. It is noted that in
normal photocatalytic reaction process, the CB electrons could be
captured by O2 to generate �O2

� (Ribao et al., 2019). However, in the
PS-mediated photocatalytic process, the CB electrons were
captured more efficiently by PS rather than O2, as evidenced in
Fig. 5a that the TEMPOL (a �O2

� scavenger) has no effect on the
bacterial inactivation performance. Therefore, the main species in
VL/PS/MHC system is assumed as �SO4

�, which cause the cell
membrane oxidation and trigger chain reactions including up-
regulation of intracellular ROSs, finally leading to the cell death.

Route 1: S2O8
2� þ VL / 2 �SO4

� (5)

�SO4
� þ H2O / SO4

2� þ �OH þ Hþ (6)

Route 2: ≡Fe(II) þ O3SOeOSO3
- / ≡Fe(II)/O3SOeOSO3

- (7)

≡Fe(II)/O3SOeOSO3
- / ≡Fe(III) þ �SO4

� þ SO4
2� (8)

Route 3: MHC þ VL / eCB� þ hVB
þ (9)

S2O8
2� þ eCB� /�SO4

� þ OH� (10)

3.4. Versatility for water disinfection

One major concern to develop novel water disinfection tech-
nology is the feasibility for pathogenic microorganism inactivation.
However, most of the previous studies only used one model bac-
terium such as E. coli to characterize the water disinfection activity
(He et al., 2019). To further test the versatility of using VL/PS/MHC
system for water disinfection, several other pathogenic bacterial
strains were also used as the targets. Staphylococcus aureus
(S. aureus) is a pathogen causing skin infections and food-borne
disease, while Pseudomonas aeruginosa (P. aeruginosa) is a path-
ogen with multidrug resistance which is responsible for hospital-
acquired infections (HAI). Fig. 8 shows the cell inactivation rate
towards P. aeruginosa and S. aureus in the PS/VL/MHC system. For
P. aeruginosa, total inactivation of 8 log cells was reached after
90 min, which was much longer than that for E. coli. For
S. aeruginosa, the complete inactivation time was extended to
120 min, suggesting that the sensitivity of different bacteria
responding to the �SO4

�-mediated process follows the order of
S. aureus < P. aeruginosa < E. coli. This phenomenon can be partially
attributed to the different structure of cell wall of the tested bac-
teria. As a Gram-positive bacterium, S. aureus has much thicker
peptidoglycan layer (20e80 nm) than that of Gram-negative bac-
terium (10 nm) (Chen et al., 2013), which results in higher oxidation
resistant to �SO4

� attacking. As a Gram-negative bacterium,
P. aeruginosa possesses multidrug resistant genes, which makes it
has higher resistance than Gram-negative E. coli. Nevertheless,
these results indicate that the present system is effective to inac-
tivate both Gram-negative, Gram-positive as well as drug-resistant
pathogenic bacteria, exhibiting prospect for versatile disinfection
applications.
4. Conclusions

In this study, magnetic separable hydrochar was synthesized
and applied for bacterial inactivation under VL through �SO4

�-
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mediated processes. Complete inactivation of 8.0 log E. coli cells
could be achieved after 40 min, and 7.0 log cells could be treated
within 20 min, in which the efficiency was much higher than most
of the traditional photocatalytic disinfection process. The major
reactive species was found to be �SO4

� rather than �OH or �O2
�,

which caused the damage of outer membrane and triggered the up-
regulation of intracellular ROSs. The ≡Fe(II) complex in the MHC
could catalyze the decomposition of PS, while the photo-generated
electrons from MHC could be captured by PS for generating �SO4

�,
which cooperatively promote the PS activation for bacterial inac-
tivation. Moreover, the MHC could be easily recycled and used for
universal treatment of pathogenic bacteria including P. aeruginosa
and S. aureus. These results were expected to provide advanced
information not only for advancing the areas of water disinfection
using recyclable catalysts and solar energy, but also for further
studying the cell inactivation mechanism in �SO4

�-mediated
advanced oxidation processes.
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