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ABSTRACT: Harmful non-indigenous microorganism invasion caused by
ballast water discharge poses severe threats to marine environments. In this
study, a conceptual in situ photo-Fenton system without additional oxidants was

first established for ballast water sterilization. Pyromellitic acid diimine (PDI)- e ,‘

modified g-C;N, was utilized as a photocatalyst to produce H,0,, which was in § -1pesigegen PR TS \)

situ activated by Fe(II) to produce ®OH for deep oxidation. Marine bacterium ? 0- ”I o t

Vibrio alginolyticus (7 log) in ballast seawater was totally inactivated within 35 =i Rl o o *f . Protein

carbonyl
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min of visible light irradiation. Simultaneous bacterial inactivation and H,0, o pahew ™ ‘
production was monitored to confirm the in situ coupling mechanism, and «OH

instead of H,0, was determined to be the dominant reactive species. The
influence of seawater parameters, such as salinity, pH, and dissolved oxygen, on
the inactivation efficiency was revealed. In addition, the bacterial inactivation
mechanisms in terms of cell membrane rupture, intracellular enzyme activity,
and total protein change were clarified. The organic matter release profile during
bacterial lysis was probed by fluorescence excitation—emission matrix technology, which revealed minimal acute toxicity and impacts
on the marine environment. This work not only advances an external oxidant-free system for on-board ballast water sterilization
using sustainable solar energy but also creates an avenue for exploring bacterial inactivation mechanisms in seawater.
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1. INTRODUCTION sterilization process to control microorganisms such as
phytoplankton, bacteria, and viruses. Ballast water sterilization
is often realized with ultraviolet (UV) irradiation, chlorination,
ozonation, and electrochemical processes.s_8 However, UV

Cargo ships load ballast water to guarantee their stability and
operational safety during travel.' It has been estimated that
10—30 billion tons of ballast water that contains a wide variety

of biota is transferred across the world annually.z These non- irradiation usually needs to consider the recolonization of
indigenous aquatic species enter the new natural environment bacteria.”'® Ozonation has problems of high energy con-
and cause biological invasion, which results in serious sumption and corrosion of the cabin.'' Electrochemical
ecological damage and economic loss.” A notorious example methods for producing sodium hypochlorite (NaClO) for
is the discharge of ballast water that led to the invasion of sterilization also suffer from high energy input and explosive
North America by zebra mussel, which cost billions of dollars H, gas as byproducts."”

for the remediation. The potential international dissemination In this scenario, an advanced oxidative process (AOPs)
of diseases caused by pathogenic microorganisms from cargo based on hydroxyl radical (¢OH) formation has been
ship ballast water also threatens human health.” In response to considered as an alternative technology for ballast water
this issue, the Ballast Water Convention (BWC) was adopted sterilization, due to the strong oxidation characteristics of

by the United Nations International Maritime Organization
(IMO) as an international law in 2004, which requires cargo
ships to develop effective ballast water treatment systems to
control the invasive species and microorganism contamination. ]
The BWC has been effective since September 2017 and could Rec?lved: FEb_ruary 9, 2021
become more rigorous if amended in future. This convention Revised: Apr¥l 26, 2021
has stimulated intense research efforts to develop cost-effective Accepted: April 27, 2021
technologies for ballast water treatment in recent years. Published: May 3, 2021
Current ballast water treatment systems normally include a
filtration process to remove large organisms, followed by a

oOH, which has been proven to possess the ability to
inactivate various kinds of microorganisms even in high-salinity
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seawater. For instance, a ¢OH solution produced by ionization
discharge shows high efficacy for ballast water sterilization,
which has potential for large-scale on-board application.'” In
addition, the ®OH treatment is reported to produce minimal
DBPs, which pose no potential risk to the marine environ-
ment.'* However, all of the identified methods require external
high energy input, which is not sustainable. Meanwhile, the
Fenton system is well-established as one of the most powerful
technologies for generating ®OH using H,0, as the oxidant in
the presence of suitable catalysts. However, the high costs of
production, transportation, and storage of H,0, significantly
limit its sustainable application."

Fortunately, photocatalytic technology has been recognized
as a green and sustainable method for producing H,O, in
aquatic environments, because solar energy can be used as the
energy source and the photocatalysts can be recycled after
use.'°”'® Although the inactivation of pathogenic micro-
organisms by photocatalysis has been extensively investigated
by our group and other groups, most of the attempts were
conducted in only pure water or a normal saline system (0.9%
NaCl)."”™" The studies of marine bacterial inactivation in
seawater are quite scare. As mentioned above, microorganism
inactivation for ballast water/seawater sterilization requires the
production of ®OH. Therefore, it is hypothesized that the
H,0, generated during a photocatalytic process could be
coupled with a Fenton system to construct an in situ photo-
Fenton system for microorganism inactivation in seawater. It
should be noted that although traditional photo-Fenton
systems using H,0, as the oxidant have been widely
investigated,22 the in situ photo-Fenton system without the
addition of oxidants has rarely been attempted. Whether the in
situ photo-Fenton system can be used for microorganism
inactivation, especially in a seawater system, remains unclear.
In addition, most of the studies of photochemically triggered
bacterial inactivation predominantly focused on freshwater
bacteria (e.g., Escherichia coli), but the feasibility for marine
bacteria in seawater has seldom been examined. The
underlying bacterial inactivation mechanisms and the influence
of inorganic ions in seawater, as well as the toxicity assessment
of bacterial cell metabolites and debris after disinfection
treatment, on the marine environment have also not been
clarified.

In this study, the concept of an oxidant-free in situ photo-
Fenton system was proposed for application in ballast water
sterilization. The key issue for constructing the in situ photo-
Fenton system was the selection of a highly eflicient
photocatalyst that can produce H,0, in seawater. Recently,
pyromellitic acid diimine (PDI)-modified g-C;N, has been
reported to be an environmentally friendly photocatalyst for
high-efficiency H,0, production in pure water.”*~>> Therefore,
g-C;N,/PDI was used as an example photocatalyst to couple
with Fe(Il) to construct an in situ photo-Fenton system.
According to the D-2 ballast water discharge standard, the
discharge limit of Vibrio is 1 colony-forming unit (CFU)/100
mL.*® In addition, Vibrio alginolyticus was the main bacterial
species in ballast water, which was commonly used as an
indicator organism for ballast water sterilization.”” Therefore,
V. alginolyticus was used as a representative ballast water
bacterium for inactivation experiments in this study. The
feasibility of this system for bacterial inactivation was
monitored in light of H,0, production, and with respect to
the influence of Fe(Il) concentration, pH, and salinity on the
inactivation efficiency. In addition, the bacterial inactivation

1484

mechanisms, leakage of bacterial cell debris during inactivation,
and their potential toxicity risk to the marine environment
were systematically investigated. This work is expected to
provide not only a novel methodology for on-board ballast
water sterilization using abundant sunlight at sea but also an in-
depth understanding of the bacterial inactivation mechanisms
in seawater.

2. EXPERIMENTAL SECTION

2.1. Materials and Photocatalyst Synthesis. g-C;N,/
PDI was synthesized using a modified two-step calcination
method according to ref 23. Briefly, 15 g of melamine (Aldrich,
99%) was added to a crucible and heated in a muffle furnace
for 9 h at 425 °C with a heating rate of 3 °C/min to obtain
melem. The produced melem was suspended in distilled water
at 100 °C for 8 h to remove residual melamine. Subsequently,
the purified melem was uniformly mixed with an equimolar
ratio of pyromellitic dianhydride (Aldrich, 99%) in an agate
mortar. The mixture was then placed into a crucible with a lid
and calcined for 4 h at 325 °C with a heating rate of 7 °C/min.
The obtained products of g-C;N,/PDI were ground into fine
powder before use. The pristine g-C;N, was also made by
direct pyrolysis of melamine at 550 °C for 4 h. The synthesized
samples were investigated by X-ray diffraction (XRD), Fourier
transform infrared (FT-IR), scanning electron microscopy
(SEM), and photoluminescence (PL) techniques, which
confirms their successful fabrication (Figures S1—SS). The
details of the characterizations can be found in the Supporting
Information.

2.2. Photocatalytic Inactivation of Marine Bacteria.
The bacterial inactivation experiments were conducted in
seawaters that were collected from Pear]l River Estuary and
filtered by a 0.22 um filter before use. The salinity of seawaters
was approximately 28.8%o. The detailed water quality index is
shown in Table S1. V. alginolyticus was used as the marine
bacterial indicator for ballast water treatment according to a
previous report.”” The V. alginolyticus cells were cultured in
fluid 2216E media at 37 °C while being shaken for 20 h. The
harvested bacteria were washed three times with sterilized
saline (0.9% NaCl), followed by resuspension in sterilized
seawater. Then, 50 mg of g-C;N,/PDI and a certain amount of
Fe(Il) (FeSO,7H,0, Aldrich, 99%) were dispersed into SO
mL of bacterium-containing seawater (10’ CFU/mL) and kept
in the dark for 30 min before being irradiated. The system was
then illuminated using a 300 W xenon lamp equipped with a
420 nm cutoff filter. The light intensity for VL irradiation was
kept at 60 mW/cm® At a fixed interval, the samples were
collected and serially diluted with sterile seawater. Then, a 0.1
mL sample dilution was promptly spread on 2216E agar plates
to identify the viable cells. All of the experiments described
above were performed three times.

2.3. Analysis. The concentration of photo%enerated H,0,
was determined by the DPD/POD method,” and detailed
information can be found in the Supporting Information. The
production of ®OH was studied by the method of photo-
luminescence with coumarin (excitation at 332 nm, emission at
460 nm).”” Intracellular levels of reactive oxygen species
(ROS) were analyzed by a Reactive Oxygen Species Assay Kit
using fluorogeic dye 2’,7'-dichlorofluorescein diacetate
(DCFH-DA) (S0033, Boyotimc=.).30’31 The Bacterial Protein
Extraction Kit (C600596, Sangon Biotech) was used to extract
intracellular enzyme proteins, and then the Modified Bradford
Protein Assay Kit (CS03041, Sangon Biotech) and the
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Figure 1. (a) Comparison of photocatalytic H,O, production in deionized water (DI) and seawater (SW) using g-C;N, and g-C;N,/PDI as the
photocatalysts (or with the addition of 1.8 mM Fe®*). (b) Photocatalytic H,0, production over g-C;N,/PDI in DI and SW under air, N,, and O,-
saturated conditions. Experimental conditions: 1.0 g/L catalyst, A > 420 nm, T = 30 °C, [pH], = 8.1.

Catalase Assay Kit (S0051, Boyotime) were used to determine
the protein concentration and CAT activity, respectively. The
changes in the morphology of the bacteria during inactivation
were studied by SEM (Hitachi SU8200), and the detailed SEM
sample preparation protocol is outlined in the Supporting
Information. The dissolved oxygen concentrations in seawater
and deionized water were measured by a dissolved oxygen
meter (ST300D, OHAUS). The concentration of dissolved
organic carbon was measured by a total organic carbon
analyzer (TOC VCPH, Shimadzu). Samples were collected
from the reaction medium and filtered with a 0.45 pm
membrane before analysis. The three-dimensional excitation—
emission matrix (EEM) spectrum of the sample was obtained
using a fluorescence spectrometer (FLS1000). The excitation
wavelength was scanned from 220 to 500 nm, and the emission
wavelength was scanned from 300 to 500 nm. Parallel factor
analysis (PARAFAC) of EEM data for all samples was
conducted using the DOMFluor toolbox in Matlab according
to the method of Stedmon and Bor.”

Acute toxicity was tested with bioluminescent bacterium
Vibrio fischeri as the subject organism. Samples were mixed
with a V. fischeri suspension for a 15 min incubation, which
was then tested by a DXY-3 toxicity analyzer (Nanjing Quark
Technology). V. fischeri incubated in seawater without catalysts
was used as the control group. The acute toxicity was
estimated by the inhibition ratio (IR) of bioluminescence,
which was calculated with the equation IR = (I, — I,)/I,, where
I. and I are the bioluminescence intensities of the control
group and sample solutions, respectively. The variations of the
inorganic ion concentration during the reaction were also
measured by inductively coupled plasma mass spectrometry
(ICP-MS) (Thermo Fisher, ICAP RQ).

3. RESULTS AND DISCUSSION

3.1. Photocatalytic Production of H,0,. Understanding
photocatalytic H,O, production performance in aqueous
medium under VL irradiation is an essential prerequisite for
constructing the in situ photo-Fenton system, especially in a
seawater system. Therefore, the H,0, production efliciency in
deionized water and seawater was compared. Figure la shows
that very little H,O, was produced by pristine g-C;N, in both
deionized water and seawater (~4 ymol/L). In contrast, g-
C;N,/PDI can produce 223.9 pymol of H,0,/L in deionized
water within 120 min of VL illumination, which is noticeably
S0 times higher than that of bare g-C;N,. This could be
attributed to the results showing that the introduction of PDI
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units into g-C;N, frameworks could promote the VL
absorption capacity (Figure S2) and improve the charge
transfer efficiency, as confirmed by the deceased PL intensity
(Figure S4) and fluorescence decay lifetime (Figure SS). It was
also interesting to find that H,O, production still reached
199.9 umol/L in seawater, which was similar to or only slightly
lower than that in deionized water. The slightly lower H,O,
production efficiency may be due to the difference in dissolved
oxygen in seawater and deionized water. The dissolved oxygen
concentrations in seawater and deionized water were measured
to be 5.3 and 8.1 mg/L, respectively. Therefore, the dissolved
oxygen concentration in seawater was lower than that of
deionized water, resulting in the slightly lower H,0,
production activity. The efficiency of solar-to-chemical
conversion (SCC) for H,0, production in seawater was
calculated to be 0.1%, which was also similar to that in a
deionized water system (Figure S6) and consistent with a
previous study.”” In seawater, although organic and inorganic
substances were supposed to inhibit the photocatalytic
reaction, some ions such as CI”™ were also reported to act as
h* trapping agents to promote H,0, production,”” because the
efficient trapping of h" prevented h"—e™ recombination; thus,
more e~ could be used for H,O, production via the O,
reduction pathway. The compromise of positive and negative
effects led to H,0, production not being significantly affected
by the seawater/marine environment. The H,0, concentration
in the system decreased to almost zero with the addition of
Fe(1l), which indicates that the produced H,0, can be
promptly activated by Fenton reactions and decomposed for
subsequent marine bacterial inactivation applications.

The influence of dissolved O, on the production efficiency
of H,0, was further studied. Figure 1b demonstrates that the
H,0, yield in deionized water increases dramatically to 449.3
umol/L under O, bubbling conditions with an increase in SCC
to 0.12% (Figure S6) and decreases significantly under N,
bubbling conditions. This further confirms that H,O,
production follows the photogenerated e -mediated O,
reduction pathway, because increasing the level of dissolved
O, can improve the reaction efficiency.”’ Therefore, dissolved
O, has a strong influence on the production of H,O, in
deionized water. However, the produced H,0O, concentrations
in seawater under O, bubbling, air equilibrium, and N,
bubbling conditions were almost similar, suggesting the
dissolved O, had a much weaker influence on H,0,
production in seawater than in deionized water, which also
indicates that the seawater has a buffering effect on H,O,
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ACS EST Water 2021, 1, 1483-1494


http://pubs.acs.org/doi/suppl/10.1021/acsestwater.1c00048/suppl_file/ew1c00048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.1c00048/suppl_file/ew1c00048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.1c00048/suppl_file/ew1c00048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.1c00048/suppl_file/ew1c00048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.1c00048/suppl_file/ew1c00048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.1c00048/suppl_file/ew1c00048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsestwater.1c00048/suppl_file/ew1c00048_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00048?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00048?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00048?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00048?fig=fig1&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.1c00048?rel=cite-as&ref=PDF&jav=VoR

ACS ES&T Water

pubs.acs.org/estwater

(@)

—=—g-C3Ny
—o—g-C3N4/PDI

Cell density (log cfu/mL)

Cell density (log cfu/mL)

8
74

6 -
54

44

41 e gcyNgPDIHF 1 -
34 -—v—g-C3N4/PDI (Dark) 3 —=—1.8 mM of Fe
—a«— Light control 1 ——0.9 mM of Fe2+
219 Blank 2+ 2+
{ —4*—2.7 mM of Fe
14 14
0 U by U U U 0 T T T t T T
& 0 20 3 40 S0 60 0 10 20 30 40 50 60
Time (min) Time (min)
8
Py
= 3.1@
g £ .
~ Ry 3
£ r 6
[3) [3)
bn bn 5 |
S =)
= < 44
=y iy 3] ™ 0, 1
E’ E’ —e— Air
) O 24
= = —4—N
=] = 1- 2
) )
Q Q
0 T T T T T T 1 T 1
0 10 20 30 40 50 0 5 10 15 20 25 30 35 40 45

Time (min)

Time (min)

(e)

n
1

4

N w
1 1

Cell density (log cfu/mL)

=]

—=— Salinity = 28.8
—e— Salinity = 20
—A— Salinity =10

—v— Dark (salinity = 20)

—<— Dark (salinity = 10)

5 10

<

T

15

20

25 30 35 40 45

Time (min)

Figure 2. (a) In situ photo-Fenton inactivation of V. alginolyticus in g-C;N,, g-C;N,/PDI, and g-C;N,/PDI/Fe®" systems. (b) Effect of Fe**
concentration, (c) pH, (d) atmosphere, and (e) salinity on the bacterial inactivation efficiency in the g-C;N,/PDI/Fe*" system. Experimental
conditions: cell density of 7 log CFU/mL, 1.0 g/L catalyst, A > 420 nm, T = 30 °C, [pH], = 8.1.

production. Because the influence of dissolved O, was not
significant, this system showed potential to be applied under
both aerobic and anaerobic conditions, exhibiting a wide
application value. It was also interesting to find that even in the
presence of N, purging, g-C;N,/PDI could still produce >100
uM H,0,, which might be derived from two-electron water
oxidation by photogenerated holes. The introduction of PDI
units into g-C;N, frameworks could positively shift the
position of VB and increase the oxidation capacity, resulting
in an increase in H,0, production efficiency.”***

3.2. In Situ Photo-Fenton Inactivation of Bacteria. V.
alginolyticus was the most dominant pathogenic bacterium in
ballast water, which needs to be strictly restricted according to
the Ballast Water Management Convention (BWMC) guide-
lines.”® Therefore, the bacterial inactivation activity was tested
using V. alginolyticus as a model species in seawater under VL

1486

irradiation. Pristine g-C;N, had no photocatalytic inactivation
effect on V. alginolyticus, while ~6.5 log of V. alginolyticus was
inactivated within 60 min by using PDI-modified g-C;N,
(Figure 2a). This was obviously due to the enhanced
production of H,0O,, because the H,O, can act as a germicide
and predominant species in photocatalytic bacterial inactiva-
tion processes.’® Interestingly, with the incorporation of Fe?,
the inactivation efficiency was further improved remarkably
and total inactivation of all V. alginolyticus was achieved within
35 min of VL irradiation. It has been reported that an
electrochemical method for inactivation of V. alginolyticus
could achieve only 3.0 log reduction within 1 h.”” Other
advanced oxidation technologies, such as UV/O; UV/Ag-
TiO,, and UV/Ag-TiO,/0;, were able to inactivate 5.0 log V.
alginolyticus within 5 min.”’ However, these systems can
operate under UV irradiation only with the addition of strong
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Figure 3. Simultaneous monitoring of bacterial inactivation and the in situ-generated H,O, concentration in (a) g-C;N,/PDI and (b) g-C;N,/
PDI/Fe** systems. (c) Fluorescence spectra of a coumarin solution (1 mM) in the g-C;N,/PDI/Fe** system. (d) V. alginolyticus inactivation
efficiency with different scavengers (0.5 mmol/L isopropanol and 0.1 mmol/L TEMPOL). Experimental conditions: cell density of 7 log CFU/mL,
1.0 g/L catalyst, [Fe’*] = 1.8 mM, 4 > 420 nm, T = 30 °C, [pH], = 8.1.

oxidants (i.e., O;), which is costly and energy intensive. In
addition, the achieved bacterial inactivation performance in the
g-C;N,/PDI/Fe*" system was higher than those of almost all
of the g-C;N,-based photocatalysts reported so far (Table S2).
It was noted that existing studies have validated the effective
inactivation of freshwater bacteria (e.g., E. coli) by g-C3N,-
based photocatalysts.”®*” However, in this study, pristine g-
C;N, had a negligible inactivation effect on V. alginolyticus,
suggesting inactivation of marine bacteria in seawater was
much more difficult. This result indicates the in situ photo-
Fenton system shows promise for marine bacterial inactivation
in seawater.

The relationships between bacterial inactivation efficiency
and several operation factors were also investigated. For the
effect of Fe* dosage, it was found that the bacterial
inactivation performance was first increased with an increase
in Fe’* concentration from 0.9 to 1.8 mM and then decreased
when the Fe®* concentration further increased to 2.7 mM
(Figure 2b). The highest inactivation efficiency was obtained
with an Fe®" concentration of ~1.8 mM. The decrease in
inactivation efficiency at high Fe** dosage was probably due to
the fact that excess Fe** could react with ¢OH to form Fe®*
and OH™, which consumes ®OH thus leading to the decrease
in the oxidation capacity of the Fenton system.**~** To further
study the pH effect, the reaction was first carried out under
natural seawater conditions (pH 8.1) without pH adjustment.
Then, comparative experiments were also performed by
adjusting the pH using dilute HCl and NaOH solutions. As
shown in Figure 2¢, the inactivation efficiency was improved
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with a decrease in pH, while a high efficiency was maintained
when the pH was increased to 10, suggesting pH is an
important experimental parameter that influences the dis-
infection efficiency. Traditional homogeneous Fenton systems
are operated under acidic conditions, and pH preconditioning
is usually required.*’ In contrast, the in situ photo-Fenton
system presented here can be operated in alkaline seawater
without the need for pH preadjustment.

The sterilization effect could be further improved with the
introduction of O, and inhibited with N, aeration (Figure 2d).
Given that the H,0, production efficiency was not significantly
affected by dissolved O,, the improvement in sterilization
efficiency may be attributed to the enhanced production of
other ROS, such as @0O,~, which will be verified by subsequent
scavenging experiments (see Figure 3d). In general, complete
inactivation of V. alginolyticus was reached within 30—45 min
under different gas bubbling conditions, suggesting the
influence of aerobic or anaerobic conditions on the inactivation
efficiency in this new photo-Fenton system was not significant.
To further investigate the effect of salinity, the experiments
were conducted in seawater with different salinities (10—
28.8%o0). The results show that the inactivation was gradually
inhibited by an increase in salinity (Figure 2e), suggesting
salinity might be the major factor in defining the bacterial
inactivation efficiency. To further study the effect of CI”
(major ions in seawater), additional experiments were
conducted in a saline solution prepared with only NaCl with
the same salinity as natural seawater (28.8%0c). The results
demonstrated that V. alginolyticus inactivation was significantly
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Figure 4. Fluorescence microscopic images and scanning electron microscopy (SEM) images of V. alginolyticus cells treated by the g-C;N,/PDI/
Fe®* system with different VL irradiation times: (al and a2) 0 min, (bl and b2) 20 min, and (cl and ¢2) 30 min. Experimental conditions: cell
density of 7 log cfu/mL, 1.0 g/L catalyst, [Fe**] = 1.8 mM, A > 420 nm, T = 30 °C, [pH], = 8.1.

enhanced, as the bacterial cells could be completely inactivated
in only 15 min (Figure S7), indicating the salinity with Cl~ was
not the major inhibitory factor. These results indicate that
natural seawater contained micronutrients rather than CI™ that
can “protect” the bacterial cells from external oxidation
damage, making the sterilization much more difficult in
seawater than in freshwater even with the same salinity.

3.3. Roles of Reactive Species. To double confirm the in
situ coupling mechanism and study the role of reactive species,
the relationship between H,0O, production and bacterial
inactivation was studied by simultaneously monitoring the
bactericidal activity and H,O, production. In the g-C;N,/PDI
system, the complete inactivation of V. alginolyticus was
observed within 50 min, while H,0, production gradually
increased to 48.9 umol/L in the meantime (Figure 3a). After
the addition of Fe?* as an activator, although the inactivation
efficiency was greatly improved, H,O, production was not
detected in the g-C;N,/PDI/Fe** system (Figure 3b). This
suggests the improvement of bactericidal activity is caused by
the in situ activation of H,O, to produce ®OH, instead of the
H,0, itself. To verify this point, control experiments were
conducted by directly adding a H,0O, solution to test the
disinfection in the seawater environment and it was found that
the H,O, concentration needed to reach 400 pumol/L to
achieve a significant sterilization effect (Figure S8), which far
exceeded the amount of H,0, produced by g-C;N,/PDI
within the test period of 60 min. Therefore, H,0, was not the
reason for the high sterilization efficiency in this system;
instead, the ®OH produced by Fe*'-triggered Fenton reaction
should be the major reactive species.

To further verify that H,O, was activated in situ, coumarin
was used as a captor to monitor ®OH production, because
coumarin can react with ®OH to generate 7-hydroxycoumarin
that has sensitive fluorescence properties.**”* As shown in
Figure 3c, the fluorescence intensity of 7-hydroxycoumarin
increased with irradiation time, indicating H,0, was
successfully activated; thus, ®OH was generated under VL
irradiation. To further study whether the bacterial inactivation
was caused by ®OH, scavengers were used to suppress the
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oOH-mediated processes during photocatalytic inactivation of
V. alginolyticus, employing isopropanol for eOH"" and
TEMPOL (1-Al-oxidanyl-2,2,6,6-tetramethylpiperidin-4-ol)
for 0,™.*% As shown in Figure 3d, the inactivation efficiency
was significantly inhibited upon the addition of isopropanol,
and an only 2.5 log reduction of V. alginolyticus was obtained
within 35 min, suggesting that eOH was involved in the
process of bacterial inactivation. With the addition of
TEMPOL to quench 0,7, the inactivation efficiency was
further inhibited (only 2.1 log reduction within 35 min), which
could be attributed to two reasons. (1) eO,” was reported to
be the precursor for H,0, production;** thus, the quenching
of €0, would lead to a decrease in the levels of H,O, and
eOH. (2) €O,  could be also directly involved in V.
alginolyticus inactivation, which is supported by a previous
study in which @0, can directly inactivate E. coli cells.* In
general, in the in situ photo-Fenton system presented here, the
H,0, was produced by the photocatalyst (i.e., g-C;N,/PDI).
The produced H,0, was activated in situ by Fe(1I) to generate
oOH, which was responsible for the inactivation of V.
alginolyticus cells. Therefore, no external oxidants (i.e., H,O,)
were required, while for traditional advanced oxidation
processes, external oxidants were needed to trigger the
reactions.

3.4. Bacterial Inactivation Mechanism. The in-depth
exploration of the bacterial inactivation mechanism is vitally
important to develop effective disinfection methods; thus, the
ballast water bacterial inactivation mechanism and processes by
the in situ photo-Fenton system were further studied. The
bacterial cell envelope might be the first attacking sites during
bacterial inactivation by ROS. Thus, the bacterial cell
membrane integrity was visually studied through a SYTO 9/
PI fluorescence assay as reported in ref 49. SYTO 9 is a green
fluorescence and membrane permeable dye for nucleic acid
staining in live bacteria, while PI can enter only through a
damaged bacterial membrane, which can quench SYTO 9
emission, producing red fluorescence to locate dead bacteria. It
was found that in addition to the orange-yellow fluorescence
from the catalyst, bacterial cells at the initial stage showed
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green fluorescence (Figure 4al), suggesting the cell membrane
was intact at the beginning. After treatment for 20 min, the
number of red fluorescent cells increased (Figure 4b1). Finally,
almost all of the cells became red after treatment for 30 min
(Figure 4cl), suggesting that the cell membrane was ruptured
and the cell lysis efficiency reached almost 100% after the
inactivation treatment. The morphology changes of V.
alginolyticus during the inactivation were further investigated
by SEM. Obviously, untreated V. alginolyticus formed plump
rod shapes (Figure 4a2). After light irradiation for 20 min, the
cell membrane began to wrinkle and pores appeared (Figure
4b2). Finally, the cell membrane was severely damaged, and
the cells were mostly concave after treatment for 30 min
(Figure 4c2). Because cell metabolism occurs on the cell
membrane in prokaryotes, the disruption of the cell membrane
results in metabolic arrest, leading to cell death.°
Meanwhile, endogenous damage caused by oxidative stress
(intracellular ROS) may also result in bacterial inactivation.”'
To verify this assumption, fluorescent probe DCFH-DA was
used to detect the intracellular ROS level. After the DCFH-DA
entered the cell, its enzymatic hydrolysis product, DCFH,
could not be released if the cell membrane remained intact. It
was found that the intracellular ROS level decreased
remarkably with reaction time (Figure Sa), suggesting the
intracellular oxidative stress was released due to the damage to
the membrane. This result also indicates that rapid and massive
oOH generated in this system oxidizes cell membranes
promptly, causing bacteria to die before generating intracellular
oxidative stress. To further confirm this claim, the activity of
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CAT was also tested. The results show that the CAT activity
was increased promptly in the first 10 min and then decreased
thereafter (Figure Sb), which is generally consistent with the
trend of the intracellular ROS level. The initial increase in
CAT activity indicates the cells were also subjected to H,0,
stress at the beginning of the in situ Fenton reaction, which
doubly confirms that the first event in this system is generation
of H,0,, leading to upregulation of intracellular oxidative
stress, followed by activation of H,0O, to produce ®OH causing
subsequent complete destruction of the cells.

The destruction processes were then studied by monitoring
the changes in total soluble protein and dissolved organic
carbon. The initial concentration of the total protein is 478
pumol/L, which originated from cell metabolism. With
continuous treatment, the protein concentration increased
quickly and reached the highest value (667 ymol/L) within 10
min of VL irradiation (Figure Sc), which can be ascribed to cell
membrane damage leading to intracellular protein efflux.
Thereafter, the protein concentration began to decrease,
suggesting the intracellular proteins, including antioxidant
enzymes, were overwhelmed and degraded by ROS attack-
ing.51 In addition, damage to the cell membrane could also
lead to the loss of membrane-associated protein.”> Moreover,
dissolved organic carbon (DOC) was also monitored during
the bacterial inactivation process, and the concentration
continued to increase as the reaction progressed within 60
min (Figure Sd), which provides additional evidence that the
inactivation process destroys the cell membrane, causing the
release of biomacromolecule organics into the external
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environment. It should be noted that although macromolecules
such as protein can be degraded, the complete mineralization
of intracellular organic molecules is not reached completely,
probably due to the short treatment time. This phenomenon
has also been found in previous photocatalytic bacterial
inactivation systerns.s"”54

3.5. Evolution of Toxicity during the Release of
Residues. To understand the impact of released organic
matter on the water environment after photocatalytic treat-
ment by the in situ photo-Fenton system, fluorescence EEM
combined with PARAFAC was used to characterize the release
profiles during bacterial inactivation. Figure 6a depicts that
there was no fluorescence of sterile seawater used in the
experiments, excluding the possible background EEM signals
from seawater. After the addition of V. alginolyticus and
catalysts with a 30 min dark incubation, two distinct peaks at
excitation and emission wavelengths of 250 and 365 nm,
respectively (peak A), and 220 and 460 nm, respectively (peak
B), appeared (Figure 6b). According to previous studies,
fluorescent peak A can be assigned to tryptophan-like
proteins.”> ™" It was noticed that the intensity of peak A
increased gradually in the first 30 min and then decreased
thereafter (Figure 6b—h). This trend is consistent with the
protein concentration change mentioned above (Figure Sc),
suggesting tryptophan-like proteins were really released as a
result of membrane rupture, which could be further
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decomposed by @OH. Fluorescent peak B was reported to
arise from pteridine compounds, which are believed to be cell
metabolites widely presented in bacteria according to ref 58.
Upon treatment for 10 min, fluorescent peak B rapidly
decreased and became completely disappeared within 10 min
(Figure 6b—h), suggesting that the bacterial metabolites could
also be degraded in this system.

The changes in major seawater quality parameters were also
monitored during the inactivation process (Table S1). The
sterilization experiments were conducted in seawater without
buffer solutions. The initial pH of bacterium-contaminated
seawater was determined to be 8.1, which decreased to 3.96
after the in situ photo-Fenton treatment for 40 min. As the pH
value decreases, the level of the photoactive iron complex
Fe(OH)* increases, thereby accelerating the inactivation of
bacteria. In addition, the K™ concentration was observed to be
significantly increased by ~824 times, which is another
indicator of cell membrane damage resulting in leakage of K*.>
Those of other ions, including Na*, Ca**, Mg*, CI-, SO,*",
and Br~, were not changed significantly or only slightly
increased, probably due to water evaporation during the
treatment process. The inorganic ions may be adsorbed on the
cells to form a protective layer, thus preventing the bacteria
from ROS attacking.”” Natural seawater contains many
inorganic ions and organic ions, so it is difficult to predict
the interaction of various ions in this system. Even so, the
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present g-C;N,/PDI/Fe** photo-Fenton system is effective for
the sterilization in seawater under visible light illumination.
To further assess the impact of possible released disinfection
byproducts on this sterilization method in the marine water
environment, the acute toxicity of the filtered reaction medium
was evaluated using luminescent bacterium V. fischeri as a
probe according to the methodology in ref 61. The inhibition
of the bioluminescence of V. fischeri upon exposure to a
toxicant can be used to indicate the acute toxicity. The
traditional sodium hypochlorite disinfection method was used
as a control.®” Figure 6i shows the relative percentage
inhibition of luminescent bacteria incubated with a filtered
reaction solution during different treatment times. Obviously,
the IR of luminescent bacteria after inactivation treatment by
the g-C;N,/PDI/ Fe?* system remains below 20%. However,
when sodium hypochlorite was used for the inactivation, the
luminescent bacteria are inhibited by >80%, suggesting the
effluents of the traditional sodium hypochlorite inactivation
method are highly toxic to the marine environment. These
results further confirm that the g-C;N,/PDI/Fe?* in situ photo-
Fenton inactivation technology is green and environmentally
friendly with the inactivation effluents having low cytotoxicity.

4. CONCLUSIONS

Current ballast water sterilization technologies are mostly
based on consuming-type chemical oxidants (i.e., halogenated
disinfectants, peroxides, and persulfates) or require a large
amount of energy (ie, UV irradiation and electrochemical
methods). This study provides a new in situ photo-Fenton
system for marine bacterial inactivation in seawater. g-C;N,/
PDI was utilized as a model photocatalyst to produce H,0,,
which was activated in situ by Fe(Il) to produce eOH for
bacterial inactivation. V. alginolyticus (7 log) in ballast seawater
could be totally inactivated within 35 min of VL irradiation.
The proposed in situ photo-Fenton system can compete in at
least four aspects. (i) The oxidants are continuously generated
in situ by photocatalysis; thus, no external disinfectants (i.e.,
H,0,) are required. The mode of spontaneous generation of
oxidants is also superior to the sequential batch addition mode
of oxidants, which would further reduce the costs of operation.
(i) The system is active under VL irradiation, avoiding the use
of high-intensity UV lamp irradiation. Thus, on-board
treatment can be realized using the abundant sunlight energy
at sea, which fulfills the requirements of sustainable develop-
ment. (iii) Compared with a traditional Fenton system in
which an acidic condition is required, the system presented
here can be operated directly in alkaline seawater without the
need for pH preadjustment. (iv) The possible released organic
matter and disinfection byproducts have minimal toxicity and a
weaker impact on the marine water environment. In addition
to the advantage of using sunlight as the energy source, the g-
C;N, catalyst is also inexpensive and environmentally friendly.
The system does not require additional H,O, or other oxidants
compared to the ordinary Fenton method. Therefore, this
technology shows advantages in various aspects of energy
conservation. More generally, the system that can be further
promoted by changing high-efficiency H,0O, production
photocatalysts and assembled with Fenton catalysts for
consolidation is versatile. In addition, mechanistic insights
regarding bacterial inactivation processes in terms of cell
membrane rapture, intracellular enzyme activity, total protein
changes, and intracellular release profiles were clarified, which
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will provide additional insights for exploring marine bacterial
inactivation mechanisms in seawater.
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