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Virus inactivation

The photo-Fenton process is effective for pathogen removal, and its low-cost versions can be applied in resource-
poor contexts. Herein, a photo-Fenton-like system was proposed using low concentrations of iron oxides (he-
matite and magnetite) and persulfates (peroxymonosulfate — PMS, and peroxydisulfate - PDS), which exhibited
excellent inactivation performance towards MS2 bacteriophages. In the presence of bacteria, MS2 inactivation
was inhibited in HoO, and PDS systems but promoted in PMS-involved systems. The inactivation efficacy of all
the proposed systems for mixed bacteria and viruses was greater than that of the sole bacteria, showing potential
practical applications. The inactivation performance of humic acid-incorporated iron oxides mediating photo-
Fenton-like processes was also studied; except for the PMS-involved system, the inactivation efficacy of the
H,02- and PDS-involved systems was inhibited, but the PDS-involved system was still acceptable (< 2 h).
Reactive species exploration experiments indicated that -OH was the main radical in the H,O, and PDS systems,
whereas 10, played a key role in the PMS-involved system. In summary, hematite- and magnetite-mediated
persulfate-assisted photo-Fenton-like systems at low concentrations can be used as alternatives to the photo-
Fenton process for virus inactivation in sunny areas, providing more possibilities for point-of-use drinking
water treatment in developing countries.

disinfection process must be considered (Meireles et al., 2016;
Lopez-Vinent et al., 2021). More importantly, in some remote rural areas
of developing countries where there are no drinking water treatment
facilities, cheap, effective, safe, easy-to-operate, and sustainable

1. Introduction

Drinking water safety remains a problem worldwide, particularly in
less developed countries. Pathogens in water can cause illnesses such as

polio, cholera, hepatitis A, and diarrhea. It is estimated that each year,
approximately 829,000 people die from diarrhea, which is caused by
poor sanitation and consumption of substandard drinking water
(McGuigan et al., 2012; Rodriguez-Chueca et al., 2019). Although con-
ventional disinfection techniques, such as chlorination and ozonation,
can effectively disinfect pathogens, the high operational costs (for these
contexts) and toxic disinfection byproducts (DBPs) formed during the
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point-of-use water disinfection approaches should be developed.
Advanced oxidation processes (AOPs) can produce strongly reactive
oxygen species and are considered potential alternatives to inactivate
pathogens in water (Cibati et al., 2022; Lopez-Vinent et al., 2021).
Among various AOPs, the Fenton process is one of the most widely
studied because of its strong oxidation ability and simple operation. In
recent years, the photo-Fenton process has attracted considerable
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attention because of its excellent oxidation performance and the possi-
bility of using solar energy as the driving force. Generally, photo-Fenton
processes are used for the treatment of contaminants (Malato et al.,
2009); however, there are considerably fewer studies on this process for
pathogen inactivation.

Therefore, the use of iron (hydro)oxides with good chemical stability
as iron sources to fuel the heterogeneous photo-Fenton process seems to
be a feasible alternative, as previous studies have shown that iron-
bearing minerals, such as hematite, magnetite, goethite, and ferrihy-
drite, can oxidize organic contaminants over a wide pH range when
combined with HyO, (Lin and Gurol, 1998; Pignatello et al., 2006).
Nieto-Juarez et al. used four commercial iron (hydro)oxides to catalyze
H,0, peroxide bond breakage under solar light irradiation for MS2
bacteriophage inactivation, and found that the virus could be effectively
inactivated by heterogeneous Fenton-like processes at neutral pH (Nie-
to-Juarez and Kohn, 2013). Similarly, in a previous study, under
near-neutral pH conditions, iron-oxide-mediated heterogeneous
photo-Fenton processes exhibited good performance for MS2 bacterio-
phage inactivation in wastewater, even with low amounts of iron oxides
and H0- (Giannakis et al., 2017). These cases indicate that iron oxides
are good alternatives to soluble iron, providing more possibilities for
practical application of the photo-Fenton process.

Although the iron oxide-mediated photo-Fenton process can achieve
interesting oxidation performance, it still has significant drawbacks. For
instance, HyO, decomposes easily and its liquid form leads to inconve-
nient transportation and storage owing to security concerns, which
narrows the application scope of the technique. Hence, persulfates
(peroxymonosulfate (PMS) and peroxydisulfate (PDS)) can be consid-
ered as alternative oxidants for the photo-Fenton-like process because
they are solids at ambient temperatures and are more stable than Hy05.
This is one of the main reasons why sulfate radical (SO3~)-based AOPs
have recently attracted much attention. Besides, SO~ has a higher redox
potential (SO5: E® = 2.5-3.1 V vs NHE, ¢OH: E® = 1.9-2.7 V vs NHE), a
longer lifetime compared with ¢OH (30-40 ps), and generally, SR-AOPs
are less affected by pH value (Nie et al., 2015; Berruti et al., 2023).

Several studies have reported that persulfate-based AOPs can effec-
tively remove organic pollutants from water (Nie et al., 2015; Berruti
et al., 2023). Therefore, this technique can be considered as an effective
alternative to conventional disinfection approaches. Considering that
various studies have used HoO, to enhance photocatalysis, PMS and PDS
are also good electron acceptors, aiding the separation of the
photo-induced electron-hole pairs of the semiconductor to produce more
reactive species for virus inactivation. However, virus inactivation using
persulfate-based AOPs has not been extensively studied (Marjanovic
etal., 2018). To the best of our knowledge, no study has investigated and
compared virus inactivation by heterogeneous photo-Fenton processes
using iron oxides in photo-Fenton-like processes with PMS and PDS as
oxidants. The inactivation efficacy and mechanism of this technique
remain unclear and require further in-depth investigation.

Therefore, this study aimed to study and compare the virus inacti-
vation performance of iron oxides that mediate photo-Fenton-like pro-
cesses using PMS and PDS as oxidants under near-neutral conditions.
Hematite and magnetite, the two most common iron oxides found in
natural environments, were selected as representatives of iron oxides
and were synthesized using a simple method under laboratory condi-
tions. The MS2 bacteriophage was chosen as the model virus because of
its easy purification and rapid cultivation; however, it is not pathogenic
to humans (Kuzmanovic et al., 2006) and has been frequently used as a
model virus in many studies on microorganism inactivation, owing to its
resistance to light-mediated disinfection. The inactivation performances
of the different systems were assessed and compared to clarify the role of
iron oxides, either as semiconductors or iron sources, in
photo-Fenton-like processes. The influence of bacterial competition on
inactivation performance was also assessed. In addition, it has been
reported that the natural organic matter (NOM) is conducive to the
complexation and solubilization of iron (Ruales-Lonfat et al., 2015), and
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the humic acid (HA, one of the most representative NOM) modified iron
oxides has been studied in the heterogeneous photo-Fenton process for
organic pollutant removal (Gongalves et al., 2020), while its perfor-
mance in heterogeneous photo-Fenton-like process for pathogens inac-
tivation in water remains unclear, considering a series of advantages of
NOM, this issue is worth exploring. Moreover, to better understand the
mechanism of virus inactivation, the reactive species involved in each
combined system were identified using quenching experiments and EPR
tests. Finally, the underlying inactivation mechanism was proposed.

2. Materials and methods
2.1. Chemicals and reagents

Potassium peroxymonosulfate (Oxone™, Sigma-Aldrich,
Switzerland), sodium persulfate (NaS;Og, Sigma-Aldrich, Switzerland),
and hydrogen peroxide (H303, 30% w/v, Sigma-Aldrich, Switzerland)
were used as the oxidants. Isopropanol (IPA, Merck, Spain), tert-butanol
(TBA, Merck, Spain), deuterium oxide (D0, Merck, Spain), and super-
oxide dismutase (SOD, Merck, Spain) were used to identify reactive
species. Hydrochloric acid (HCl, 36.5 %; Merck, Spain) and sodium
hydroxide (NaOH, 98 %; Merck, Spain) were used to adjust the solution
pH. All chemicals were reagent grade or above, and all solutions used in
the experiments were prepared in purified water using a Millipore Elix 3
system equipped with a Progard filter (Millipore AG, Zug, Switzerland).

2.2. Preparation and characterization of iron oxides

The specific preparation and characterization methods of the iron
oxides are presented in Text S1.

2.3. Microorganisms and quantification methods

The MS2 bacteriophage (DSMZ 13,767) and its E. coli host bacteria
(DSMZ5695, antibiotic-resistant, 2 mg/L streptomycin) were obtained
from Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ, Germany). Preparation of the MS2 bacteriophage, including
propagation and purification, followed a procedure described elsewhere
(Ortega-Gomez et al., 2015), and cultivation of the bacteria was based
on a process similar to that used for E. coli K-12 (Giannakis et al., 2015).

The double agar layer method (DAL; EPA Method 1602, 2001) was
employed to count the number of infective MS2 bacteriophages. Plates
were incubated at 37 °C for 24 h, and the formed plaques were counted
(PFU mL 1) manually. The spread plate technique was used for bacterial
enumeration, and the standard plate counting method was used to count
the bacterial colonies after 24 h of incubation at 37 °C. The detection
limit of these methods was 10 PFU mL L.

2.4. Inactivation experiments

The inactivation experiments were conducted in a 500 mL beaker
with 150 mL of sterile carbonate buffer solution (CBS, 877 mg NaCl, and
8 mg NaHCOj3 dissolved in 1000 mL of water, pH = 8), 150 pL MS2 stock
(10° PFU mL ™) was added to the beaker, and the initial concentration of
the virus suspension in the beaker was approximately 10° PFU mL ..
Subsequently, 1 mg/L of iron oxides and 10 mg/L of oxidants from the
freshly prepared stock solutions were successively added to the beaker
under constant stirring.

The photocatalytic inactivation experiments were initiated by
turning on the UVA light lamps. An array of TLD-type lamps (BLB,
Philips) was employed as a UV light source (wavelength range: 320-400
nm, max emission at 365 nm, light irradiance at the sample: 9.55 + 0.5
W/m?), the emission spectrum of the UV light is displayed in Fig. S1. The
reaction temperature did not exceed 35 °C. During the experiments, the
samples were collected at predetermined times and immediately diluted
with CBS. All experiments were performed in triplicate, and the
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confidence level of the results was greater than 95 % (ANOVA analysis).
3. Results and discussion
3.1. Characterization of the iron oxides

The structure, morphology, and composition of the iron oxides were
presented in Text S2 and Fig. S2.

3.2. MS2 inactivation performance in heterogeneous photo-Fenton(-like)
processes

3.2.1. Hematite/Magnetite-driven HyOz-assisted processes

As shown in Fig. 1, within 120 min of reaction time, UVA alone led to
approximately only 1.9-log U inactivation, which could be because the
destruction of the virus genome by UVA impaired its infectivity to some
extent (Wigginton et al., 2012). When the two iron oxides were exposed
to light, the inactivation efficiency of the hematite-mediated system
improved, achieving 2.8-logU inactivation, whereas the inactivation
efficiency of the magnetite-mediated system was suppressed and only
1.2-log U inactivation was attained. The dark adsorption of viruses on
hematite/magnetite alone was negligible (Fig. $3); hence, changes in the
inactivation rate could be mainly related to

(1) The isoelectric points (IEP) of hematite and magnetite were 8.8
and 6.6, respectively (Table S1). Thus, under the experimental
conditions (CBS, pH 8), hematite and magnetite were positively
and negatively charged, respectively. However, the surface of
MS2 is negatively charged (Giannakis et al., 2017); owing to the
electrostatic attraction, the interactions between hematite and
MS2 are higher, and the adsorption of viruses on the surface of
the semiconductor is essential for efficient inactivation based on a
pure photocatalytic process. In contrast, owing to the electro-
static repulsion effect, there were fewer interactions between
magnetite and virus.
Hematite has a larger specific surface area (62 m2/g) than
magnetite (10 mz/g) (Table S1), which provides more photo-
reactive sites for related reactions and reactive species
generation.
(3) Iron-MS2 complexes were formed during the reaction. Previous
study has reported that owing to the interaction between the
negatively-charged MS2 virions and positively-charged Fe
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cations, a ‘virus-metal interaction’” would occur in the iron oxide
semiconductor photocatalytic process, where light-sensitize iron-
MS2 complex undergoes ligand-to-metal charge transfer (LMCT)
process (Ortega-Gomez et al., 2015). Owing to the difference in
the surface charges of the two iron oxides and MS2, as well as the
larger specific surface area, there are more chances for hematite
and MS2 to form an iron-MS2 complex, thus leading to higher
inactivation than magnetite.

H50, alone resulted in 6-log U inactivation within 20 min, which
could be attributed to the direct oxidative stress exerted by HoO. The
inactivation efficacy was further improved when H;0, was combined
with UVA, with total inactivation achieved within 10 min. Based on Eq.
(1), a synergistic effect was observed in the UVA/H304 system, with a
calculated factor of 2.1, which could be ascribed to the fact that under
UVA irradiation, the virus becomes more sensitive to oxidation (Anan-
thaswamy and Eisenstark, 1976).

koxidant/ UVA

@

Soxldant/ UVA — koxidant ¥ kUVA
When iron oxides were combined with H,O,, inactivation occurred,
but it was 10 min longer than that in the sole H,O5 exposure (20 min) in
both magnetite/H30, and hematite/H,05 systems. This demonstrates
that under the experimental conditions, the heterogeneous Fenton and
Fenton-like processes did not contribute to virus inactivation, possibly
because Hy0, was consumed in non-effective reactions (e.g., surface
Fe3* reduction). When the light was turned on, the inactivation efficacy
of both heterogeneous photo-Fenton processes dramatically increased,
with 6-log U inactivation achieved in both systems within 5 min
(shortest sampling time), indicating that the two iron oxides-mediated
heterogeneous photo-Fenton processes worked in this study.

3.2.2. Hematite/Magnetite-driven PMS-assisted processes

In the case of PMS groups, as shown in Fig. 2, PMS alone attained 2.6-
log inactivation within 120 min, and the inactivation was enhanced
when UVA was irradiated, with the total inactivation time reduced by 30
min, which could be ascribed to the synergistic effect of PMS and UVA
light, as the calculated synergy factor was 1.7, based on Eq. (1). When
combining iron oxides and PMS in the dark, the Fenton-like systems did
not work; the inactivation efficiencies of both iron oxide-mediated sys-
tems were only 2.3-log and 1.9-log, respectively, indicating that iron
oxides could not activate PMS effectively in the dark under the
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Fig. 1. MS2 bacteriophage inactivation by iron oxide in the presence or absence of UVA and H,0, for (a) magnetite and (b) hematite. Experimental conditions: [iron
oxides]=1 mg/L, [oxidants]=10 mg/L, [pH]=8. Experiments were performed in triplicate (standard error of ~ 5 %).
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Fig. 2. MS2 bacteriophage inactivation by iron oxide in the presence or absence of UVA and PMS for (a) magnetite and (b) hematite. Experimental conditions: [iron
oxides]=1 mg/L, [oxidants]=10 mg/L, [pH]=8. Experiments were performed in triplicate (standard error of ~ 5 %).

experimental conditions. When the light was turned on, the inactivation
efficacy of the proposed Fenton-like systems showed a significant
improvement, with total inactivation achieved within 60 min (magne-
tite group) and 30 min (hematite group), demonstrating that under UVA
irradiation, the two iron oxides successfully mediated the heterogeneous
photo-Fenton-like processes for MS2 inactivation.

3.2.3. Hematite/Magnetite-driven PDS-assisted processes

For the PDS group, it can be seen in Fig. 3 that under the experi-
mental conditions, PDS alone could barely inactivate the virus. Although
this process is thermodynamically similar to that of HyO (close poten-
tials), apparently the kinetics governing the reaction of the viral capsid
components with PDS are slower than those of HyO,. When irradiated by
UVA light, the inactivation performance of PDS was enhanced, with
approximately 2.9-log U inactivation attained within 120 min. Accord-
ing to Eq. (1), the calculated synergistic impact factor was 1.3. Thus, the
improved inactivation efficacy of the UVA/PDS system was attributed to
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the synergistic effect of PDS and UVA light, as discussed previously.
Similar to H,02 and PMS, the Fenton-like systems using iron oxides and
PDS were also not effective in killing the virus, implying that under
experimental conditions, iron oxides could not activate PDS. When all
three factors were present, the inactivation efficacy significantly
improved, with total inactivation achieved within 90 min (magnetite
group) and 60 min (hematite group). Based on previous study, the
degradation contributions of different processes could be obtained by
calculating the ratio of the reaction rate constants (Song et al., 2020). In
this work, although the contribution of iron oxides as photocatalysts to
corresponding photo-Fenton-like processes was only 12.7 % (magnetite,
0.02 min~? (UVA/magnetite)/0.158 min~! (UVA/magnetite/PDS)) and
20.8 % (hematite, 0.05 min~' (UVA/hematite)/0.24 min™ (UVA/-
magnetite/PDS)), respectively, the synergistic factors (based on Eq. (2))
of the two photo-Fenton-like processes were 2.7 (magnetite group) and
3.9 (hematite group), respectively, indicating that effective synergy
occurred in both iron oxide-mediated photo-Fenton-like processes.
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Fig. 3. MS2 bacteriophage inactivation by iron oxide in the presence or absence of UVA and PDS for (a) magnetite and (b) hematite. Experimental conditions: [iron
oxide]=1 mg/L, [oxidant]=10 mg/L, [pH]=8. Experiments were performed in triplicate (standard error of ~ 5 %).
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kimn oxides/oxidants/UVA ( 2)

Sirun oxides/oxidants/UVA —
kiron oxides + koxidantx + kUVA

3.2.4. Delineating the constructed heterogeneous photo-Fenton(-like)
process

Before further analyzing the inactivation process, a point worthy of
mentioning is the ineffective dark processes. The reason may be ascribed
to that under the pH condition of this study (pH=8), the two iron oxides
were easily agglomerate since the IEP of hematite and magnetite 8.8 and
6.6, respectively, the formed clumps may be ‘engulfing’ viruses and
preventing them from inactivation by oxidants. In addition, the exper-
imental matrix is CBS, which can partially scavenge the produced hy-
droxyl radicals to form carbonate radicals and active chlorine species,
which are longer-living but weaker and more selective.

The improved inactivation efficiencies of the investigated heteroge-
neous photo-Fenton-like system can be mainly attributed to the
following factors:

(1) Under UV light irradiation, iron oxides produce photogenerated
electron-hole pairs (Eqs. (3-4), as electron acceptors, the three
oxidants could react with the electrons generated in the con-
duction band (CB) of iron oxides; on one hand, the photo-
generated electron-hole pairs were separated; on the other hand,
the oxidants were also activated to produce the reactive species
for MS2 inactivation (Egs. (5-7)).

(2) Iron-oxidant complexes are formed when iron oxides contact
with oxidants (Ruales-Lonfat et al. 2015). These complexes are
photosensitive and can drive a ligand-to-metal charge transfer
(LMCT) process to generate reactive species for MS2 inactivation.
Note that, although no dissolved iron was detected using the
spectrophotometric ferrozine method, this could be attributed to
the filtering of the samples prior to testing. During a series of
redox reactions between iron oxides and oxidants, Fe** and Fe3*
will be generated and exist on the surface of iron oxides in form of
‘surface iron’, the reaction mechanism at the solid-liquid inter-
face can be considered similar to that in solution, this provides a
great possibility for the formation of iron-complex.

3) Fe®" and Fe3' on the surface of iron oxides can react with oxi-
dants to produce reactive species (Eqgs. (8-13)) (= indicates a
reaction on the surface of the oxides) (Lopez-Vinent et al., 2022).

Fe,03 + hv — Fey03 (e + h™) 3)
Fe304 + hv — Fe304 (e~ + A1) ©)]
ecg+ Ho02 — OH™ + -OH )
ecs + S208~ — SO§™ + S03~ 6)
ecs + HSO5 — SO§™ + -OH )
=Fe?" + Hy0, — =Fe>* + HO™ + -OH ®)
=Fe®* + Hy0y - =Fe?* + HO,- + H' 9)
=Fe?" + S,03~ — =Fe> + 505~ + S0F~ 10)
=Fe®* + S,08 + 1/20, —» =Fe?* + SO§~ + SOF~ + Fe0?* an
=Fe’" + HSO5 — =Fe®" + SO§~ + OH™ 12)
=Fe®* + HSO5 — =Fe?* + SOL™ + H' 13)

(4) In addition to the fact that the holes can directly oxidize the virus,
they may also activate oxidants such as HyO and PMS to
generate reactive species for virus inactivation (Eqs. (14-17))
(Machreki et al., 2024; Ruales-Lonfat et al., 2014).

Hy05 + hig — 05 + 2H" 14)
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hiz + 03 = 10, (15)
HSO5 + hip — SOY™ + H" (16)
250%™ + H,0 — 2HSOs + 10, a7

Based on the above results, it can be concluded that both hematite-
and magnetite-mediated photo-Fenton-like systems achieved satisfac-
tory virus inactivation results, although the inactivation efficacy of PMS-
and PDS-mediated processes was lower than that of HyO,. In sunny
areas, both PMS and PDS could be used as alternatives to H,O5 because
the observed reaction times are acceptable.

3.3. Influence of the presence of bacteria on virus inactivation

The above experiments were conducted using only a virus as the
target; however, microorganisms coexist in actual matrices, and they
may exert an important influence on each other’s life cycles and, by
extension, on their inactivation. Therefore, to explore whether the
proposed system can be applied to a real scenario, experiments were
conducted in reactors containing both MS2 bacteriophages and E. coli.

As shown in Fig. 4, when viruses and bacteria coexisted, except for
PMS-involved systems, virus inactivation in PDS- and H3O-involved
systems was greatly inhibited, and the time for total inactivation of both
iron oxide-mediated HyO»-involved systems prolonged from 5 to 30 min,
and PDS groups were extended by 30 min. Under these conditions,
bacteria would compete with viruses, resulting in delayed viral inacti-
vation. Interestingly, the inactivation efficacy of the PMS-containing
systems improved when E. coli was introduced to the system,
achieving total inactivation within 5 min and 10 min for magnetite and
hematite-mediated systems, respectively. There are a few possible rea-
sons for this intriguing observation:

(1) Similar to the iron-MS2 complex mentioned previously, iron can
also form complexes with bacteria (mainly through broken bacterial cell
wall components, e.g., carboxylic acids), where the bacterial cell wall is
a sacrificial electron donor, leading to an LMCT process (Eq. (18))
(Lopez-Vinent et al., 2022).

[Fe(COO — R)1*" + hv - Fe*™ + CO, + R’ (18)

The generated Fe?" continued to activate the oxidants, where the
rate constants of the Fe?*- H,0, and Fe?*- PDS reactions are 63-76 M~!
s ' and 12-27 M~! s}, respectively, which are much lower than those
of Fe?*- PMS (k = 3.0 x 10* M~! s™1), resulting in a higher inactivation
efficacy than that of HyO»- and PDS-involved systems (Lopez-Vinent
et al., 2022). Hence, bacteria may fuel the generation of reactive species
that inactivate the viruses. It should be noted that based on the test of
dissolved iron, it can be safely assumed that the contribution of this case
to the significant inactivation differences among different systems is
small.

(2) The significant differences among the oxidants could be related to
the reactive species generated. HyO, predominantly generates -OH, PDS
generates SO7 (-OH as the product of a secondary water-related reac-
tion), and PMS can produce either -OH or SO%. However, there is an
increasing body of literature concerning the generation of other species
such as singlet oxygen (10s), especially when organic compounds are
present and activate PMS (Pignatello et al., 2006). Although all three
oxidants are peroxides, the asymmetric structure (O—O bond) of PMS
can impose different reactivities. Hence, 10, was almost certainly
involved in the PMS system. Although it has been reported that -OH is
highly toxic to microbes (approximately 10 times faster with bio-
molecules than SO%) (Anipsitakis et al., 2008), 10, is more selective and
reactive with bacterial components (e.g., proteins, lipids, and nucleic
acids) because of its longer lifetime (3-5 ps) and is also highly effective
against viruses (Jiang et al., 2023; Giannakis et al., 2022). Combined
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Fig. 4. Inactivation of MS2 bacteriophages in the presence of E. coli in (a) magnetite and (b) hematite photo-Fenton-like systems. Experimental conditions: [iron
oxides]=1 mg/L, [oxidants]=10 mg/L, [pH]=8. Experiments were performed in triplicate (standard error of ~ 5 %).

with a recent report (Tian et al., 2024), it can be proposed that PMS is
further activated by cell debris in solution or by bacterial cell wall
components to produce SO as well as 102, and under the continuous
action of 10,, virus inactivation is enhanced.

It is important to state here that the second hypothesis will be
investigated by EPR and scavenging tests later, and the first hypotheses
are transferred from the relevant literature but are plausible explana-
tions for the occurrence of this phenomenon.

In addition, the proposed photo-Fenton-like systems were also used
against the sole bacteria, and sole virus and their kinetics were inves-
tigated and compared with those of coexisting bacteria and viruses. As
shown in Fig. 5, the kinetics of virus inactivation were always faster than
those of bacteria, which could be because virions have a simpler struc-
ture and are much smaller (one or two orders of magnitude) than bac-
teria (Marjanovic et al., 2018). Therefore, despite the higher surface
area of bacteria that can receive significantly more attacks than the
virion, an identical amount of reactive species generated in the reaction
system would inactivate more individual viruses, whereas multiple

3.2 T
|:| E.coli !
304 [ virus
[ E.coli and virus |
284 o —
—~ 2.6 E )
‘= Hematite ! Magnetite
é 242 . i -
=] ]
&0 06 - E
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Fig. 5. The kops of the sole E. coli, sole virus, and virus coexist with E. coli
inactivation in different photo-Fenton-like systems. Experimental conditions:
[iron oxides]=1 mg/L, [oxidants]=10 mg/L, [pH]=8. Experiments were per-
formed in triplicate (standard error of ~ 5 %).

attacks would be needed to damage a single cell of E. coli. Moreover, the
inactivation modes of the two microorganisms contributed to the inac-
tivation results. The virus can be inactivated after an attack on its
attachment protein (A) or destruction of the capsid before genome
damage. While for E. coli, besides the known intracellular events driven
by H20,, either added or self-generated (Marjanovic et al., 2018), on the
extracellular side, attacks from the heterogeneous photo-Fenton process
would have to destroy the continuity of the membrane, causing lysis and
leakage of the intracellular material. Also, it is important to note that
previous studies have found that coat proteins of the viral capsid possess
higher reactivity than biomolecules of the E. coli cell wall, leading to
faster inactivation of the virus (Zhang et al., 2020). Similar to the trend
of inactivation efficacy, the kinetics of HyO5- and PDS-involved systems
for the mixed microorganism trials was much smaller than that for the
sole virus, but higher than that of the sole bacteria. For the PMS system,
the kinetics of both iron oxides were much higher than those of the sole
virus system and sole bacterial system, implying the potential applica-
tion for dealing with mixed microbes in practice.

Although the inactivation efficacy and kinetics of PDS groups for the
mixed microorganisms were lower than those of PMS-involved ones, it
can also be considered a good alternative to Hy0,, since the time
required for complete inactivation was within 120 min, which is
acceptable for areas with intensive sunshine exposure.

3.4. Humic acid-incorporated iron oxide-mediated photo-Fenton(-like)
processes for MS2 bacteriophage inactivation

Humic acids (HA) are important components of natural organic
matter (NOM). The complex composition gives to HA peculiar adsorp-
tion, redox, and complexation characteristics (Niu et al., 2011). A pre-
vious study reported that HA can complex iron/iron oxides via different
functional groups (Rose and Waite, 2003), and can promote (Colon
et al., 2008) or inhibit (Goncalves et al., 2020) the degradation of
organic pollutants. HA-coated magnetite was successfully synthesized in
a previous study and was found to play a positive role in the heteroge-
neous photo-Fenton process for organic pollutant removal (Pignatello
et al., 2006). Nevertheless, the performance of the HA-modified iron
oxide-mediated photo-Fenton-like process for the inactivation of viruses
in water remains unclear. Hence, MS2 bacteriophage inactivation in
HA-incorporated iron oxide-mediated photo-Fenton(-like) processes
was also investigated, the details are presented in TextS3.



J. Jia et al.
3.5. Reactive species identification experiment

3.5.1. EPR tests

First, EPR experiments were performed to identify the reactive spe-
cies in each combined system. Based on previous studies (Pino-Sandoval
et al., 2023; Li et al., 2018), it can be safely concluded that -OH is the
main radical in the HyOz-involved system. Therefore, EPR tests were
conducted only for PMS- and PDS-containing systems. As shown in
Fig. 6, when DMPO was used as the spin-trapping reagent for both SO3~
and -OH, the characteristic peaks of the DMPO—OH and DMPO-SO4
adducts were observed in both PDS-involved systems, indicating the
presence of SO;~ and -OH. However, no DMPO-SO4 or DMPO—OH ad-
ducts were detected in the PMS systems; instead, the characteristic
signals of the DMPOX adducts appeared (Fig. 6¢). A previous study re-
ported that the reaction of 10, with DMPO could induce the formation of
DMPOX (Gongalvesa et al., 2021). To confirm this, TEMP was employed
as a spin-trapping reagent for 10, in EPR experiments. As shown in
Fig. 6d, triplet signals with intensities of 1:1:1, corresponding to
TEMP-'0, adducts, were observed, implying that 10, existed in the
PMS-involved systems. No characteristic peaks of TEMP-10, adducts
were observed in the HyO5- and PDS-involved systems (data not shown),
indicating that the production of 10, in the Hy0,- and PDS-involved
systems was negligible. In addition, no DMPO—O3" adducts were
observed in any of the combined systems (data not shown).

3.5.2. Scavenger experiments
Quenching experiments were conducted to further confirm the
presence of the reactive species. Owing to their different reaction rate
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constants, isopropanol (IPA) and t-butanol (TBA) were first employed to
identify SO3~ and -OH, respectively (Kohn and Nelson, 2007). As
depicted in Fig. 7a, when TBA was added to the H,O5-involved system,
the total inactivation time of both systems was prolonged from 5 to 30
min. Combined with the results shown in Fig. 1, the inactivation per-
formance of both H3Os-involved systems could be considered
completely suppressed. This indicates that -OH was the main radical in
H05-involved systems. It should be noted that the inhibition of virus
inactivation with the two concentrations of TBA was almost the same,
indicating that even 0.1 mM TBA was enough to quench all the -OH in
the system, and the added TBA concentration did not cause viral inac-
tivation. However, a concentration of 0.5 mM in the following tests was
adopted to cover for any variations.

With PDS, when TBA was added, the inactivation efficiencies of
UVA/hematite/PDS and UVA/magnetite/PDS systems at 120 min was
only 2.9-log U and 2.6-log U, respectively (Fig. 7c and d), which was in
sharp contrast to the control groups (6-log U achieved by UVA/hema-
tite/PDS and UVA/magnetite/PDS systems at 60 and 90 min, respec-
tively). The inactivation performance of the two systems was further
inhibited when IPA was added to the system, with virus inactivation
limited to 1.7-logU (UVA/hematite/PDS) and 1.8-logU (UVA/magne-
tite/PDS), respectively. As the UVA group alone could cause 1.9-log
inactivation (Fig. 1), it could be concluded that both -OH and SO3~
contributed to virus inactivation in the PDS groups, and -OH played a
more important role than SO3 .

For the PMS systems, when IPA was added, the inactivation effi-
ciencies of the UVA/magnetite/PMS and UVA/hematite/PMS systems
were 3.5-log and 3.9-log within 120 min (Fig. 7e and f), respectively,
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Fig. 6. EPR experiments in different systems. The experimental conditions were as follows: [iron oxides]=1 mg/L, [oxidants]=10 mg/L, [pH]=8.
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Fig. 7. Quenching experiments for the different systems studied. Experimental conditions: [iron oxides]=1 mg/L, [oxidants]=10 mg/L, [TBA]=[IPA]=0.1-0.5 mM,
[SOD]=50 units/mL, [pH]=8. Experiments were performed in triplicate (standard error was ~ 5 %).

which were much lower than those of the control system (6-log inacti-
vation within 60 and 30 min for UVA/magnetite/PMS and UVA/he-
matite/PMS systems, respectively). However, when TBA was introduced
into the system, the inactivation performance of both systems was
significantly improved, with total inactivation achieved within 10 and
30 min for the UVA/hematite/PMS and UVA/magnetite/PMS systems,
respectively. Since TBA at the two concentrations would not inactivate
the virus, other reasons must be responsible for this phenomenon. EPR
results have shown that O, is formed in PMS-involved systems, and
inactivation may be attributed to the long lifetime of 0y and the
absence of a corresponding anti-oxidation enzyme for 10, in bacteria
(Villén et al., 2006; Qiao et al., 2012). 104 is more selective and sensitive
to bacterial moieties, such as proteins, lipids, and nucleic acids (Dong
etal., 2021). Analogously, 105 has a similar effect on viruses. In general,
03 is considered a precursor of 10,; however, EPR did not detect 0%
Moreover, when SOD (a scavenger of O3") was introduced into the
PMS-involved system, the inactivation efficacy of both systems was
almost unaffected (Fig. 7g and h), indicating that 102 was not derived
from O3, thus ruling out the possibility of Eq. (15). As discussed above,
SO3™ can induce the generation of 102; thus, Egs. (13) and (16-17) were
operative during the PMS experiments. In addition, the dismutation of
PMS (eventually catalyzed by iron oxides) could also lead to the direct
formation of 102.

Based on the above analysis, it is possible to hypothesize that when
IPA was added to the system, it was directly oxidized by PMS, in this
way, PMS was consumed and decreased the generation of 105. For TBA,
it was speculated that some oxidizing intermediates might be formed
during the reaction between TBA and PMS and then exert a synergistic
effect with 10s.

3.6. Inactivation mechanism in the constructed photo-Fenton-like systems

Based on the above results and previous studies (Ortega-Gomez et al.,
2015; S. Giannakis et al., 2017), the MS2 bacteriophage inactivation
mechanisms in the iron oxide-mediated photo-Fenton-like systems were
proposed (Fig. 8), and the corresponding inactivation pathways are as
follows:

Fig. 8. Integrated mechanistic proposition for the inactivation of MS2 bacte-
riophages in the proposed photo-Fenton-like system.

(1) UVA can impair viral infectivity by directly disrupting the viral
genome and causing damage to the coat protein of the virus,
resulting in inactivation of the virus (pathway 1).

Oxidative stress exerted by oxidants can directly cause viral
death, and different oxidants can cause varying degrees of inac-
tivation (pathway 2). The inactivation performance was
enhanced under UVA irradiation due to the synergistic effects of
UVA light and oxidants (pathway 3).

Under UVA irradiation, the iron oxide-mediated heterogeneous
photo-Fenton(-like) processes worked and played a major role in
the inactivation of virus, as discussed in 3.2.4 (pathway 4). In
addition, although iron oxide as a photocatalyst had little effect
on virus inactivation, it should also be considered that the pho-
togenerated electrons could activate the oxidants to form reactive
species (pathway 5), and the holes could directly cause the death
of the virus (pathway 6).

(2)

3)
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(4) Iron oxide-oxidant complexes and iron oxide-MS2 complexes
may be formed and drive LMCT processes to produce reactive
species for virus inactivation (pathway 7).

4. Conclusions

The inactivation performance of low reagent concentrations of iron
oxides (1 mg/L, hematite, and magnetite) and three oxidants (10 mg/L,
H20,, PDS, and PMS) involved in photo-Fenton-like systems for MS2
bacteriophage inactivation at near-neutral pH was systematically
investigated and compared, and the results are summarized as follows:

(1) Under UVA irradiation, the investigated heterogeneous photo-
Fenton-like systems could effectively inactivate the MS2 bacte-
riophage, although the necessary time for total inactivation in the
PDS-involved systems was longer than in those with PMS. In
sunny areas, this could also be acceptable because the longest
total inactivation time of PDS was within 120 min.

(2) In addition to Hy0, the inactivation performance of the
hematite-mediated photo-Fenton-like system was better than that
of magnetite-containing systems. Even so, magnetite-mediated
photo-Fenton-like systems could attain complete inactivation
using only 30 min longer than that of hematite. Moreover,
considering that magnetite is easy to separate and recover owing
to its magnetic characteristics, it could represent a low-cost
photocatalyst for water disinfection in more advanced contexts/
applications than point-of-use water disinfection systems.

(3) When bacteria were added to the matrix, the inactivation per-
formance of both the Hy0O, and PDS systems was inhibited,
whereas it exerted a positive effect on the PMS system, implying
the great potential of PMS involving photo-Fenton-like systems
for mixed microbe treatment.

(4) HA incorporated iron oxide has been reported to play a positive
role in the photo-Fenton-like processes for organic pollutants
degradation, in this work, the positive effect was also found in
hematite mediated PMS photo-Fenton-like process for bacteria
inactivation. However, it inhibited the inactivation in H,O5- and
PDS-based systems. The promoting or inhibiting effect is closely
related to the reactive species generated in each system as well as
the positive and negative charges on the surface of the iron oxide.

(5) EPR and radical quenching experiments indicated that -OH was
the main radical responsible for virus inactivation in HyO,- and
PDS-involved systems, while 10, was the primary reactive species
that caused virus death in PMS-involved systems.

Overall, this study showed an effective process for MS2 bacterio-
phage inactivation. The proposed photo-Fenton-like systems were
economically viable because the concentrations of iron oxides and oxi-
dants were low. Moreover, the proposed system exhibited excellent virus
inactivation performance at near-neutral pH, which is important for the
treatment of pathogenic microorganisms in drinking water.
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