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HIGHLIGHTS

e Microwave catalytic membrane filtra-
tion achieved effective viral
inactivation.

e Microwave irradiation intensity and
exposure time affects viral inactivation
performances.

o Generation of radicals were confirmed
by EPR measurement and radical scav-
enging experiments.

eThe MS2 inactivation mechanisms
under microwave heating and conven-
tional heating are different.

e COMSOL Multiphysics simulation unre-
solved microwave penetration and heat
distribution.
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ABSTRACT

Pathogenic viruses (e.g., Enteroviruses, Noroviruses, Rotaviruses, and Adenovirus) present in wastewater, even
at low concentrations, can cause serious waterborne diseases. Improving water treatment to enhance viral
removal is of paramount significance, especially given the COVID-19 pandemic. This study incorporated
microwave-enabled catalysis into membrane filtration and evaluated viral removal using a model bacteriophage
(MS2) as a surrogate. Microwave irradiation effectively penetrated the PTFE membrane module and enabled
surface oxidation reactions on the membrane-coated catalysts (i.e., BiFeOs), which thus elicited strong germi-
cidal effects via local heating and radical formation as reported previously. A log removal of 2.6 was achieved for
MS2 within a contact time as low as 20 s using 125-W microwave irradiation with the initial MS2 concentration
of 10° PFUemL . By contrast, almost no inactivation could be achieved without microwave irradiation. COMSOL
simulation indicates that the catalyst surface could be heated up to 305 °C with 125-W microwave irradiation for
20 s and also analyzed microwave penetration into catalyst or water film layers. This research provides new
insights to the antiviral mechanisms of this microwave-enabled catalytic membrane filtration.

1. Introduction

Due to their small sizes (e.g., 10-100 nm), low infectious doses,
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strong pathogenicity, and resistance to disinfectants, viruses pose acute
health risks [1-3]. Effective viral removal and inactivation technologies
are of paramount significance for mitigating microbial risks. Waterborne
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viruses could be inactivated by many chemical disinfectants in tradi-
tional disinfection [4]. For example, 0.5 mgeL ! free chlorine, 2.2 mgeL!
chlorine dioxide, and 1 mgeL! ozone were sufficient for the inactivation
of a wide spectrum of viruses, including SARS-CoV, by damaging viral
capsids, viral genomes, and surface proteins [5-7]. However, chemical
disinfection may generate potentially mutagenic and carcinogenic
disinfection byproducts (DBPs) [8,9]. Furthermore, some persistent vi-
ruses (e.g., adenovirus [10], endornaviruses [11], enterovirus [12], and
norovirus [13]) may not be effectively removed or inactivated.

Physical separation, such as ultrafiltration (UF), nanofiltration (NF),
and reverse osmosis (RO), effectively removes viruses via size exclusion
[14], electrostatic repulsion [15], adsorption retention [16], or hydro-
phobic interactions [16]. For instance, NF with nominal pore sizes of
2-10 nm and RO achieved 4- to 6-log removals for bacteriophage (e.g.,
MS2) [17,18]. However, only about 2- to 3-log removal could be ach-
ieved by UF (pore size of 5-50 nm) for norovirus, adenovirus, and
rotavirus [19,20]. Log removal was further reduced when the mem-
brane’s pore size was increased: e.g., 0.3-2.2 log removal for micro-
filtration with pore sizes of 100-10,000 nm [19].

Recently, chemically reactive or catalytic membrane technologies
have proven increasingly effective for viral removal and inactivation by
producing germicidal radicals via photocatalysis [4,21,22]and electro-
chemical oxidation [23,24]. For instance, a photocatalytic membrane
coated with N-doped TiO2 demonstrated 4.9 + 0.1 log removal for MS2
in natural surface water by solar UV-visible light [25]. In addition, a
6.7-log reduction of MS2 was achieved by an electrochemical membrane
made with Ti4O7 using a current density of 10 mAecm 2 [26]. Though
these reactive membranes largely overcome the deficiency of removing
ultra-small viruses, they still suffer from poor light penetration, mem-
brane corrosion or fouling, and disinfection byproducts. For instance,
photocatalytic membrane filtration is restricted to flat sheet membranes
in order to permit light exposure to the catalysts. Electrocatalysts in
electrochemical membrane filtration may undergo aging and passiv-
ation due to catalyst oxidation under application of high intensities of
currents or voltages [27,28], which create localized changes of solution
pH and radicals.

Microwave irradiation is widely used in food industries for surface
sanitization [29-31], inactivates microorganisms by interfering with
their ion channels and damaging their cell membrane via electropora-
tion and localized heating [30]. Besides the thermal effects, microwaves
can induce non-thermal degradation of biomolecules via radical for-
mation. Catalyst-coated membranes also resist membrane fouling and
achieve degradation of recalcitrant pollutants such as 1,4-dioxane and
perfluorooctanoic acid (PFOA) via a microwave-Fenton-like reaction
[32,33]. More importantly, microwaves can penetrate membrane
modules and selectively activate catalysts on the membrane surfaces
while not producing toxic byproducts. Up to now, the antiviral perfor-
mance of this microwave catalytic membrane filtration has not been
investigated.

This study employed a membrane coated with BiFeOs (BFO) as a
microwave responsive catalyst, which demonstrates excellent capacity
in microwave adsorption [34,35] and catalytic activity [32,36]. These
properties permit effective evaluation of its the viral-removal perfor-
mances and inactivation mechanisms. Bacteriophage MS2 (genus Levi-
virus, genogroup I) was the model virus, as it has many properties similar
to common pathogenic viruses (e.g., a small size of 27 nm, negative
surface charges [37], and hydrophobicity [38]). The log removal of MS2
in batch and continuous filtration modes was evaluated and compared
with or without the catalyst coating and microwave irradiation. The
effects of hydraulic retention time (HRT) and microwave irradiation
time on the removal efficiency and system pressure were studied. The
mechanisms of MS2 inactivation on the membrane/water interface were
analyzed by measuring reactive oxygen species (ROS) and mapping the
thermal distribution across the catalyst layer.
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2. Materials and methods

2.1. BiFeOs (BFO) catalyst synthesis and preparation of catalyst-coated
ceramic membranes

A microwave-assisted hydrothermal method was used to synthesize
the powder form of the BFO catalyst. Briefly, Bi(NO3)3-5 HoO (1 mM)
and Fe(NO3)3-9 H,0O (1 mM) were mixed in a 1:1 in molar ratio. A NaOH
solution (1 M) was then gradually added to the mixture with stirring for
15 min. Next, the solution was heated at 190 °C for 30 min in a mi-
crowave oven (300 W, 2.45 GHz). The black solid was separated by
centrifugation (5000g for 20 min) and was washed at least three times
with DI water and ethanol. Finally, the catalyst powder was vacuum
dried for 12 h at 60 °C.

The catalyst particles were then spray-coated on a flat-sheet ceramic
membrane (47N014, Sterlitech Corporation, US) that had a nominal
pore size of 140 nm, a diameter of 4.6 cm, and an effective surface area
of 17.34 ecm? An optimal BFO-coating density (1.6 pgecm™) was
established in our previous study [33], which also reported the coating
layer morphology, permeate flux, and the stability of the BFO-coated
membranes. Figs. S1a-S1b in Supporting Information (SI) illustrate the
major morphological changes before and after the surface coating of
BFO catalysts. The catalyst-layer thickness was around 2 um (Fig. S1c).
The EDX spectra in Fig. S1d-Sle confirm the presence of oxygen, bis-
muth, and iron on the BFO-coated membrane.

2.2. Propagation and enumeration of MS2

Freeze-dried bacteriophage MS2 powder (ATCC 15597B1) was pur-
chased from ATCC Company, USA. The revival and propagation of MS2
are described in detail in Section S2. Briefly, the standard double-layer
agar method was applied for the enumeration of MS2 with Tryptic Soy
Agar (BD Difco 236950, Cat.DF0369176), and the MS2 concentration
was determined with the plaque-forming unit (PFU) [39]. Only the
plates with 20-300 plaques were selected for counting. Moreover, all
materials and glassware for the cultivation and propagation of MS2 were
sterilized by autoclaving. All the tests were performed in triplicate.

2.3. Batch inactivation experiments

Batch experiments were first conducted to evaluate the MS2 inacti-
vation in the BFO catalyst suspension. The MS2 suspension was added to
the 1.5-mL sterilized microcentrifuge tubes (Thermo Scientific™ 90410)
containing 1 mL of the 1X PBS solution to yield an initial concentration
of ~10° PFUemL ™. The centrifuge tubes were then placed under the
following conditions: (1) no treatment at room temperature as a nega-
tive control to determine the natural decay or inactivation of MS2 in
PBS, (2) spiked with the BFO catalyst (0.2 goL'l) and storage at room
temperature, (3) exposed to 125-W microwave irradiation (2.45 GHz)
without the BFO catalysts, (4) exposed to the BFO catalyst and 125-W
microwave irradiation (2.45 GHz), and (5) MS2 spiked into the pre-
heated PBS at 35 + 2 °C, 43 4+ 2 °C, 59 + 1 °C, and 70 + 3 °C without
exposure to microwave or catalyst to examine the heating effect on MS2
decay. To avoid possible artifacts, 0.99 mL PBS was pre-heated under the
same microwave conditions (i.e., 30 s, 60 s and 120 s) to achieve the
three solution temperatures, followed by immediate addition of 0.01 mL
of the MS2 suspension. The log removal or reduction value (LRV) was
computed by Eq. (1):

LRV = log (%) (€8]
o

where N; is the number of MS2 at treatment time t; and N is the number
of MS2 at time 0.
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2.4. MS2 inactivation assay in continuous filtration experiments

As illustrated in Fig. 1, a dead-end filtration cell made of Teflon
(PTFE) holding the catalyst-coated membrane was placed inside a
commercial microwave (2.45 GHz, Panasonic Co., China). The synthetic
wastewater (e.g., a MS2 suspension) was continuously pumped through
the membrane cell by a peristaltic pump (UX-77921-75, Masterflex L/S,
Cole-Parmer, USA) at different permeate fluxes. An IR Infrared Thermal
Imaging Camera (Model HTI-19) was used to monitor the temperatures
of the filtration cell and other parts (e.g., pipe, influent and effluent).

Before running any experiments, the filtration system was flushed
with the sterile 1X PBS solution for 30 min to reach a stable permeate
water flux and remove any contamination. The contributions from
physical separation and the microwave-enabled viral inactivation or
removal were evaluated by switching microwave irradiation “on” or
“off”. The MS2 concentrations in the feed and permeate samples were
measured to calculate the LRV. Transmembrane pressure (TMP) and
permeate temperature (near the permeate outlet) also were monitored
during the filtration process. The morphology of phage particles before
and after treatments was examined using transmission electron micro-
scopy (TEM, JEOL JEM-F200) at 200 kV accelerated voltage; detailed
methods are provided in SI.

To examine the stability of the coated membrane for MS2 inactiva-
tion under microwave irradiation, five consecutive filtration cycles
(60 min per filtration cycle) were conducted to study potential mem-
brane fouling and antimicrobial activity with an initial MS2 concen-
tration of ~10° PFUemL ™ and 5-min hydraulic cleaning (immersing the
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membrane in DI water and stirring at 200 rpm for 5 min). The trans-
membrane pressure (TMP) and LRV of MS2 were measured to indicate
the membrane fouling and antimicrobial activity.

2.5. Detection of ROS

Typical ROS -hydroxyl radical (¢OH) and superoxide radical (e0%)-
were detected as evidence for a non-thermal effect from the microwave
catalytic reactions. Briefly, 4-hydroxy-TEMPO (Thermo Scientific™ Cat.
AAA1249706) was used to scavenge 0%~ radicals due to its stability
and rapid diffusion [40]. Mannitol (Thermo Scientific™ Cat.
AAA1403030) was selected to quench eOH radicals instead of using
tertiary butanol, which has a low-boiling point and thus could vaporize
under high temperatures under microwave [41]. One mM TEMPOL and
0.5 M mannitol were spiked into the MS2 suspensions that also were
mixed with different concentrations of BFO catalyst (0.05, 0.2 and
0.5 geL'!) and then irradiated by microwave for 60 s. The control ex-
periments were conducted by spiking 1 mM TEMPOL and 0.5M
mannitol into the MS2 suspension (~10° PFUemL™) for 60 s without
microwave irradiation; they confirmed no evident changes in the LRVs
(Fig. S2), suggesting a negligible germicidal effect of the selected scav-
engers on MS2 [42,43].

In addition, electron paramagnetic resonance (EPR) measurements
were utilized to detect the presence of free radicals that might arise
during BFO-catalyzed viral inactivation under microwave irradiation. A
spin trapping method was employed to detect the occurrence of-OH and
superoxide radicals (¢0%) using 5,5-Dimethyl-1-pyrroline N-oxide
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Fig. 1. (a) The MS2 suspension was pumped into the membrane filtration cell by a peristaltic pump. (b) The PTFE membrane filtration cell in the microwave oven.
(c) The geometry of the microwave chamber, catalyst layer and water layer in COMSOL simulation.
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(DMPO) as a scavenger. In this study, 8 mg BFO was mixed with 300 pL
of 150 mM DMPO in DI water, transferred into a 50 pL glass capillary
and then measured on a Bruker Magnettech ESR5000 using the
following parameters: microwave frequency of 9.463 GHz; microwave
power of 10 mW; field modulation width of 0.1 mT; and sweep time of
60 s. TiO2 was chosen as a negative control and subjected to identical
measurement conditions. ESR Studio Software was used to simulate the
spectra and conduct quantitative analysis.

2.6. Analysis of interfacial heat distribution and microwave penetration

The heat distribution across the BFO catalyst layer was simulated
using COMSOL Multiphysics (6.0). To simplify the simulation, the
catalyst layer was assumed to be a thin sheet, and a phase change (e.g.,
melting) of the catalyst were ignored as described in S5.1. The simula-
tions predicted the temperature changes of the interface between the
water layer and the catalyst layer during microwave irradiation. They
also predicted the microwave penetration depth with different water or
catalyst thicknesses.

Fig. 1c shows the geometry of the microwave chamber and the
catalyst and water layers. Detailed information on material parameters
and dimension parameters are in Table S1-S2. Briefly, a Transition
Boundary Condition (TBC) was used to define the thin catalyst layer
(20 pm) in COMSOL’s electromagnetic module, because TBC is
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appropriate for conductive materials with a layer thickness relatively
smaller than the skin depth of the BFO (about 4.5 mm [44]) being
modeled. Information on the COMSOL simulations, including model
assumptions, electromagnetic field model, and heat transfer model, are
provided in Section S5.

3. Results and discussion
3.1. Evaluation of MS2 inactivation in batch experiments

Fig. 2a compares the log reduction of MS2 for the batch experiments.
Compared to the negative control, all treatments showed decent levels of
MS2 reduction. For example, microwave irradiation and 70 °C water
exposure achieved a similar MS2 reduction that was higher than that
under the catalyst exposure without microwave exposure. As heating the
water could have denatured viral biomolecules (e.g., viral capsid, RNA
and proteins), the elevated temperatures (43-70 °C) apparently ach-
ieved similar MS2 inactivation due to microwave irradiation alone. In
contrast, the removal of MS2 by BFO catalysts (no microwave irradia-
tion) should primarily be attributed to surface adsorption. For example,
a high adsorption capacity of MS2 (2.49 x10'! PFUeg™!) was reported
on hematite (FeyO3) nanoparticles (a similar metal oxide to BFO) via
adsorption [45]. Most important is that the combination of microwave
irradiation and catalyst led to the highest MS2 removal (0.66 log
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Fig. 2. (a) MS2 inactivation (LRV) for the different treatment conditions after 30 s, 60 s, and 120 s (b) MS2 concentration changes in four consecutive cycles of
membrane filtration through the pristine and BFO coated membranes. The shaded bar indicates the operation of microwave irradiation during filtration, whereas
other areas were operated without microwave irradiation; the irradiation time was 2 min; the permeate flux was 69 LMH and hydraulic retention time (HRT) was
60 s (c) The change of MS2 concentration and TMP at HRT of 60 s, 30 s and 20 s, respectively. irradiation time:2 min (d) The change of MS2 concentration and TMP
with different irradiation time (20 s, 40 s and 60 s); the permeate flux: 207 LMH and HRT: 20 s other experimental conditions: the microwave intensity: 125 watts

(7.2 watt-cm'®), microwave frequency: 2.45 GHz.
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removal or 76% in 120 s), because thermal and non-thermal effects,
such as from ROS, contributed to MS2 removal [33,46]. Non-thermal
effects and ROS generation are analyzed in the following sections.

3.2. MS2 inactivation in the microwave-assisted membrane filtration

Fig. 2b compares MS2 inactivation on a pristine (catalyst-free)
membrane versus the membrane coated with BFO catalyst in continuous
filtration with intermittent microwave irradiation. Without microwave
irradiation, neither the pristine membrane nor the BFO-coated mem-
brane yielded significant removal of MS2, which indicates that adsorp-
tion and size exclusion were negligible due to the small diameter of MS2
(27 nm) compared to the membrane’s pore sizes (140 nm). In contrast,
microwave irradiation for 2 min (marked by the shaded bar) yielded
significant reductions in the MS2 concentration in the filtrate, especially
with the catalyst-coated membrane. While the average LRV was 0.5 for
the pristine membrane, the BFO-coated membrane achieved an LRV of
3.3, confirming the pronounced non-thermal effect on viral inactivation.
The enhanced viral inactivation during microwave irradiation was
observed in each of three subsequent cycles. Moreover, the LRV during
BFO-coated membrane filtration with microwave irradiation (3.3) was
much higher than the LRC in the batch experiment (0.66) with the BFO-
coated catalyst. This enhancement can be attributed to improved mass
transfer and virus-catalyst interactions in membrane filtration.

Fig. 2c shows the changes of the MS2 concentration in the filtrate and
TMP for the permeate fluxes from 69 to 207 LMH, which correspond to
hydraulic retention times (HRTs) of 60, 30, and 20 s, respectively.
Without microwave irradiation, the removal of MS2 was not signifi-
cantly affected by the permeate flux (LRV =0.04 + 0.02). With micro-
wave irradiation turned on at the filtration time of 6 min, the MS2
concentrations at HRTs of 60, 30, and 20 s decreased appreciably, with
the corresponding LRVs of 3.3, 2.7, and 2.6; this means that increasing
HRT favored the MS2 removal. Furthermore, with 125-W microwave
irradiation for 2 min, the TMP increased from 2.4 psi to 3.5 psi and from
4.5 psi to 5.5 psi for HRTs of 30 s and 60 s, respectively. However, the
TMP decreased from 6.5 psi to 5.8 psi for an HRT of 20 s after 60-s
microwave irradiation, probably because surface bubbling removed
surface foulants within the membrane pores or on the membrane sur-
face, which increased the water permeability and reduced TMP.

We compared the effects of irradiation time on MS2 removal using
the same HRT of 20s Fig. 2d shows that the MS2 concentration
remained unchanged in the filtrate with microwave irradiation for 20 or
40 s but increasing the microwave irradiation time to 60 s increased the
LRV to 2.6. Moreover, the TMP declined with 60-s microwave irradia-
tion, probably due to a membrane defouling process and possibly
reduced water surface tension at increased temperatures. When the
microwave was off, the MS2 concentration resumed to the level in the
feed, and the TMP level also increased to 5.5 psi.

Our previous study examined the stability of catalytic activity and
dissolution potential of BFO catalyst during microwave catalytic filtra-
tion. The results showed that the BFO catalysts maintained high cata-
lytic activity and had low metal leaching after five to six cycles of
microwave-enhanced Fenton-like reactions for degradation of per-
fluorooctanoic acid (PFOA) and 1,4-dioxane.[32,36] Fig. S4, which
shows the measured transmembrane pressure (TMP) and LRV of MS2,
indicates that MS2 removal decreased with the LRV reduced from 3.0
+ 0.6-2.2 £ 0.3 over five consecutive filtration cycles. TMP increased
by ~20% by the last filtration cycle, probably due to membrane fouling
caused by the deposition of any residual culture medium substances and
adsorbed viruses.

3.3. The roles of radical and catalyst on viral inactivation in microwave-
assisted membrane filtration

To investigate the roles of the reactive species in MS2 inactivation,
Fig. S2 shows that the addition of scavengers of the hydroxyl radical
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(eOH) and superoxide radical (e0?%) consistently reduced the LRV for
three doses of catalysts. The inhibition effect was most significant for
eOH radicals. Radical formation was largely attributed to the formation
of hot spots and nanobubbles on catalysts that may collapse and release
the mechanical waves and oxidative species [32]. In addition, the
catalyst concentration slightly affected MS2 inactivation during micro-
wave irradiation. A low catalyst concentration (0.2 geL!) yielded
greater viral removal than a high catalyst concentration (0.5 geL). A
high particle concentration increased the solution turbidity and
decreased microwave penetration, which reduced microwave utilization
for radical production and viral inactivation [47]. Moreover, the catalyst
particles at high concentrations may adsorb viruses and shield them
from effective attacks of radicals or local heating. Furthermore, in
comparison to the negative control (Fig. 3a), the EPR spectrum shown in
Fig. 3b exhibited a distinctive 1:2:2:1 quartet signal of DMPO-OH
adduct, which confirms the generation of ¢OH on BFO catalyst under
microwave irradiation [48]. The presence of other peaks was probably
C-centered radicals due to the impurity in the samples [49]. The time
course of DMPO-OH generation is presented in Fig. 3¢, where DMPO-OH
production increased up to 3.9 x 107 moleL™! within 11 min and then
decreased. This decline could be attributed to the agglomeration and
precipitation of catalyst suspension, which may have affected the ab-
sorption of microwaves and the generation of radicals.

The morphological changes of MS2 were assessed to reveal the
structural damage by the microwave catalytic membrane filtration. The
TEM image of MS2 before treatment shows an intact round-shaped
capsid (Fig. 3d), which is the typical morphology of an active MS2
virus [50,51]. After treatment, obvious morphological changes were the
irregular fragments in Fig. 3e. The viral morphology changes verified the
effectiveness of microwave catalytic system toward viral inactivation.

According to the presented results, the high inactivation efficiency
for MS2 using BiFeOs can be attributed to the ¢OH radical generated by
microwave irradiation. As illustrated in Equation S1 to S6, BiFeOs could
be excited to generate electron-hole pairs under microwave irradiation;
the valence band holes quickly reacted with H,O, OH™ and other groups
to form eOH radicals [52], which damage the genomic and protein
capsid of MS2 [53-55]. In theory, the energy of a microwave quantum is
insufficient to excite valence electron to transition into conduction band
via photoelectric effect [56], due to the low microwave frequencies
(300 GHz-300 MHz) and corresponding high microwave wavelengths
(1mm to 1m), compared to the minimum excitation frequency
(5.14 x10° GHz) of BiFeO3 (binding energy of 21.3 eV) and corre-
sponding maximum electromagnetic wavelength (58.3 nm, as calcu-
lated by Equation S7 and S8). However, according to our presented
results and previous reports [36,57,58], MW irradiation generates
electron-hole pairs in BiFeOs through the dipolar polarization, con-
duction and interfacial polarization [56]. Dipolar polarization originates
from intermolecular inertia and contributes to the majority of micro-
wave heat energy. When a dipole is exposed to a high-frequency alter-
nating electric field of the microwave, there is a time lag between the
reversal of the dipole and the alternating shift of the electric field. The
polar particles or molecules collide with the adjacent molecules or atoms
during the rotation and transform microwave energy into local heating
[59,60]. Conduction occurs when electrons move through the conduc-
tive material under the influence of electric and magnetic fields of mi-
crowave in opposite directions, causing oscillation and collisions that
generate heat. Interfacial polarization is the combination of conduction
and dipolar polarization. BiFeOs has a wide frequency range of reflec-
tion loss and large negative values of up to approximately —24 dB at
2.45 GHz; thus it can efficiently absorb microwave energy [61].
Accordingly, the electronic work function of BiFeO3 could be decreased
as the valence electron of BiFeOs is activated by the local heating to
migrate into the conduction band, which consequently produce radicals
such as eOH and «0?.
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Fig. 3. EPR spectra generated in (a) a TiO suspensions and (b) a BFO suspension include 150 mM DMPO under microwave irradiation (9.45 GHz, 10 mW); (c) the
time course of DMPO-OH generation in the BFO suspension under microwave irradiation (9.45 GHz, 10 mW); TEM images of MS2 (d) before treatment and (e) after
treatment by the microwave catalytic membrane filtration (the arrow shows the fragments of MS2).

3.4. Evaluation of microwave penetration across the catalyst and water
layers

3.4.1. Microwave penetration of the BFO catalyst layer with different
thickness

The inset of Fig. 4a shows a top view (x-y plane) and a cross-section
view of the catalyst layer having a thickness of 1.6 mm in the
microwave-oven chamber. The spatial distribution of temperature dur-
ing microwave irradiation of 125 W and 2.45 GHz was simulated by
COMSOL. A high-temperature (~400 °C) region is located at the central
point, as marked by a red-hot spot, and low-temperature (blue) regions
are at the edges. The center region is most intensely heated because the
electromagnetic waves reflect off the catalyst and concentrate at the
center point. The curves in Fig. 4a present the temperatures at the center
of the catalyst layer decreases almost exponentially as the catalyst layer
thickness increases from 2 pm to 12.6 mm with 2.45 GHz and 2 GHz, but
the catalyst could not be heated due to the strong penetration ability of
the low-frequency (0.45 GHz) microwave [62]. The temperature decline
over the catalyst layer thickness matches well the exponential form of
the microwave energy adsorption over the penetration depth in Eq. (2)
[33,63].

Pabsx = pab:O'eizx/Dp (3]

where P50 and Py, are the microwave power densities at the depth x
(m) of the irradiated material (Watt~m'3), respectively. D, is the char-
acteristic penetration depth of the microwave, which depends upon the
relative dielectric permittivity of the microwave-absorbing materials
and the microwave frequency [64-67].

3.4.2. Microwave penetration with different water thickness

Due to the strong absorption of microwave by water, the microwave
penetration characteristics across a water film layer is critical to the
rationale design of membrane filtration to ensure microwave energy
utilization. To assess microwave penetration, the catalyst layer thickness
was fixed at 2 um with various water-layer thicknesses (i.e., 2-20 mm)
above the catalyst layer. Fig. 4b shows that two symmetrical hot spots
around y = 4+ 13 mm were created with temperatures of 150-305 °C
generated at the interface of catalyst layer and water layer. The inter-
facial heating resulted from the reflection and refraction of microwave
on the interface, which is also known as a standing wave effect [68]. The
standing-wave effect occurs when two progressive waves of same
amplitude and wavelength travel in opposite directions and superim-
pose [69]. The electromagnetic density of 820 V-m™! was highest at the
center of the interface, where the wavelengths overlap, which is why
two symmetrical hot spots at the center of interface were observed in the
four electromagnetic contour distribution in the inset of Fig. 4b. As the
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Fig. 4. (a) Temperature changes in the center of the catalyst layer as the catalyst thickness increases. The predicted temperature is located at the center point of the
catalyst-coated round-shaped disk (23 mm in diameter) that is placed in a microwave oven chamber and irradiated by different microwave frequency. (b) The
interfacial temperature profile of the catalyst surface along the y-coordinate at the different water layer thickness. (c) The interfacial temperature profile along the y-
coordinate of the acrylic plastic surface (no microwave absorbing catalyst) at the different water layer thickness. (d) The thermodynamic analysis of the top, center
and bottle points in a cross section of a 15-mm water layer with or without-catalyst. All simulation was performed under 125-W microwave irradiation for 20 s.

water-layer thickness increased from 6 mm to 10 mm, the standing
wave phenomenon led to “oscillation” of the distribution of the elec-
tromagnetic field at the interface, which changed the temperature dis-
tribution with one more hot spots at center in Fig. 4b [68,70]. Moreover,
Fig. S5 demonstrates that a water layer that is thicker than 10 mm could
start to reflect and create additional heating zones within the water
layer, and Fig. S6 indicates that the temperatures of the catalyst in a high
electromagnetic field are significantly higher than in a weak electro-
magnetic field, while a close distance (<20 mm) to the microwave
generator may cause over-heating on both sides of the catalyst. More
discussions are provided in sections S5.7 and S5.8.

3.4.3. Temperature profiles of the interfaces of catalyst and water

To analyze the roles of the catalyst on microwave absorption and the
water-layer temperature, we repeated the simulation of the interfacial
temperature profile of the acrylic plastic surface (with no microwave
absorption) along the y-coordinate that was covered by the water film of
various thickness. Fig. 4c indicates that the interfacial temperature on
the acrylic plastic surface wa significantly lower than that on the BFO
catalyst surface (Fig. 4b). The inset in Fig. 4c shows that the electro-
magnetic distribution on the acrylic plastic surface was different in the
presence of the BFO catalyst due to the changes in electromagnetic

properties, particularly relative permittivity.

Fig. 4d compares the temperature increase of a water film of 15-mm
thickness at top, center, and bottom positions and with or without the
presence of the catalyst layer. The water layer at the bottom position in
contact with the catalyst exhibited the fastest temperature increase and
reached the highest temperature, near 150 °C (starred data points).
However, the temperatures at the top and center positions of the water
layer with catalysts were lower than those without catalysts, probably
because the catalyst competed with water and consumed microwave
energy. Fig. 4d compares the heat mapping of the water layer and il-
lustrates that, without catalysts, several hot spots (light blue regions)
were generated. However, with catalysts, the microwave energy selec-
tively heated the catalysts and led to a lower water temperature.

3.5. Assessment of Energy Efficiency

Table S3 summarizes the energy source, retention time, and Elec-
trical Energy per Order (Ego) for different viral- and bacterial-
disinfection processes. The energy consumption of microwave-assisted
membrane filtration and photocatalytic membrane filtration are signif-
icantly lower than that of corresponding static experiments due to the
enhanced mass transfer and specific surface area in membrane filtration
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process. For example, we calculated Egp values for microwave-assisted
membrane filtration operated at relevant HRTs and irradiation time.
Fig. S7 shows that HRTs of 20 with microwave irradiation yielded the
lowest value of Egp (189 Wh-m™-order’!). Despite of its relatively high
Ego values for viral removal, microwave-enabled catalytic membrane
filtration offers new added advantages such as efficient microwave
penetration or energy dissipation (compared to UV irradiation), selec-
tive microwave adsorption, and reduced membrane fouling.

4. Conclusion

This study aimed to evaluate microwave-assisted membrane filtra-
tion in MS2 inactivation. Electromagnetic-wave energy was converted to
local heat (e.g., 305 °C) and radicals on the BFO catalyst; both effects
contribute to a log removal of up to 2.6 was achieved for MS2 within a
contact time of 20 s using 125-W microwave irradiation. Hydraulic
retention time (HRT), microwave irradiation time and microwave power
were optimized, and stability of the coated membrane for MS2 inacti-
vation under microwave irradiation system were examined. EPR mea-
surement and radical scavenging experiments were conducted to
confirm that hydroxyl radical is the key reactive species during
microwave-catalytic viral inactivation. COMSOL simulation was
employed to assess electromagnetic heating and penetration with
varying catalyst thickness and water layer thickness. This technology
holds great promise for point-of-use disinfection of water to supply safe
drinking water or treat biohazardous wastewater generated in hospitals
or pharmaceutical processes.

Environmental implications

Waterborne viruses like norovirus, rotavirus, adenovirus, and
enterovirus pose a grave risk to public health and the environment due
to their small size, strong pathogenicity, and resistance to disinfectants.
This pioneering study presents a breakthrough solution through a novel
microwave-enhanced membrane filtration process that generates local-
ized heating and radicals to effectively inactivate waterborne viruses.
This cutting-edge research has the potential to revolutionize water
treatment strategies, safeguarding communities from gastrointestinal,
respiratory, and neurological diseases caused by waterborne viruses. It
offers a compelling solution to combat the persistent threat of water-
borne viral illnesses, paving the way for a safer future.
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