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Nano-Mg’ composite has unlocked new avenues for
organic contaminant removal and virus inactivation due to active
magnesium in earth-abundance and eco-friendliness. However, the
pyrolysis synthesis hinders the chemical activity of the as-prepared
nano-Mg composite. Herein, we report instantaneous flash Joule
heating (FJH) to introduce active Mg° to form a nano—MgO/ MgO
composite for active oxidation and antiviral performance. Mg’
could be formed by FJH in milliseconds through Mg—O bond
fracturing and thin aromatic-carbon layer deposition due to the
rapid heating/cooling rate for blocking Mg’ oxidation. It was found
that the Mg° content was enhanced with an increasing pulsing
voltage in preparation of the nano-Mg composite, finally improving
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both its oxidation and antiviral capabilities. Density functional theory calculations indicate that Mg’ increases the binding affinity for
an oxidant, thereby enhancing the oxidation capacity. A plaque reduction assay indicated that the nano-Mg’/MgO composite
directly inactivated herpes simplex virus type 2. Moreover, toward a large-scale production, we developed a continuous FJH
automation apparatus to manufacture the nano-Mg’/MgO composite, which offers a highly efficient platform for scale-up fabrication

and wide applications.

nano-Mg"/MgO composite, advanced oxidation processes, HSV-2 inactivation, flash Joule heating

Over the past decades, organic pollutant contamination and
virus transmission in water have seriously threatened human
health and environmental safety."” Particularly, the outbreak of
pathogenic viruses has caused a global havoc, which brings the
need for disinfection by effective methods.” Nanometal
composites have burgeoned and strived to be promising
materials to solve these problems.””” Especially, Fe-based
composites have been widely applied to the oxidation
processes of organic pollutants due to their earth-abundant
and inexpensive characteristics.” '~ However, iron leaching
beyond the self-degradation capacity of an ecosystem presents
an environmental security risk (Figure la). 710 Although a
series of methods, such as encapsulated Fe in a graphene shell
or the introduction of a metal sacrificial agent, have been used
to inhibit iron leachin7g, the rigorous synthetic conditions limit
its wide application.'”'® Additionally, other metals like silver
(Ag), copper (Cu), and zinc (Zn) are widely recognized as
antiviral metals,'” yet they suffer from low abundance and high
price. Recently, earth-abundant and eco-friendly magnesium
(Mg) has led to the broad utilization prospects of nano-M
composites in pollutant removal and antiviral applications.”*”
Conventional thermal treatments such as pyrolysis are
important approaches to obtain nano-Mg composites, while
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Mg nanoparticles are prone to aggregate during the long
heatin% process and result in low atom-utilization effi-
ciency. >*3 Moreover, the operation temperature (673—1273
K) used is prone to synthesize sole high valence Mg (such as
MgO) as the temperature is not sufficient to break the Mg—O
bond, thus limiting the formation of active Mg’ compo-
nents.”"** However, Mg" generally shows strong chemical
reducibility and high activity.”**

Herein, to solve these problems, we used a robust carbon-
assisted flash Joule heating (FJH) reaction at a ultrahigh
temperature (~2800 K in milliseconds) to produce Mg’ in a
nano-Mg composite.”” First, the decomposition reaction from
a Mg salt (such as Mg(CH;COO),) to MgO occurred during a
low-temperature stage of the FJH reaction (~600 K).*®
Subsequently, the Mg—O bond was broken due to the
decomposition and carbothermic reduction reactions at
above 2000 K, which induced the formation of Mg’
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Figure 1. Synthesis of nano-Mg’/MgO composites and degradation performance of SMX by different nano-MgO composites. (a) Relationship
between metal price and its relative abundance in the Earth, advantages, and disadvantages of Ag, Cu, Zn, Mg, Fe, and Al (The relative abundance
data come from https://ptable.com, based on abundance of Si: 10° atoms. The metal price data on August 2, 2023 come from https://www.metal.
com.). (b) SMX degradation profiles of nano-Mg composite derived from flash Joule heating (Mg—C—FJH) and pyrolysis (Mg—C—PY)
technologies (experiment conditions: [Mg—C—FJH], = [Mg—C—PY], = 1 g/L, [SMX], = 10 mg/L, [PDS], = S mM). (c) Antiviral activity of
Mg—C—PY and Mg—C—FJH against HSV-2. (d) Schematic diagram for the preparation process of Mg—C—FJH. (e) Recorded current and voltage

in the FJH process via an oscilloscope (RIGOL, DS1104Z Plus).

nanoparticles.”” Additionally, the rapid heating and cooling can
result in the formation of a thin aromatic-carbon layer
deposition, thus blocking the oxidation of Mg0.30’31 Moreover,
to realize a scale-up synthesis of nanocomposite by FJH
technology, we designed a continuous FJH automation
apparatus to continuously produce a nano-Mg’/MgO
composite at a large scale.

Sulfamethoxazole (SMX) and herpes simplex virus type 2
(HSV-2) widely exist as antimicrobial agents and enveloped
virus, respectively. Moreover, they are found to be widely
present in wastewater.”””> Therefore, the nano-Mg’/MgO
composite in activating peroxydisulfate (PDS) to degrade SMX
was studied to understand the structure—property relation-
ships. In addition, HSV-2 inactivation by the nano-MgO/MgO
composite was studied further to confirm its antiviral process.
Finally, the FJH automation apparatus further sheds light on
the scale-up of nanocomposite fabrication and provides a
significant basis for large-scale applications.

2. MATERIALS AND METHODS

2.1. Batch and Continuous Flash Joule Heating for
Synthesis of Nano-Mg°/MgO Composites. Magnesium
acetate tetrahydrate (Mg(CH;C0OO0),-4H,0) and a carbon
substrate (hydrochar) with the same weight were first mixed.
Hydrochar was used to provide sufficient Joule heat, thus
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assisting the FJH process.”® Then, 10 wt % carbon black
(conductive additive) was added to minimize the sample
resistance to ~100 € for successfully starting the FJH reaction.
The Mg loading of such a raw material was ~5.1 wt % unless
else stated. Lastly, this mixed material was packed in a quartz
tube with an inner diameter of 6 mm and compressed with
copper and graphite electrodes for a batch FJH reaction under
a mild vacuum. Notably, the structural properties of these
obtained materials can be tailored by adjusting the FJH pulsing
voltage (150—250 V) and discharge time (S0—150 ms).

To enhance the productivity of the nano-Mg’/MgO
composite, we further designed a continuous FJH automation
apparatus. Different from the batch FJH apparatus, the
designed automation apparatus was controlled by a program-
mable logic controller-controlled integrated system, including
an electrical control panel, a loading and collecting tray, robot
arms, and a reaction chamber. Quartz tubes (10 mm of inner
diameter) containing a mixed material were first arranged in
the loading tray, and one robot arm then transported such a
mixed material to the reaction chamber in turn. A movable
sleeve was achieved to provide a negative pressure environ-
ment for the FJH reaction. Then, the sample is assigned to the
appropriate voltage (250 V) with ~100 ms due to the
increased resistance. Notably, one-time extended shock was
more helpful for automated production. Finally, the robot arm

https://doi.org/10.1021/acsestengg.3c00614
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Figure 2. Morphology and surface chemical property analysis of nano-Mg composites. (a) HAADF images and EDX elemental mapping of Mg—
C—PY-973 K. (b) HAADF images and EELS elemental distribution of Mg—C—FJH prepared at a pulsing voltage of 250 V. (c) EELS spectrum of
magnesium K edge and carbon K edge. (d) Energy production recorded during the Mg—C—FJH synthesis process at different pulsing voltages. (e)
HR-TEM images of Mg—C—FJH at a pulsing voltage of 250 V. (f) Tafel curves of Mg—C—FJH prepared at different pulsing voltages. (g) Raman
spectra of the precursor of Mg—C—FJH and Mg—C—FJH prepared at different pulsing voltages.

further transferred the prepared composite to the collecting
tray.

2.2. Oxidation and HSV-2 Inactivation by Nano-Mg®/
MgO Composites. The oxidation capacity of a nano-Mg°/
MgO composite was evaluated by activating PDS to degrade
SMX. The SMX oxidation reactions were initiated by the
simultaneous addition of 1 g/L nano-Mgo/MgO composite
and 5 mM PDS containing SMX under shaking at 298 K.
Then, the reaction suspension was withdrawn at a desired
interval and filtered immediately through a 0.22 ym membrane
for quantitative analysis. The concentrations of SMX were
detected by high-performance liquid chromatography (HPLC,
Agilent 1260 Infinity II) with a symmetry C18 column at a
wavelength of 265 nm. A mixture of 0.1% formic acid and
methanol (volume/volume 65/35) was adopted as the
mobile phase with a flow rate of 1 mL/min.

The virus inactivation was directly evaluated by a plaque
reduction assay of HSV-2. HSV-2 (50—100 PFU/well) was
preincubated with or without a nano-Mg’/MgO composite
before infection. Then, the HSV-2 and nano—MgO/MgO
composite mixture was transferred to Vero cell monolayers
in six-well plates and incubated with gentle shaking. After
removing the inoculum, cells were incubated at 310 K in agar
overlay media. The cells were last fixed with 4% paraformalde-
hyde and stained with 1% crystal violet for plaque scanning and
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counting. More details can be found in the Supporting
Information.

2.3. Characterizations of Flash Joule Heating-
Induced Nano-Mg°’MgO Composites. The crystalline
structures of the nano-Mg®/MgO composite were determined
by X-ray diffraction (XRD, Ultima IV, Rigaku, Japan). The
valence state of the Mg element for the as-prepared samples
was obtained using X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha, USA). Raman spectra were
recorded with an XploRA Raman spectrometer with a 532
nm (S mW) laser source under a 50X objective microscope.
The morphologies were examined by transmission electron
microscopy (TEM, FEI Tecnai F20). Dispersive X-ray
spectroscopy (EDX) was conducted to prove the existence
of C, Mg, and O, and individual atoms can be discerned in the
high-angle annular dark-field (HAADF) images. Moreover,
chemical analysis of Mg® was detected by transmission electron
microscopy with double aberration correctors (Microscope
Themis Z), and electron energy loss spectroscopy (EELS) was
conducted to map the abundance of C and Mg elements in the
as-prepared composite. It should be noted that the nano-Mg"/
MgO composite was directly coated on a copper screen to
avoid the oxidation of Mg® during the EELS analysis. More
details can be found in the Supporting Information.
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Figure 3. Advanced oxidation mechanism of Mg—C—FJH. EPR spectra of (a) OH, SO,*, (b) 0,°7, and (c) 'O, in Mg—C—FJH at a pulsing
voltage of 250 V and PDS system. (d) SMX degradation proportions of €OH, O,°~, SO,*, and nonradical pathway in the Mg—C—FJH and PDS
system. (e) Amount of €OH produced by the Mg—C—FJH and PDS system. (f) I—t curve of Mg—C—FJH prepared at a pulsing voltage of 250 V
by adding PDS and SMX successively. (g) Optimized adsorption structure systems of different components with PDS.

3. RESULTS AND DISCUSSION

3.1. Flash Joule Heating for Production of an Active
Nano-Mg Composite. Having earth-abundant and eco-
friendly characteristics, the Mg-containing composite attracted
considerable attention but showed disappointing oxidation
performance.”*** This is because the chemical activity
prepared by conventional pyrolysis was restricted by sole
high valence Mg (MgO) and no zero valence Mg (Mgo).zo‘m’36
Specifically, the nano-Mg composite (Mg—C—PY) derived
from the slow pyrolysis at two typical temperatures (773 and
973 K) showed a limited capacity (31.4 and 72.6%) on SMX
removal by using PDS as the oxidant (Figure 1b). That is
because the metal component in the nano-M()g composite from
pyrolysis was mainly composed of MgO,””*° as confirmed by
the XRD (Figure S1). Notably, agglomerated MgO leads to
poor oxidation performance. In addition, the nano-Mg
composite derived from pyrolysis at 773 and 973 K showed
a weak antiviral effect against HSV-2, with only 12.1 and 13.1%
inhibition, respectively (Figure 1c). Notably, the composite
exhibited no significant cytotoxicity toward Vero cells (Figure
S2).

To overcome these conventional technical defects, we
introduced the FJH reaction to improve the structure, chemical
reactivity, and antiviral capability of the nano-Mg composite.
Excitingly, the oxidation capacity of SMX in the FJH derived
nano-Mg composite (Mg—C—FJH) assisted by PDS can reach
98.8% (Figure 1b). The inhibition on HSV-2 reached 72.4% at
a low concentration of Mg—C—FJH, with a higher potency
comparable to that of the reference drug acyclovir (~40.7%)

(Figure 1c). The synthesis strategy for Mg—C—FJH is briefly
illustrated in Figure 1d and Figure S3. A transient voltage was
applied, producing dazzling light that instantaneously raised
the temperature to approximately 2800 K (Figure le and
Figures S4—6), which is likely to induce new components in
Mg—C—FJH for enhanced oxidation and viral inactivation
performance.

3.2. Mg° Induced by Flash Joule Heating in Nano-Mg
Composites. To understand the improved reactivity of Mg—
C—FJH, we performed various structural analyses. The Mg
component of Mg—C—FJH was uniformly distributed along
the carbon substrates based on HAADF images and EDX
elemental mapping (Figure S7). The Mg average size of Mg—
C—FJH was approximately 10.8 nm (Figure S8). Meanwhile,
Mg—C—PY was composed of approximately agminated MgO
nanoparticles (200 nm) loaded on the carbon layer (Figure
2a). This difference indicated that the wide dispersion and
small size of the Mg nanoparticles derived from FJH could
provide more active sites to bolster chemical reactivity.”’

Furthermore, clear lattice stripes in the high-resolution
transmission electron microscopy (HR-TEM) images showed
that Mg—C—FJH was composed of Mg’ (101) and MgO
(200) (Figure S9), and the same crystalline lattices were
observed in the XRD patterns (Figure S10). Evidently,
Mg(CH;COO0), can easily decompose to MgO at low
temperatures (573—673 K) (Figure 2a),”® and Mg’ was
formed in milliseconds from the fast-breaking Mg—O bond
due to decomposition or carbothermic reduction reactions at
the temperature up to approximately 2000 K.*> Consequently,
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Figure 4. Antiviral activity of Mg—C—FJH against HSV-2. (a) The cytotoxicity of Mg—C—FJH in Vero cells was determined by MTT assay after
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quantified with Image].

Mg° nanoparticles derived from FJH were directly observed
from the HAADF images and EELS elemental distribution
(Figure 2b). Figure 2c presents EELS spectra of magnesium K
edge at 1305 eV and carbon K edge at 284 eV; the absence of
an O peak at 534 eV indicated no O in this range, supporting
the existence of Mg’. Synchronously, the rapid heating and
cooling rate (~ 10* K/ms) realized the deposition of a thin
aromatic-carbon layer to sustain the Mg’ nanoparticles (Figure
2e and Figure S11).°

Additionally, the ratios of Mg’ to Mg*" in the Mg 1s XPS
spectra of Mg—C—FJH increased from 14.7 to 52.7% as the
pulsing voltage increased from 150 to 250 V (Figure S12).
This is because the increased power and energy induced a
higher reaction temperature (Figures S3—S5 and S14—17), thus
producing more Mg0 species. Moreover, the corrosion
potential in the Tafel results showed that the increasing Mg"
component directly led to fast electron transport (Figure 2g).
The Mg’ was also reported to play the role of active
component according to previous studies,””*” indicating that
Mg° has potential to enhance the oxidation and antiviral
performance of the as-prepared composite.

The role of carbon substrates was investigated, and the
existence of a conjugated aromatic structure was found
according to the observation of a 7—x transition. The C/O
ratio increased in the C 1s XPS spectra with the increasing
pulsing voltage (Figure $18).*" In addition, a low-intensity D
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peak in the Raman spectra indicated the absence of defects.
The decreased ratio of Ip/I; values indicated a higher level of
graphitization owing to the increased pulsing voltage (Figure 2f
and Table S1).*°7** These results suggest that the aromatic-
carbon layer was favorable for electron transfer, thus enhancing
the chemical reaction.’

3.3. Oxidation Mechanism of Flash Joule Heating-
Induced Nano-Mg°/MgO Composites. As shown in Figure
1b, Mg—C—FJH with a pulsing voltage of 250 V exhibited a
superior SMX oxidation efficiency, implying that the Mg’
component could markedly boost PDS activation. Notably,
adsorption by Mg—C—FJH or PDS degradation alone was
excluded because of the negligible SMX removal efliciency
(Figure S19). Subsequently, the factors underlying the superior
oxidation performance of Mg—C—FJH were further inves-
tigated. Strikingly, the oxidation performance of Mg—C—FJH
increased with the increasing pulsing voltage during the
preparation process, indicating that the increasing Mg’
component played an important role in the oxidation process
(Figure S20).

The degradation mechanism of SMX was further analyzed
by electron paramagnetic resonance (EPR) and quenching
experiments (Figure 3a—e and Figure S21—23). EPR results
first indicated that the reactive oxygen species included eOH,
SO,e~, 0,07, and 'O, (Figure 3a—c). Especially, §OH was the
main contributor for SMX removal, and the contribution of
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Figure 5. Continuous automated fabrication of Mg—C—FJH. (a) Schematic of the automation device for continuous production of the Mg—C—
FJH. (b—d) Operation flowchart of automation apparatus. (e) Tafel curves of the Mg—C—FJH prepared from the automation apparatus. (f)
Removal of SMX in PDS activated by Mg—C—FJH prepared from the automation apparatus.

oOH was decreased with increasing the pulsing voltage from
150 to 250 V (Figure 3d and Tables S3—5). The reason may
be because the ®OH concentration was slightly increased with
the pulsing voltage at 250 V, while more SO, 0~ and O,®~ were
produced for SMX removal (Figures 3d,e). It should be noted
that «OH, SO,e~, and O, e~ produced by C-FJH and the PDS
system were excluded (Figure S24). Moreover, when the PDS
and SMX were added into the electrolyte, the current was
rapidly degressive and uplifted due to the electron transfer
effects (Figure 3f). This result indicated that direct electron
transfer (DET) of Mg—C—FJH with a pulsing voltage of 250 V
was also assisted due to the enhanced Mg’ contents and
graphitization of the carbon substrate.”” Thus, ¢OH was the
main contributor for SMX oxidation performance, and more
SO,e~, 0,87, and 'O, were produced, with the DET pathway
enhanced by the prepared composites at a higher pulsing
voltage (Figure S25). The degradation pathway of SMX was
further investigated. The chromatographs of GC-MS and LC-
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MS for analyzing the degradation pathway of SMX are shown
in Tables S6 and S7, respectively. As shown in Figure S26, the
amino oxidation and methylation process were detected in the
degradation pathway of SMX;*™*® the C—N bond, S—N
bond, and S—C bond were also easily broken to form
intermediate products,””~*’ which further formed acid and
then completely mineralized to produce H,O, CO,, CO;*",
H,SO,, H,SO;, and NO,.™

Furthermore, the role of Mg’ in SMX oxidation was
rationalized by using density functional theory (DFT)
calculations. Mg” and MgO were used as benchmark models,
and some Mg atoms were placed in the MgO model to form a
Mg°/MgO bicomponent model (Figure 3g). By inducing
active Mg’, the adsorption energy of PDS on the Mg" site in
Mg®/MgO (—1.721 V) was lower than single Mg’ (—1.576
eV) and Mg** of MgO (4.216 eV). Evidently, the lower
adsorption energy contributes to the enhanced oxidation
performance of Mg’/MgO. In addition, the O—O bond lengths
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of PDS on Mg** of Mg®/MgO (1.524 A) was longer than on
Mg® (1.505 A) and Mg** of MgO (1.500 A). That
demonstrated that the Mg’/MgO composite helped attract
electron clouds from PDS, thus enhancing their adsorption
affinity. Mg’/MgO easily adsorbed PDS and broke the O—O
bond to produce radicals owing to the increased electron
transmission ability, which considerably improved the
oxidation properties.

Owing to the protective role of the aromatic-carbon
substrate, Mg—C—FJH exhibited extraordinary stability, as
confirmed by high SMX removal reactivity even though the
composite was exposed to air for 3 months (Figure S27).
Additionally, the activity of Mg—C—FJH in activating PDS to
oxidize SMX showed the advantages of FJH technology as
compared to that of several reported catalysts (Figure S28 and
Table $2).**°'7>* Mg—C—FJH also exhibited significant SMX
removal efficiency over a wide pH range and in different
oxidation systems, which provides a wider scope for its
application (Figures $29 and 30).

3.4. HSV-2 Inactivation by Flash Joule Heating-
Induced Nano-Mg°’MgO Composites. Considering the
antiviral performance of Mg,’*>* we focused on the HSV-2
inactivation performance of Mg—C—FJH. We first eliminated
the cytotoxicity of the nano-Mg’/MgO composite according to
the observation that the composite exhibited no significant
cytotoxicity in Vero cells at a low dose (0—100 ug/mL)
(Figure 4a). The HSV-2 inhibition effect of Mg—C—FJH was
superior to that of acyclovir, which was recognized as a
negative contrast, indicating the excellent antiviral performance
of the composite.”® Moreover, the antiviral capability increased
with the enhanced pulsing voltage for the preparation, which
means that the antiviral capability is likely to be improved by
increasing the Mg” content (Figure 4b,c).

Strikingly, the antiviral efficacy of Mg—C—FJH against HSV-
2 infectivity was first evaluated by a plaque reduction assay in
vitro. The number of HSV-2 plaques was markedly reduced
through the preincubation of HSV-2 with Mg—C—FJH
compared with the HSV-2 control group, as visually observed
in Figure 4d to confirm that Mg—C—FJH could directly
inactivate HSV-2 particles. In addition, a time-dependent assay
showed the stas%e for the composite to exert its inhibitory
actions in vitro.”” The Western blotting and cytopathic effect
(CPE) inhibition assay clearly confirmed that the inhibition of
HSV-2 infection by the nano-Mg’/MgO composite occurred
mainly at the adsorption stage of Vero cells infected with HSV-
2 (Figure 4e and Figures S31 and $32). Furthermore, Mg—C—
FJH also exhibited excellent HSV-2 inactivation performance
during the initial contact phase between HSV-2 and the cells
(0—2 h; Figure 4f and Figures S33 and S34). Thus, the Mg—
C—FJH could directly inactivate the virus, specifically at the
initial adsorption stage of HSV-2.

3.5. Continuous Joule Heating for Nano-Mg°/MgO
Composite Fabrication. Although the FJH reaction is
ultrafast, the manual loading and blanking processes prolong
the sample preparation time. To enhance the apparatus’s
production efficiency and progress from the laboratory to
scalable production, we developed a continuous FJH
automation apparatus to produce large quantities of nano-
composites (Figure Sa and Figure S35). A programmable logic
controller-controlled integrated apparatus was designed via
three modular components: electrical control, mechanical
control, and the FJH reaction. The FJH reaction parameters,
including reaction time and pulsing voltage, were set using an
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electrical control module. Instead of manual loading and
blanking in the mechanical control module, two robot arms
were used to achieve the continuous transfer of samples. Then,
the opening and closure of the FJH reaction chamber using a
movable sleeve require a negative pressure environment for the
reaction. The automation system achieved continuous
production of Mg—C—FJH (Figure Sb—d).

Interestingly, the productivity can reach approximately 40
times more than that of laboratory batch FJH devices owing to
automatic mechanical control and FJH reaction modules
(Table S6). Notably, production efficiency can be further
enhanced by magnifying the capacitance of the apparatus and
increasing the sample load. The cost of Mg—C—FJH
production was estimated to be 1452.5 USD/ton (including
material and energy costs), which is twofold less than that of
commercial Mg® (3010.0 USD/ton), promoting broad use in
practical applications (Table S4).

Furthermore, we tentatively tested the stability and
oxidation performance of eight samples. The preparation
parameters, including the pulsing voltage, current, power, and
energy production, showed a relatively stable reaction process
(Figures S36—38). Accordingly, the stable and negative
corrosion potential (—1.0 to —1.24 V) of these samples
indicated that Mg° contributed to the fast electron transport
ability of Mg—C—FJH (Figure Se). This directly contributed
to the high oxidation capacity on SMX by activating PDS
(79.5-96.5%) (Figure Sf). It should be noted that the
difference between the eight samples can be attributed to the
nonuniform electric shock on the samples, which can be
ignored by the mixture of a large number of as-prepared
samples. Undoubtedly, Mg—C—FJH showed remarkable
electron transport ability and oxidation properties, demonstrat-
ing the great potential of the continuous FJH automation
apparatus for the large-scale synthesis of nanocomposites.

We report an instantaneous FJH technology for induced
activity Mg® into nano-Mg composites to break through the
disadvantages of conventional pyrolysis methods. Mg’ was
formed by FJH in milliseconds through Mg—O bond
fracturing, and thin aromatic-carbon layer deposition was due
to the rapid heating/cooling rate for blocking Mg’ oxidation.
The active Mg’ enhanced the PDS activation to produce highly
reactive oxygen species (like ®OH), thus exhibiting a
remarkable SMX oxidation efficiency. DFT calculations
indicated that the induced activity Mg’ could increase the
binding affinity with oxidants, thus enhancing the oxidation
capacity. Additionally, the increasing Mg’ component also
improved the HSV-2 inactivation capability of Mg—C—FJH.
Moreover, a continuous FJH automation apparatus was
designed to continuously produce nanocomposites, which
makes the large-scale application of nanocomposites possible.
In this way, this work opens up a new avenue to continuously
prepare different active nanometal composites and also
provides new insights into organic depollution and virus
inactivation in water systems.
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Parameters of the material synthesis process, including
flash current, voltage, and fitting temperature; material
characterization, including TEM images, XRD analysis,
and XPS analysis; experiments on the degradation of
SMX under different conditions, including different
scavengers, different pH, and different oxidation
systems; EPR spectra of reactive oxygen species; antiviral
activity of the material, including CPE inhibition and gB
protein level; and parameters of the continuous material
synthesis process, including flash current and voltage
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