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Mesoporous silica-protected silver nanoparticle
disinfectant with controlled Ag™ ion release,
efficient magnetic separation, and effective
antibacterial activityt
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Ag is the most effective metal disinfectant against pathogenic microorganisms and thus, various approaches
have been exploited to enhance the dispersity and control the release of Ag* ions from Ag nanoparticles. In
this study, a superparamagnetic Fez04@SiO,@Ag@porous SiO, disinfectant with a double-layer core—shell
structure was developed. Its superparamagnetic FesO4 nanosphere core ensured its good dispersity in
water and allowed its easy magnetic separation after treatment. Its dense SiO, inner shell protected the
FesO4 nanosphere core and allowed a good loading of Ag nanoparticles. Its mesoporous SiO, outer

layer effectively protected the Ag nanoparticles from detachment, and its mesoporous channels resulted
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Accepted 14th November 2018 in lower silver oxidation and dissolution for the controlled release of Ag™ ions. Thus, a highly efficient,
silver-based disinfectant was developed, as demonstrated by its effective disinfection of Escherichia coli

DOI: 10.1039/c8na00275d bacteria with good recycle performance, while the silver concentration in the treated water met the MCL
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Introduction

Water pollution is a critical issue, which has caused a serious
water crisis worldwide."* Various types of water pollutants exist
in the aqueous environment, including inorganics, organics,
and microorganisms, which make water treatment a compli-
cated process.* Among them, microbial contamination has
received extensive attention due to the following reasons. First,
water is a common medium for pathogenic microorganisms to
spread diseases. For instance, Salmonella had been reported to
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spread through water, endangering human health.* Second,
biofilms are usually formed on industrial water pipes, which
block and corrode them, thus affecting normal industrial
production. Third, biological toxins released by microorgan-
isms in their metabolic processes add complexity for water
treatment. For example, cyanotoxins are secondary metabolites
of blue algae, which must be considered when treating blue
algae pollution.® Hence, effective approaches need to be devel-
oped to solve microbial water pollution.

Various antibacterial materials had been developed,
including natural, organic, and inorganic antibacterial mate-
rials.® Chitosan and sorbic acid are typical natural antibacterial
agents, which are safe, environmentally benign, and have good
disinfection capability.” However, their long-term storage is
a problem, and they cannot be used under high temperature.
Organic antibacterial agents have a good sterilization effect, fast
sterilization rate, and relatively low cost.®* However, their draw-
backs are also prominent because they are toxic and easily cause
microbial resistance. Sometimes, they may lead to the forma-
tion of carcinogenic disinfection by-products that are harmful
to human health.® Compared with their natural and organic
counterparts, inorganic antibacterial materials exhibit a wide
antimicrobial spectrum, excellent chemical and thermal
stability, nontoxicity, and no microbial resistance.'®' Among
them, silver (including silver ions and silver-based compounds)
is considered as the most effective metallic inorganic antibac-
terial candidate,"”” which has long been used in dental resin

This journal is © The Royal Society of Chemistry 2019
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composites and various consumer products.** Although the
antibacterial mechanism of silver is still debatable, the pre-
vailing view is that ionic silver can strongly interact with the
thiol groups of vital enzymes inside microorganisms and inac-
tivate them.'* Subsequently, ionic silver can diffuse back into
the environment and inactivate more microorganisms periodi-
cally. Thus, silver exhibits strong antibacterial activity for a wide
range of microorganisms with long duration and safety."

With the advantages of low volume, large specific surface
area and high activity, silver nanoparticles are considered to be
the most effective metal disinfectant against bacteria, viruses
and other eukaryotic microorganisms due to their constant
release of silver ions through slow oxidation."*'® Various
approaches have been developed for the fabrication of stable
and well-dispersed silver nanoparticles, including chemical
reduction, reverse micelle, sol-gel, and precipitation.'***
Furthermore, to avoid their strong aggregation tendency and
enhance their effectiveness for potential applications, various
types of carriers were investigated for silver nanoparticles,
including glass fibre,* rice husk ash® and Fe;O,@carbon.*
They were also integrated with multiple types of filters,* fibre
membranes* and composites® to improve the water purifica-
tion efficiency. However, silver nanoparticles impregnated into
carriers were prone to detach and could enter the aqueous
environment, while colloidal silver nanoparticles showed
toxicity toward mammalian cells.?**® Furthermore, their fast
dissolution rate shortened their life-time, and could easily
induce higher silver ion concentrations over the WHO recom-
mended maximum contaminant level limit (MCL =
0.05 mg L") for drinking water.?”

To overcome these drawbacks, research efforts have been
focused on protecting the efficient ingredient of silver nano-
particles from detachment to maintain the appropriate silver
ion content for water purification. For example, the Ag@Fe, 05—
GO nanocomposites synthesized by Gao et al. showed good
long-term antibacterial property against both Gram-negative
and Gram-positive bacteria due to the lower oxidation rate of
Ag nanoparticles in the presence of GO.”® Liong et al. enclosed
silver nanoparticles in a mesostructured silica shell, which
slowed down the oxidation rate of the silver nanoparticles and
displayed long-term antibacterial properties.'” Besides, carbon®
and titania®® shells were also adopted to protect the inner silver
nanoparticles. Although the detachment of silver nanoparticles
could be suppressed by these protection shells, the silver ion
concentration in the treated water was not generally modulated
in these studies, while it was difficult to separate these core-
shell structure disinfectants from the treated water bodies to
avoid potential environmental hazards.

Herein, a double-layer core-shell structure was designed to
create a novel silver-based disinfectant, which consisted of
a superparamagnetic Fe;O, nanosphere core, dense SiO, inner
shell, Ag nanoparticles, and mesoporous SiO, outer shell. In
this double-layer core-shell structure, the superparamagnetic
Fe;04 nanoparticle core endowed the disinfectant with good
dispersion/redispersion in water when no external magnetic
field was applied, which could then be easily separated
magnetically from treated water bodies when an external

This journal is © The Royal Society of Chemistry 2019
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magnetic field was applied to avoid it entering the aqueous
environment. The dense SiO, inner shell could protect the
Fe;0,4 nanosphere core and provide an easy attachment to silver
species for a good loading of disinfectant Ag nanoparticles. The
mesoporous SiO, outer layer could protect the Ag nanoparticles
from detachment during the disinfection operation, and the
relatively long diffusion route along its mesoporous channels
for silver ions could be beneficial for lower silver oxidation and
dissolution for the controlled release of silver ions and long-
term antibacterial performance. Thus, a highly efficient silver-
based disinfectant was developed with good stability, while
the silver concentration in the treated water met the WHO
recommended maximum contaminant level limit (MCL =
0.05 mg L") for drinking water.

Experimental
Chemicals

All chemicals were of analytical grade and used as received
without further purification. Ferric chloride hexahydrate,
ethylene glycol, disodium ethylenediamine tetraacetate,
sodium acetate, sodium citrate tribasic dihydrate, ethanol,
ammonium hydroxide aqueous solution (28%), tetraethyl
orthosilicate (TEOS), silver nitrate, glucose, stannous chloride
and hydrochloric acid (37%) were purchased from Sinopharm
Chemical Reagent Corporation (Shanghai, P. R. China). Poly-
vinylpyrrolidone (M,, ~ 10 000) was obtained from Aladdin
Industrial Corporation (Shanghai, P. R. China). Deionized (DI)
water was produced by a water purifier system.

Synthesis of monodispersed Fe;0, nanospheres

Monodispersed Fe;O, nanospheres (denoted as F) were
prepared via a modified method reported by Lin et al®*' In
a typical process, 2.72 g FeCl;-6H,0 and 0.136 g EDTA-2Na were
first dissolved in 80 mL ethylene glycol with vigorous stirring.
After 30 min, 2.4 g NaAc was added to the above solution and it
was further stirred for another 30 min. Next, the mixture solu-
tion was ultrasonically treated for 60 min and then sealed in
a 100 mL autoclave. The autoclave was heated to and main-
tained at 200 °C for 10 h. After the autoclave cooled to room
temperature, the black brown precipitate was collected, rinsed
with ethanol and DI water three times, respectively, and then
dispersed in 200 mL DI water. To improve the dispersibility of
the Fe;O, nanosphere core, 0.5 g sodium citrate tribasic dihy-
drate was added to the suspension and it was ultrasonically
treated for 10 min. Finally, the product was collected from the
water via magnetic separation, rinsed with DI water twice, and
dried in vacuum oven at 60 °C for 12 h to obtain monodispersed
Fe;0, nanospheres.

Synthesis of Fe;0,@8Si0, core-shell structures

Fe;0,@Si0, core-shell structures (denoted as FS) were
prepared through a modified Stober process.*” In a typical
process, 0.6 g Fe;O, nanoparticle cores were dispersed in
a solution of 300 mL ethanol, 80 mL DI water and 20 mL
aqueous ammonia (28%) via ultrasonic treatment. After 10 min,
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a solution of 2 mL TEOS and 20 mL ethanol was added to it
dropwise under vigorous stirring. After 6 h, the product was
magnetically separated, washed with ethanol and DI water
several times, and then dried in a vacuum oven at 60 °C for 12 h
to obtain the final product.

Synthesis of Fe;0,@Si0,@Ag core-shell structures

Fe;0,@Si0,@Ag (denoted as FSA) core-shell structures were
synthesized using an improved seed-mediated growth method
reported by Liu et al.** In a typical process, an Sn(u) solution was
prepared by dissolving 0.3 g SnCl, in 10 mL DI water containing
0.1 mL concentrated HCI. 0.1 g FS sample was dispersed in the
above SnCl, solution via ultrasonication for 20 min. Then, the
Sn**-functionalised FS sample was separated magnetically to
remove unabsorbed Sn**, and then re-dispersed in water. The
sn**-functionalised FS sample was added to 10 mL 0.35 M
ammonia silver nitrate solution under ultrasonication for
20 min to anchor the Ag seeds on the surface of the SiO, shell.
Next, the rinsed silver nuclei-decorated FS sample was
dispersed in 100 mL DI water, and sodium citrate tribasic
dehydrate (0.2 g), excess glucose (0.667 g), and 1 mL 11.83 mmol
L' ammonia silver nitrate solution were added to the
suspension in sequence. After 1 h reduction at room tempera-
ture, FSA core-shell structures were obtained. The product was
rinsed using DI water three times and then dried in a vacuum
oven at 60 °C overnight.

Synthesis of dense silica layer-protected Fe;0,@SiO,@Ag
double-layer core-shell structures

Fe;0,@Si0,@Ag@d-Si0, (denoted as FSAS) double-layer core—
shell structures were prepared through a modified Stober
process.*> Typically, 2 mL NH;-H,O (28 wt%) was injected into
a suspension of 0.1 g FSA sample, 20 mL DI water and 80 mL
ethanol under moderate mechanical stirring. Then, 100 pL
TEOS was added into the above suspension, and it was
mechanically stirred for 6 h. The resulting product was collected
by magnetic separation, washed three times with ethanol and
water, respectively, to remove excess NH;-H,0O, and dried in
a vacuum oven at 60 °C for 12 h to obtain the FSAS sample.

Synthesis of porous silica-protected Fe;0,@SiO,@Ag double-
layer core-shell structures

A modified surface-protected etching process** was adopted to
transform the dense silica outer shell into a mesoporous shell to
allow the release of silver ions. First, 0.2 g FSAS sample was
heated in 40 mL water at 95 °C in the presence of 2 g PVP (MW ~
10 000) for 3 h. Next, the product (denoted as FSAS-P3) was
collected by magnetic separation, rinsed with DI water several
times, and re-dispersed in 90 mL DI water. Then, 10 mL NaOH
(4 M) was added in with rapid mechanical stirring for the
alkaline etching. After the etching process, the sample was
collected by magnetic separation, washed three times with
ethanol and water, respectively, and dried at 60 °C for 12 h to
obtain the final product. A series of etching times was adopted
at 0 min, 30 min, 60 min, 90 min, and 120 min, and the
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obtained samples were denoted as FSAS-P3-0, FSAS-P3-30, FSAS-
P3-60, FSAS-P3-90 and FSAS-P3-120, respectively.

Material characterization

The crystal structures of the samples were analysed via X-ray
diffraction (XRD) using a D/MAX-2004 X-ray powder diffrac-
tometer (Rigaku Corporation, Tokyo, Japan) with Ni-filtered Cu
Ko radiation (0.15418 nm) at 56 kV and 182 mA. TEM images
were obtained on a JEOL-2100 transmission electron micro-
scope (JEOL, Tokyo, Japan). The specific surface areas of the
samples were measured on an Autosorb-1 automatic Surface
Area and Pore Size Analyzer (Quantachrome Instruments, Boy-
nton Beach, FL, USA) and calculated using the standard Bru-
nauer-Emmett-Teller (BET) method. The mesopore size
distributions were obtained using the Barrett-Joyner-Halenda
(BJH) method and the desorption branch data from the
nitrogen adsorption isotherms. Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectra of the catalysts
were recorded on a Nicolet 6700 FTIR spectrometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) in the wavelength
range of 4000-650 cm™'. UV-vis measurement was carried out
on a UV-2550 spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). An Agilent 240FS atomic absorption spectrom-
eter (AAS) was used to measure the silver ion content in solu-
tion. Magnetic measurements were conducted on a vibrating
sample magnetometer (VSM) standard option in a physical
property measurement system (PPMS) equipped with a super-
conducting magnet with a maximum magnetic field of 14 T.

E. coli disinfection experiment

The standard plate counting method was adopted to test the
disinfection capability of our samples, and a model microor-
ganism of wild-type Escherichia coli (E. coli) bacteria (ATCC
15597, American Type Culture Collection, VA, USA) was used for
the disinfection experiment. In a typical disinfection test, the
initial concentration of E. coli cells was ~10” cfu mL ™}, and the
sample dosage was 0.05 mg (sample)/mL (E. coli cell suspen-
sion). This sample dosage was chosen based on the superior
disinfection performance of silver nanoparticles, which was
obtained as the optimized value after multiple pre-experiments.
The E. coli cell density was determined using the value of log N,
where N; was the number of viable cells in terms of colony-
forming units (cfu mL™') determined by the plate count
method. Fig. S11 shows the optical images of the plates used for
plate counting in a typical E. coli disinfection experiment, which
clearly demonstrated that the colony-forming units continu-
ously decreased with an increase in treatment time. Recycling
and reuse disinfection experiments were also conducted to
examine the long-term disinfection capability of our sample
using the FSAS-P3-90 sample as a representative. For each run,
the treatment time was chosen as 20 min according to the
previous disinfection experiment result. After the disinfection
experiment was finished in the prior run, the used FSAS-P3-90
sample was magnetically separated, collected, rinsed with
ethanol and water, respectively, and then reused for the next
run with a fresh E. coli cell suspension.

This journal is © The Royal Society of Chemistry 2019
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Results and discussion

Creation of porous silica-protected Fe;0,@SiO,@Ag double-
layer core-shell structure

Fig. 1 shows a schematic of the synthesis of the porous silica-
protected Fe;0,@SiO,@Ag double-layer core-shell structure
from an Fe;O0, nanoparticle core, and the XRD patterns of the
samples obtained in each step are shown in Fig. 2. For all the
samples, the diffraction peaks of the orthorhombic phase of
Fe;0, (JCPDS card no. 75-0449) could be easily identified. After
the loading of Ag nanoparticles, the diffraction peaks of the
metallic Ag phase (JCPDS card no. 87-0720) could also be easily
identified (see XRD patterns of N3-N8). No diffraction peaks
belonging to SiO, could be identified after the introduction of
the silica shells (see XRD patterns of N2-N8), which is attributed
to their amorphous nature. The existence of silica layers was
verified by FTIR spectroscopy, as shown in Fig. S2 in the ESL}
After the introduction of the silica shells, two characteristic
peaks appeared at ~1103 cm ™' and ~947 cm ™', which were
assigned to the Si-O-Si bond and the Si-OH bond, respectively,
and verified the existence of the SiO, shells.* From Fig. S2,7 the
obvious COO~ symmetric stretching vibration at ~1410 em ™"
and asymmetric stretching vibration at ~1610 cm™" could be
observed for all the samples, which was due to the use of citric
acid in the synthesis of the Fe;O, nanoparticle core and the
loading of Ag nanoparticles.*** The XRD analysis results
demonstrated that the silica coating and the followed etching
process did not change the crystal structures of Fe;O, nano-
particle core and Ag nanoparticles because their XRD diffrac-
tion patterns remained almost unchanged after these
processes. The average crystallite sizes of the Fe;O, and Ag
nanoparticles were determined to be ~10 nm using the Scherrer
formula and their strongest XRD peaks.

Fig. 3a-d show the TEM images of the F, FS, FSA, and FSAS
samples, respectively. Fig. 3a shows that the monodispersed
Fe;O0, nanospheres were composed of aggregated fine Fe;0O,
nanoparticles, and their average diameter was ~200 nm. The
introduced citrate during the synthetic process was critical to
enhance their dispersity due to its adsorption on the Fe;O,
nanospheres to increase the electrostatic repulsion between
them.*® When no citrate was introduced, the good dispersion of
the Fe;O, nanospheres was found to last only several hours.
After the modified Stober process, a thin silica shell was coated
on the surface of the Fe;O, nanosphere core (Fig. 3b). The
thickness of the silica shell was ~20 nm thick, and it had
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a dense structure. Thus, it could provide protection to the Fe;0,
nanosphere core from interaction with substances in water
bodies to avoid secondary pollution and keep its super-
paramagnetic behaviour. Furthermore, rich surface hydroxyl
(-OH) groups existed on the surface of the SiO, shell and their
negative charges could facilitate the adsorption of Sn** ions by
electrostatic attraction.’”

After the Sn**-functionalised FS sample emerged in the silver
ammonia solution, its colour changed from bright orange to
dark grey immediately, indicating the formation of metal silver
nuclei on the silica shell surface through the reduction of silver
ammonia by Sn*". Under the reducing environment created by
glucose, Ag atoms subsequently grew on these Ag nuclei to
finally form uniformly distributed silver nanoparticles on the
SiO, shell surface, as demonstrated in Fig. 3c. The average
diameter of these silver nanoparticles was ~10 nm, which is in
accordance with the XRD crystal size analysis result. A similar
core-shell structure of Fe;0,@SiO,@Ag was synthesized by Fu
et al.,' which exhibited efficient antibacterial activity and
reusability. However, the detachment and excessive dissolution
(exceeding MCL of 0.05 g L") issues hindered its practical
applications. In our approach, a protective SiO, outer shell was
introduced to prevent the detachment of Ag nanoparticles due
to the robust coating procedure based on a room temperature
sol-gel process and readiness for the surface protecting etching
process.***® Fig. 3d shows the TEM image of the FSAS sample.
The thickness of its SiO, outer layer was ~50 nm, which had
a dense structure.

To allow the oxidation of Ag nanoparticles and the subse-
quent release of Ag" ions for effective disinfection, a surface
protecting etching method®*** was adopted to transform the
dense SiO, outer shell into a mesoporous structure. Fig. 4a-
d shows the TEM images of the FSAS samples after the water
boiling process with the surface protecting etching times of
0 min, 30 min, 60 min, and 90 min, respectively. For the sample
treated only by boiling water, a difference in contrast could be
observed at the SiO, outer layer edge (~20 nm from the outside
to the inside along the radial direction), as shown in the TEM
image in Fig. 4a, which can be attributed to the dissolution and
precipitation equilibrium between the Si-O-Si network and the
monomer Si(OH), during the long time heating.’>*' Some
micropores may have formed at the surface layer of the SiO,
outer shell, but no obvious penetrating pores were observed.
During the water boiling process, strong hydrogen bonds could
be formed between PVP and silica to increase the stability of the
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Fe;0,@SIO,
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Fig. 1 Schematic illustration of the synthesis of the mesoporous silica-protected Fez0,@SiO,@Ag double layer core—shell structure.
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Fig. 2
P3-60 (N7), and FSAS-P3-90 (N8) samples.

silica shell in NaOH solution for the following controllable
surface protecting etching process to create a mesoporous
structure.** Without the protection of PVP, the silica shell could
be etched away rapidly.** After 30 min etching, the SiO, outer
shell surface became rough and the observed contrast differ-
ence in Fig. 4a became weaker, as shown in Fig. 4b. After 60 min
etching, the SiO, outer shell thickness decreased to ~45 nm
(5 nm smaller than the original shell thickness) due to the
continuous alkaline etching and its structure became meso-
porous (see Fig. 4c). When the alkaline etching time reached
90 min, the SiO, outer shell thickness decreased to ~35 nm and
its mesoporous structure became more obvious (see Fig. 4d).
Thus, porous silica-protected Fe;0,@SiO,@Ag double-layer
core-shell structures were successfully created. With the pro-
longed etching time, the SiO, outer layer could be completely
removed as demonstrated in the TEM image of the FSAS sample

View Article Online

Paper

Agx AFeO, m Ag
|
I
14 A
| N8 ? J‘} I'»\ AI A -
et A ‘v LY A 1y,
M‘Nw hy s \“'%M,«/»‘QM‘I w.\M’v ¥y “’MW»«M""" K"Y"
: i
g N7 \J
= e, | s
% Ml W" k”/\ »Mw»' a»-w‘ ”"wm““‘" W
é N6 H |’ \ ) ) A
= v\ 7 L !
N M‘M.t\wwll” ol ‘\“’vw e "-,.w”/ “mm.wﬂw"“'“
[
N5 ;I\‘}"
LWL ‘mu‘k
W d"‘w'/ ‘J«,rw iy , ﬂ M
20 30 40 50 so 70 80

20 (Degree)

(a) XRD patterns of the F (N1), FS (N2), FSA (N3), and FSAS (N4) samples. (b) XRD patterns of the FSAS-P3-0 (N5), FSAS-P3-30 (N6), FSAS-

after 120 min etching, as shown in Fig. S3 in the ESI,} which
then lost the protection of the Ag nanoparticles.

Mesoporous structure of the protective SiO, outer shells with
different etching times

The TEM observation clearly demonstrated that the surface
protecting etching method successfully converted the dense
SiO, outer shell into a mesoporous structure. N, adsorption/
desorption isotherm studies were conducted to further inves-
tigate the SiO, outer shell structure of the etched samples.
Fig. S4 and S5 in the ESIf show the isotherms and BJH pore
distributions of the samples. The BET specific surface areas of
the FSAS-P3-0, FSAS-P3-30, FSAS-P3-60, and FSAS-P3-90 samples
were calculated to be ~11.43, 83.34, 90.37 and 113.9 m> g™ ",
respectively, based on their N, adsorption/desorption
isotherms. For the FSAS-P3-0 sample, no obvious pore

Fig. 3 TEM images of the sample at the different synthesis stages: (a) F, (b) FS, (c) FSA, and (d) FSAS.
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structure was observed (see Fig. S5at), while the alkaline etched
samples all demonstrated obvious mesoporous structures,
which is in accordance with their significantly increased BET
specific surface areas compared with that of the FSAS-P3-
0 sample without alkaline etching. The average pore sizes
were found to be ~1.93, 2.05, and 2.06 nm for the FSAS-P3-30,
FSAS-P3-60, and FSAS-P3-90 samples, respectively. These
results clearly demonstrated that the BET specific surface area
and pore size increased with an increase in alkaline etching
time, and the resulting mesoporous structures could provide
channels in the protective outer shell to allow the Ag nano-
particles to interact with the aqueous environment. The resul-
tant Ag" ions could diffuse from these channels gradually into
the water body for a long-term disinfection capability. Fig. S6F
shows the optical images of the F, FS, FSA, FSAS, and FSAS-P3-90
samples. Sample F had a dark brown color due to its Fe;O,
nature, while sample FS was mostly brown after the formation
of the SiO, layer on the Fe;O,4 core. Sample FSA had a dark grey
color because silver nanoparticles were deposited on its surface,
while the color of sample FSAS was slightly lighter after coating
with the second SiO, layer. The surface protecting etching
process did not change the sample color obviously, as demon-
strated by sample FSAS-P3-90 as a representative.

Effective protection of silver nanoparticles from detachment

The size of the mesopores (~2 nm) in the protective SiO, outer
shell was much smaller than that of the Ag nanoparticles (~10
nm). Thus, the Ag nanoparticles could not pass through the
SiO, outer shell, which provided the Ag nanoparticles the
desired protection. The protection effect of Ag nanoparticles
from detachment by the mesoporous SiO, outer layer was
examined via an Ag fall-off experiment. Typically, 0.1 g FSA
sample and 0.1 g FSAS-P3-90 sample were dispersed in 100 mL
PBS buffer separately in Erlenmeyer flasks, which were shaken

This journal is © The Royal Society of Chemistry 2019
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Fig.4 TEM images of FSAS samples with a series of etching times of 0 min, 30 min, 60 min, and 90 min: (a) FSAS-P3-0, (b) FSAS-P3-30, (c) FSAS-
P3-60, and (d) FSAS-P3-90 (Note, the inset images show the edges of the samples with a higher magnification).

vigorously on a shaker. Fig. 5 shows the optical absorbance
spectra of the PBS buffer solutions, in which the dispersed FSA
sample and FSAS-P3-90 sample were mechanically shaken for
a series of time up to 72 h before they were magnetically sepa-
rated. A large absorption peak was observed at ~420 nm
occurred for the FSA sample for the shaking time from 12 h up
to 72 h, and its intensity constantly increased with an increase
in the shaking time. This observed large absorption peak can be
attributed to the plasmon resonance absorption of the Ag
nanoparticles.”® This observation clearly suggested that the
detachment of Ag nanoparticles occurred on the FSA sample
during the shaking process and more and more Ag nano-
particles detached from the surface of the FAS sample with an
extension in the shaking time. However, for the FSAS-P3-90
sample, no absorption peak at ~420 nm was observed even
after shaking for 72 h, suggesting that no Ag nanoparticle
detachment occurred. Among the alkaline etched samples, the
FSAS-P3-90 sample had the thinnest SiO, outer layer with the

—— 72 h with FSAS-P3-90
—— 72 h with FSA
—— 48 h with FSA
—— 36 h with FSA
—— 24 hwith FSA
—— 12 h with FSA

0.15

0.10

Absorbance

0.05

-

200 300 400 500 600 700 800
wavelength (nm)

0.00

Fig. 5 UV-vis absorbance spectra of PBS buffer solutions in the Ag
fall-off experiments for the FSA and FSAS-P3-90 samples.
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largest mesopore size. Thus, the comparison results clearly
verified that the mesoporous SiO, outer layer successfully pro-
tected the Ag nanoparticles and prevented their detachment
during the water disinfection process, which could avoid the
dispersion of Ag nanoparticles into the aqueous environment
and be crucial for their long-term disinfection performance.

Superparamagnetic behavior of porous silica-protected
Fe;0,@Si0,@Ag double-layer core-shell structures

Fig. 6 shows the magnetic field-dependent behaviors of the
Fe;0, nanosphere core and the FSAS-P3-90 sample as the
representative of porous silica-protected Fe;0,@Si0,@Ag
double-layer core-shell structures at room temperature. Both of
them showed typical superparamagnetic behavior, as demon-
strated by the lack of a hysteretic lag in their loops.* This can be
attributed to the ultrafine size of the Fe;O, nanoparticles that
aggregated to form the Fe;O, nanosphere core.*® Thus, their
remanence and coercivity were both zero, which eliminated
magnetic attraction between them and was beneficial for their
dispersion in water bodies. Their saturation magnetization, M,
was obtained by extrapolating their graphs of M vs. 1/H to 1/H
— 0 (for H > 10 kOe). The M; of the Fe;0, nanosphere core was
determined to be ~72.3 emu g~ and that for the FSAS-P3-90
sample was ~24.9 emu g '. The much lower M, of the FSAS-
P3-90 sample was due to the presence of non-magnetic Ag
nanoparticles and SiO, inner and outer shells. Nevertheless, it
was strong enough for its rapid magnetic separation from water
after treatment when an external magnetic field was applied.
Thus, the superparamagnetic behavior and strong saturation
magnetization of the FSAS-P3-90 sample could ensure both its
good dispersion in water bodies and easy separation from
treated water bodies, which are beneficial for its potential
applications.

Disinfection activities of porous silica-protected
Fe;0,@SiO,@Ag double-layer core-shell structures

The disinfection performances of the porous silica-protected
Fe;0,@Si0,@Ag double-layer core-shell structures were inves-
tigated with E. coli bacterium as the model microorganism.
Fig. 7a shows the cell density of E. coli bacteria treated with the

80|

—a—F
60F —o—FSAS-P3-90
40

20

Moment (emu/g)

" I L n

-10 -5 0 5 10
Magnetic Field (kOe)

Fig. 6 Room-temperature magnetization curves of the FezO,4 nano-
sphere core and the FSAS-P3-90 sample.
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FSAS-P3-0, FSAS-P3-30, FSAS-P3-60 and FSAS-P3-90 samples. In
PBS buffer solution, the E. coli cells could remain active up to 2
weeks. However, with just a low disinfectant loading of 0.05 mg
mL ", the cell density of E. coli cells decreased sharply for the
alkaline etched samples. Among them, the FSAS-P3-90 sample
demonstrated the fastest disinfection performance. After only
17 min treatment, the E. coli cell density dropped 7 orders of
magnitude, which suggested that all the E. coli cells in the
treated solution (10" mfu mL ") were sterilized. For the FSAS-
P3-60 sample and the FSAS-P3-30 sample, the E. coli cell
density dropped 7 orders of magnitude and over 5 orders of
magnitude, respectively, after 20 min treatment. However, for
the FSAS-P3-0 sample, the E. coli cell density dropped less than
one order of magnitude after 20 min treatment. It is generally
believed that ionic silver can strongly interact with the thiol
groups of vital enzymes inside microorganisms and inactivate
them.* Thus, the disinfection of E. coli cells by our samples
relied on the release of Ag' ions into the aqueous environment.
The disinfection experiment results for the different samples
clearly indicated that the release of Ag" ions was enhanced by
a longer alkaline etching time because it reduced the thickness
of the SiO, outer shell and created more and larger mesopores,
which were beneficial for the release of Ag" ions.

The long-term disinfection capability of the FSAS-P3-90
sample was examined via a recycling and reuse experiment.
After each treatment for 20 min, the FSAS-P3-90 sample was
magnetically separated, collected, rinsed, and then reused for
the next run with a fresh E. coli cell suspension. Fig. 7b shows
the E. coli sterilization percentage for 5 consecutive runs, which
clearly demonstrated that the FSAS-P3-90 sample could
completely sterilize all E. coli cells in every run although some
sample loss was inevitable during the collection and rinsing
process. This result suggested that our porous silica-protected
Fe;0,@Si0,@Ag double-layer core-shell structures could be
an effective disinfectant for water treatment in a long run.

The controllable Ag" ion release within the MCL for drinking
water

For drinking water disinfection, the MCL requirement
(0.05 mg L") must be met to ensure its safety. To examine the Ag*
ion release with different protective SiO, outer shells, the FSAS-P3-
0, FSAS-P3-30, FSAS-P3-60, and FSAS-P3-90 samples were used,
and the FSA sample without the protective SiO, outer shell was
also used as a comparison. 0.05 mg mL " sample was added to
PBS buffer solution, mechanically shaken for 30 min, and then
magnetically separated. Then, the Ag" ion concentration in the
solution was examined. Table 1 summaries the Ag" ion concen-
tration in the solution for the different samples. Without the
protective SiO, outer shell, the Ag" ion concentration released by
the FSA sample reached 0.232 mg L™, which was four times
higher than the MCL for silver in drinking water. However, for the
Si0, outer shell-protected samples, the Ag" ion concentrations
released by them were all below the MCL for silver in drinking
water. Thus, they can be readily used for drinking water disin-
fection, and the relatively lower Ag* ion concentration can also be

beneficial for their long-term disinfection performance.

This journal is © The Royal Society of Chemistry 2019
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(a) E. coli cell density vs. treatment time by the FSAS-P3-0, FSAS-P3-30, FSAS-P3-60 and FSAS-P3-90 samples. (b) E. coli sterilization

percentage for 5 consecutive runs of treatment by the FSAS-P3-90 sample.

Table 1 Silver ion concentration in solutions shaken with different
samples

Sample FSAS-P3-0 FSAS-P3-30 FSAS-P3-60 FSAS-P3-90 FSA
Cag (mgL™") 0.0189  0.0401 0.0414 0.0485 0.232

Conclusions

In summary, a mesoporous SiO, outer layer was coated on the
Fe;0,@Si0,@Ag core shell structure to create a novel Ag
nanoparticle-based disinfectant to solve the problems of Ag
nanoparticle detachment and excessive Ag' ion concentration
over its MCL for drinking water associated with traditional silver-
based disinfectants. In this double-layer core-shell structure, the
superparamagnetic Fe;O, nanosphere core provided an easy
magnetic separation function to avoid its loss to the aqueous
environment, its dense SiO, inner shell protected the Fe;O,
nanosphere core and provided a good substrate to load Ag
nanoparticles as the active component for disinfection, and its
mesoporous SiO, outer shell created by the protective etching
process protected the Ag nanoparticles from detachment and also
controlled the release of Ag" ions from its mesoporous channels.
These porous silica-protected Fe;0,@SiO,@Ag double layer core-
shell structures exhibited an efficient disinfection effect, satis-
factory MCL of Ag" ions in drinking water, a stable and long-term
disinfection performance, and easy magnetic separation capa-
bility from treated water bodies. Thus, they have the application
potential as an efficient and safe disinfectant for drinking water
disinfection with easy operation and low cost.
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