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In this work, novel magnetic nanocomposites, Fe304@Ba3(PO4), (denominated FBP) nanoflakes loaded
with Ag nanoparticles (NPs) (denominated FBPA), were reported for cleaning E. coli from water. FBPA
with 1 wt% Ag (denominated FBPA1) showed a higher adsorption efficiency (94%) than FBPA with 10 wt%
Ag (denominated FBPA10), for water heavily contaminated with E. coli (5 x 108 CFU/mL), both at a dosage
of 1 g/L within 10 min. Importantly, the loaded Ag NPs can greatly improve the disinfection effect of FBP
due to the great antimicrobial activity of Ag NPs via the released Ag". Confocal fluorescent images and
dilution plating results showed that ~100% of E. coli could be inactivated by FBPA1 within 10 min. The
calculated disinfection capacity was higher than some other materials. Three co-existed salts in solutions
decreased the disinfection efficiency of FBPA1 to be ~67% (NaCl), ~59% (CaCly), and ~41% (MgCly).
Furthermore, FBPA1 can be reclaimed via a magnet to be reused. FBPA1 maintained an adsorption ef-
ficiency of 86%, disinfection effect of 70%, and ~90% of loaded Ag NPs after the fifth recover and reuse
cycle.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, the removal of various contaminants, for instance,
organic matters, microorganisms, and heavy metals is a priority for
ensuring a safe and clean water system (Sharma et al.,, 2018).
Reliable access to clean water devoid of microorganisms is one of
these major global health issues (Sharma et al., 2015). Escherichia
coli (E. coli) is usually acted as an indicator of microorganism
contamination to monitor water quality (Zhan et al., 2015). Though
many technologies have been employed to remove E. coli from
solution, currently applied water treatment methods are still not
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able to provide the water quality and demand with a low cost to
meet improved requirements of the environment and human
health (Schwarzenbach et al., 2006; Sedlak and von Gunten, 2011).
Therefore, different materials were developed as cleaner pro-
ductions to fulfill next-generation demand of effective, cost-
effective, or sustainable disinfection in water treatment (Boholm
and Arvidsson, 2014; Gupta et al., 2015; Raza et al., 2015; Thakur
et al,, 2017).

It is well known that Ag NPs exhibit broad-spectrum antimi-
crobial activity with relative non-toxic properties to human cells
(Lee et al,, 2005). However, either the Ag NPs themselves or their
ability to deliver dissolved Ag™ can directly lead to growth inhibition
and cell damage toward bacteria (Yin et al, 2011). Two main
disinfection mechanisms of Ag NPs have been proposed in previous
studies: (1) reactive oxygen species (ROS) formed at the surface of
Ag NPs can generate oxidative stress to membrane and then cause
cell damage (Choi and Hu, 2008; Hwang et al., 2008); (2) released
Ag" can interact with vital enzymes and proteins, affect the function
of membranes, and then result in ultimate cell death (Levard et al.,
2012; Ratte, 1999). Notably, the aggregation of Ag NPs in the
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aqueous medium may hinder their antimicrobial properties (Kumar
and Munstedt, 2005). Therefore, to fabricate Ag NPs on a support
material is highly desirable to inhibit their aggregation and biofilm
formation (Das et al., 2013). A large variety of supportive materials
have been developed to fabricate Ag NPs for water disinfection or
biofouling control, like graphene oxide-silver nanocomposites (Song
et al., 2016), nano-silica fabricated with Ag NPs (Das et al., 2013),
magnetic bimetallic Fe—Ag NPs (Markova et al., 2013), Ag-iron ox-
ide/fly ash (Joshi et al., 2015), Ag—CoFe;04-GO nanocomposite (Ma
et al,, 2015), Ag NPs decorated Fe;04@SiO, core-shell nanosphere
(Singh and Bahadur, 2015), Ag/BiOl composite (Zhu et al., 2012).
These materials presented good antimicrobial properties. Impor-
tantly, some of them can be r from water via a magnetic field, which
may avoid secondary pollution and potential environmental risk
resulting from the pollutants-accumulated materials left in the
water after treatment (Ma et al., 2015).

Phosphate or apatite based nanomaterials, which are antimi-
crobial and cost-effective (Han et al., 1998; Kolmas et al., 2014; Ravi
et al., 2012), have gained increasing attention as a preferred support
material for the fabrication of composite Ag NPs. For example, an
Ag—TiO2/HAP/Al;03 composite membrane that provides micro-
filtration integrated with photocatalysis was used for humic acid
removal and anti-fouling (Ma et al, 2010); hydroxyapatite-
supported Ag—TiO, was employed as an E. coli disinfection photo-
catalyst (Reddy et al., 2007); and apatite-coated Ag/AgBr/TiO, was
used as visible-light photocatalyst for destruction of bacteria
(Elahifard et al., 2007). However, despite the successful disinfection
provided by these materials, they cannot be easily separated from
the water system after treatment, which may lead to environmental
and safety concerns. Embedding Fes04 NPs in the Ag-phosphate
nanocomposites instead of TiO, may allow a simple magnetic sep-
aration after treatment. Importantly, Fe304 NPs possess flocculation
(Song et al.,, 2018) and protein oxidation effect towards bacteria
(Inbaraj et al., 2012; Singh et al., 2011; Tran et al., 2010) which may
lead to more effective bacteria adsorption and disinfection process.

Very recently, a cost-effective magnetic Fe304 barium phos-
phate (FBP) nanoflake was reported to be effective in adsorption
and disinfection of E. coli. (Song et al., 2018). In the present work, a
simple, green synthesis method has been developed to load Ag NPs
on the surface of the FBP nanoflakes through reduction of Ag™ and
then deposition of Ag®. The FBP with 1wt% Ag (denominated
FBPA1) and 10 wt% Ag (denominated FBPA10) were characterized
thoroughly. The bacterial adsorption and disinfection efficiency of
these two novel materials were analyzed in comparison with FBP.
Their performance in the presence of common ions and reusability
were also investigated in detail.

2. Experimental
2.1. Reagents

Analytical grade barium nitrate, sodium phosphate, silver ni-
trate, sodium borohydride, magnesium chloride, sodium chloride,
calcium chloride, nitric acid, and sodium hydroxide was purchased
from Sigma-Aldrich and used as received.

2.2. Material synthesis

Synthesis of FBP nanocomposites. Fe304 NPs (size of ~100 nm)
were obtained according to previous work (Song et al., 2018). The
magnetic FBP nanoflakes were prepared through a simple hydro-
thermal method without toxic reagents and organic solvents. First,
0.06 g Fe304 NPs and 7.5 mmol barium nitrate were ultrasonically
dispersed into 40 mL of deionized (DI) water for 15 min at 30 °C.
Sodium phosphate (5 mmol) was dissolved in 10 mL of DI water and

then added dropwise slowly into the Fe304/Ba(NOs), suspension.
After mechanical stirring for 30 min, the fully mixed solution was
transferred into two 50 mL Teflon bottles and then held and sealed
in two stainless-steel autoclaves. The autoclaves were maintained
at 200°C for 5h and then cooled to 25 °C. The obtained powder
from autoclaves was washed by DI water and ethanol successively
and then dried in a vacuum oven at 50 °C for 4 h.

Synthesis of FBPA1 and FBPA10. For a typical synthesis, 1.0 g of
FBP was suspended in 10 mL DI water in two separate 20 mL scin-
tillation tubes and sonicated for 5 min. Then, 0.18 mL or 1.8 mL of
AgNOj3 aqueous solution (0.5 M) was added to the tubes to obtain
1wt% or 10 wt% mass ratio of Ag to FBP. Next, 2 mL of ice-cold
NaBH4 (100 mM) was rapidly injected into the mixture, stirring
vigorously and generating a brown solution. The whole solution
was stirred slowly for 3 h at room temperature (25 °C) to promote
the decomposition of the remaining NaBH, in solution. The product
was centrifuged at 4000 rpm for 10 min and washed with DI water
and ethanol, then dried in a vacuum oven at 50 °C for 3 h. After the
synthesis, around 1.0 g FBPA1 or FBPA10 were obtained at a low
material cost of about $0.21-$0.34/g.

2.3. Characterization

The composition and crystal phase of the obtained samples
were determined with X-ray diffraction (XRD, Panalytical Empy-
rean powder diffractometer) by depositing the sample on a glass
substrate. The size and morphology of as-prepared samples were
characterized by scanning electron microscopy (SEM, FEI Nova
Nano 650) with a field-emission electron gun. The high-resolution
transmission electron microscopic (HRTEM) observations and
electron dispersive X-ray spectrometer (EDX) were performed on a
FEI Tecnai G2 Sphera microscope operated at 200 kV. The infrared
spectroscopy (IR) were recorded by using a Thermo Nicolet iS10
FTIR spectrometer in the wavelength range from 500 to 4500 nm.
For the magnetic measurements, the hysteresis loops were
measured on the continuous films at T=300K using a Dynacool
physical property measurement system (PPMS) (maximum applied
field+12T). BET surface areas were determined via N physisorption
using a Micromeritics 3 Flex Physisorption. Concentrations of Ag
leaching in the solution were determined by inductively coupled
plasma mass spectroscopy (ICP-MS, Agilent 7900). The corre-
sponding Zeta potential (ZP) of the samples were studied by a ZP
analyzer (Malvern, Model Nano ZS). The concentration of the E. coli
suspension was evaluated by measuring the optical density at
600nm (OD600) with an ultraviolet spectrophotometer (Shi-
madzu, model UV1700). The fluorescent-based cell live and dead
test was conducted on a fluorescent microscopy (Leica SP8 Reso-
nant Scanning Confocal).

2.4. Bacteria suspension preparation

A kanamycin resistant E. coli strain was cultivated in 20 mL of
Luria Broth (LB) growth medium which consisted of 5 g/L bacto-
yeast extract, 10 g/L tryptone, 50 ug/mL kanamycin, and 10g/L
NaCl. The strain was shaken at 37 °C in a thermostatic incubator at
220rpm until reached the logarithmic growth late phase. The
bacterial suspension was re-suspended in 0.85 wt% NaCl and then
the bacterial stock solution with an initial cell density of about
5 x 108 CFU/mL was obtained.

2.5. Adsorption and disinfection toward E. coli
Generally, the adsorption and disinfection efficiency of FBP,

FBPA1 or FBPA10 were investigated by adding 0.05 g of material
into 50 mL of E. coli suspension (5 x 108 CFU/mL) at 25 °C and pH
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6.0 under mechanical stirring at 220 rpm for 30 min. To evaluate
the effect of commonly co-existed ions in water system on disin-
fection efficiency by materials, three kinds of salts (CaCl,, MgCls,
and NaCl) were dissolved in 50 mL of DI water (pH 6) to obtain
solutions with cation concentrations of 5, 10, 20, 50, and 100 mg/L.
The leaching of Ag" after 5 days of suspending 0.05 g of FBPA1 in
50 mL of these salt solutions was analyzed by ICP-MS. The disin-
fection efficiency of FBPA1 with a cation concentration of 2 mg/L
was investigated via confocal fluorescent images. After treatment,
the bacteria-loaded material could be separated from the aqueous
solution by a neodymium magnet and then the reclaimed materials
were reused for 5 cycles at the same experimental conditions
without regeneration. All experimental operations were repeated
three times and the average results are reported. The detailed
experimental methods of confocal fluorescent images and dilution
plate count are described in the Supporting Information.

3. Results and discussion
3.1. Characterization of materials

The SEM image of FBPA1 is shown in Fig. 1a. A flake-like struc-
ture with a thickness of ~50 nm was observed, and the length
(~4 pm) is larger than that of an E. coli cell (700 nm-1.2 um) (Ma
et al,, 2015). Some small NPs (50—100 nm) were found loaded on
the surface of FBPA1 (Fig. 1b), which were absent in the FBP
nanoflake (Fig. S1). Energy dispersive X-ray spectroscopy (EDS)
results (Fig. 1b) demonstrated the presence of Fe (2.95 wt%) and Ag
(0.94 wt%) in the as-prepared FBPA1. As shown in Fig. 1c and d,
FBPA10 nanoflakes were covered by more small NPs than FBPA1,
and the higher loading of Ag (8.79 wt%) was confirmed by EDS re-
sults. The element mapping results (Fig. S2) showed that Ag, Fe, Ba,
and P were all uniformly presented on the nanoflake, implying the
loaded NPs may be nanocomposites containing both Fe and Ag. The
surface area of FBPA1 was 11.5 m?/g with a Barrett-Joyner-Halenda

Spot Magn  Det WD F———1 .6um
5.0 KV 310 %4000x  GSE 85 12.4Torr 1% Ag

(BJH) adsorption cumulative pore volume of 0.053 cm?/g. FBPA10
possess a higher surface area of 12.2 m?/g and BJH adsorption cu-
mulative pore volume of 0.062 cm>/g, which may be beneficial to
disinfection control due to more exposed active sites (Song et al.,
2018).

The morphology and structure of FBPA1 and FBPA10 were
further studied by TEM (Fig. 2). FBPA1 and FBPA10 show thin
nanoflake structure with sharp edges and corners. NPs with
different sizes were found adhered to the surface, similar to SEM
results. The NPs with an average size of ~100 nm which were
assembled and adhered to the surface of FBP nanoflake is Fe304 NPs
(Song et al., 2018). Smaller dark spots on the surface of the nano-
flakes with a size of 510 nm can be ascribed to be Ag NPs (Fierascu
etal, 2018) (Fig. 2b). The Ag NPs on FBPA1 are smaller than those on
FBPA10 which may provide a larger active surface area for Ag NPs to
interact with bacteria. Some nanocomposites on FBPA1 even show
a core-shell structure with an Ag layer coating on the surface of
Fe3O4 NPs (inner picture in Fig. 2a). The selected area electron
diffraction (SAED) patterns in Fig. 2a and d recorded at one FBPA1
or FBPA10 nanoflake exhibited regular and clear diffraction rings,
revealing the polycrystalline nature (Zhang et al., 2016). The lattice
fringes of Ag (d=0.128 nm) for FBPA1 and Ag (d =0.117 nm) for
FBPA10 were shown clearly in Fig. 2c and f.

Since the oxidation of silver is thermodynamically favored at
room temperature (AG3gg = —11.25 kj/mol) (Levard et al,, 2012), an
oxide layer (Ag,0) on the surface of Ag NPs may dissolve in pure
water (Ksp =4 x 10~') (Johnston et al., 2002), which results in the
release of Ag". However, most of released Ag" ions are retained on
the Ag NP surface because of the presence of a layer of adsorbed
BHj ions at their surface (Kim et al., 2007; Sachdeva et al., 2006),
which was demonstrated by the decreasing ZP of FBPA1 (3.7 mV)
and FBPA10 (—8.5 mV) with increasing Ag loading in comparison
with FBP (12.1 mV). In addition, the Ag NPs were found uniformly
distributed on FBP's surface which can be explained by two rea-
sons: (1) the adsorbed BHz ions on the surface of the Ag NPs helped

Element wt.%
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9.32
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Ag 0.94

Ba 55.39

AccV Spot Magn Det WD e
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Element wt.%
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Fig. 1. SEM image, SEM close-up, and EDS results of (a, b) FBPA1 and (c, d) FBPA10.
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Fig. 2. (a, d) TEM image and SAED pattern, (b, e) TEM close-up, and (c, f) HRTEM of FBPA1 and FBPA10.

to separate and stabilize these NPs due to the repulsive forces be-
tween negatively charged Ag NPs (Mulfinger et al., 2007); and (2)
loading of Ag@Ag*@BH; on the positively charged FBP nanoflake
(Ren et al., 2011; Song et al., 2018) can form an Ag-BH4-FBP linkage,
which can also help to stabilize the Ag NPs by avoiding the hy-
drolysis of BHz ions (Pacioni et al., 2015). Therefore, no external
stabilizing agent was needed to stabilize Ag NPs, which results in a
more simple and cost-effective preparation process.

As seen from XRD data (Fig. 3a), the main characteristic peaks of
FBP, FBPA1, and FBPA10 can be ascribed to the diffraction of
Ba3(PO4), (JCPDS No. 25-0028) (Zhang et al., 2012). The sharp peaks
revealed the fine crystallinity of these materials (Zhang et al., 2012).
The low concentration of Fe304 in these composites was confirmed
by the small peaks at 35.8° (Zhang et al.,, 2014). There was no
obvious difference in XRD patterns between FBP and FBPA1 except
for two small peaks (marked arrow) in FBPA1 ascribed to Ag NPs
(Ma et al, 2015; Reddy et al, 2007). As silver concentration
increased to 10 wt%, a more characteristic pattern for metallic silver
(38.4° and 64.6°) can be observed in XRD patterns of FBPA10
(Bethke and Kung, 1997), which suggested that silver atoms are not
incorporating into the lattice of FBPA10 (or only to a very limited
extent) but rather form on the surface of FBPA10 (Height et al.,
2006).

As shown in Fig. 3b, there was no obvious change in the FT-IR
spectra of FBP, FBPA1, and FBPA10. The strong and wide peak at
976 cm™~! contributed to the symmetric stretching vibration of
PO3~ groups (Tank et al., 2013). The small peak at 1409 cm ™' can be
ascribed to stretching vibration of H POz groups. The relative
decrease of these two peaks compared to pristine FBP suggested
the homogeneous deposition of Ag NPs on the FBP surface (Zhu
et al., 2012). Noticeably, no shifts in the characteristic bands of
FBP were observed after Ag NP loading, indicating these Ag NPs are

held via van der Waals and/or other weak interactions (Zhu et al.,
2012). Similar interactions were also reported for silver-iron ox-
ide NPs on the surface of fly ash (Zhu et al., 2012) and TiO,-
deposited FA materials (Wang et al., 2012).

As shown in Fig. 3¢, the magnetic saturation (Ms) of FBPA1 (3.9
emu/g) and FBPA10 (3.1 emu/g) decreased with increased silver
loading, in comparison with FBP (8.7 emu/g). However, the mag-
netic response was still strong enough to ensure easy and fast
separation of FBPA1 and FBPA10 from solution by a common
magnet.

XPS spectra of survey scans and high-resolution scans for the
key elements on the surface of FBPA1, compared with FBP, are
shown in Fig. 4 and Fig. S3. As shown in Fig. 4a, silver is newly
detected in FBPA1 which was absent in FBP, demonstrating the
existence of Ag on the surface of FBPA1. As shown in Fig. 4b, the
difference between the Ag 3d3p (373.8 eV) and Ag 3ds); (367.8 eV)
peaks (Ma et al., 2015) is 6.0 eV which is exactly the same as the
value for metallic silver. This suggests that the majority of the silver
atoms on FBPAT1 exist in a zero valent state (Han et al., 1998; Shahid
et al., 2018). After the calibration of C 1s which had eliminated the
errors induced by the fitting and measurement, no obvious shifts in
binding energy values for Ba 3d, O 1s, Fe 2p, and P 2p (Fig. S3) were
observed between FBP and FBP1. This indicates that these elements
are in a similar chemical environment (Zhu et al., 2007), and con-
firms that the loaded Ag NPs on FBPA1 are held mainly through van
der Waals and/or other weak interactions (Zhu et al., 2012).

3.2. Adsorption and disinfection efficiency for E. coli

As shown in Fig. S4, the as-prepared FBP, FBPA1, and FBPA10 all
showed obvious adsorption effects toward E. coli within 10 min
with an order of FBP (97%)>FBPA1 (91%)> FBPA10 (83%). The
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Fig. 4. XPS spectra of (a) survey scan and (b) Ag 3d for FBPA1 and FBP.

decreased adsorption efficiency with the increased Ag loading may
be due to the increased repulsion force between loaded negatively
charged Ag NPs (—0.86mV) (Kim et al.,, 2007) and negatively
charged E. coli (—17.1 mV). However, FBPA1 and FBPA10 showed a
much higher disinfection efficiency (~100%) within 10 min than FBP
(Fig. 5) and the calculated disinfection capacities were higher than
other previous reported materials (Table S1). Therefore, the Ag NPs
on the material were mainly responsible for the enhanced disin-
fection effect. And the loading of 1 wt% Ag NPs on FBP was sufficient
to greatly enhance the disinfection efficiency of FBP for E. coli
suspension with a concentration of 5 x 108 CFU/mL while the
adsorption efficiency only showed a slight decrease. In addition,
FBPA1 could be considered more promising for treating highly
E. coli polluted water than FBPA10 due to the lower material cost.

Different parameters, such as pH, temperature, the dosage of
material, and reaction time, which may affect the adsorption and
disinfection efficiency by FBPA1 were investigated in detail and
presented in Fig. 6. The higher disinfection efficiency at lower pH

and higher temperature can be contributed to the increased release
of silver (Han et al., 1998). However, pH and temperature had
slighter effects on the adsorption efficiency compared with disin-
fection efficiency, as the adsorption for E. coli by FBPA1 was a
complicated process which can be affected by various parameters,
such as ZP, stability, and surface area of the nanocomposites.
Therefore, no strict pH and temperature control were needed for
E. coli adsorption which is beneficial to the practical application. As
seen in Fig. 6¢, a higher dosage of material can provide more
effective adsorption sites and released silver for E. coli removal.
Therefore, the adsorption and disinfection efficiency improved as
material dosage increased. It was also observed that the adsorption
and disinfection efficiency increased gradually with the extension
of reaction time. And the disinfection process by FBPA1 was fast
that almost all the bacteria cells were inactivated within 10 min.
After treatment, the high recovery rate of the E. coli-loaded
materials (~99%) within 1 min (Fig. S4) by magnetic field would
avoid potential secondary pollution to the water system. The FTIR
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spectra of FBPA1 after removing E. coli is presented in Fig. S5. A
newly found peak at 1652 cm™! in the recovered FBPA1 may be
ascribed to the amide I group (C—O stretching along the N—H
deformation) of proteins and peptides (Haldorai et al., 2015; Ojeda
et al., 2008), and the increased peak at 1409 cm™~! can be assigned
to C—O of deprotonated carboxylic groups (Jiang et al., 2016; Ojeda
et al,, 2008). These characteristic peaks of cells demonstrate the
presence of E. coli on FBPA1 after adsorption. The obvious shift to
the higher wavenumber of these two peaks in comparison with
pristine bacteria (1647 and 1402 cm™') (Ojeda et al., 2008) can be
contributed to the chemical interaction between cells and the
nanomaterials.
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3.3. Disinfection mechanism for E. coli

In order to investigate the enhanced disinfection effect by FBPA1
and FBPA10 in comparison with FBP, fluorescent-based cell tests of
E. coli cells after 5min were conducted (Fig. 7). Live and dead
bacteria cells were represented by the heavy green fluorescence
intensity region (Fig. 7a, d, and g), and the dead fraction of E. coli
cells was indicated by the strong red fluorescence intensity region
(Fig. 7b, e, and h) (Ma et al., 2015). The disinfection process was fast:
within 5 min, ~23%, ~81%, and ~92% of E. coli can be inactivated by
FBP, FBPA1, and FBPA10, respectively (Fig. 7c, f, and i). The greatly
increased disinfection efficiency of FBPA1 and FBPA10 compared to
FBP can be attributed to the well-known inhibitory and bactericidal
properties of Ag NPs (Lee et al, 2005), which can (1) lead to
permeability and respiration malfunctions of bacterial cell mem-
brane (Markova et al., 2013); (2) induce the formation of free rad-
icals which cause membrane damage (Ma et al, 2015); (3)
penetrate inside the bacteria, and subsequently release Ag' with
inactivation effect for proteins (Klueh et al.,, 2000; Kumar et al,,
2005). The inactivated bacteria numbers treated by FBPA1
(4.1 x 108 CFU) and FBPA10 (4.6 x 108 CFU) are much higher than
that by stabilized Ag NPs in Ma's (Ma et al.,, 2015) (107 CFU) and
Sondi's (Sondi and Salopek-Sondi, 2004) (10° CFU) reports at the
same dosage of 0.05 g. This can be ascribed to the FBP substrate,
which can (1) capture more negatively charged bacteria to the
planar surface of FBP through electrostatic interaction (Song et al.,
2018); (2) cause irreversible cell structural damage by the sharp
edges and corners of FBP (Song et al., 2018), promoting the inacti-
vation effect of released Ag™ for proteins inside the cells.

To further study the improved disinfection mechanism of FBPA1,
the leaching of silver from FBPA1 was monitored via ICP-MS. After
suspending 0.05g FBPA1 in 50mL of DI water for 24h,
0.06 + 0.01 mg/L of Ag* was found released into solution, which
was lower than the current regulatory limit (0.1 mg/L) of the U.S.
Environmental Protection Agency (EPA) for drinking water. After
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Fig. 6. The adsorption and disinfection efficiency of E. coli from solution by FBPA1 at different (a) pH, (b) temperature, (c) dosage, and (d) reaction time (Cp = 5 x 10% CFU/mL, 50 mL,

material's dosage of 0.05 g, 25 °C, pH 6, reaction time of 10 min).
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Fig. 7. Confocal fluorescent images of E. coli cells (Co =5 x 108 CFU/mL) stained with SYTO9 (green, live and dead) and PI (red, dead) after being treated with 0.05 g of (a—c) FBP,
(d—f) FBPA1, and (g—i) FBPA10 in pH 6.0 solutions for 5min at 25°C, and (c, f, i) Overlying images of bacterial cells stained with SYTO9 and PI.

the cell membrane is damaged by the sharp edges of FBP nano-
flakes (Song et al., 2018) and Ag NPs (Kim et al., 2007; Kumar et al.,
2005; Markova et al., 2013), these released silver ions can inactivate
proteins and/or intercalate between the purine and pyrimidine
bases of DNA (Klueh et al., 2000), leading to improved disinfection
in comparison with FBP.

3.4. Effects of co-existing ions on the disinfection process

The disinfection efficiency of FBPA1 in the presence of common
ions (from CaCl,, MgCl,, and NaCl) in water was investigated by
confocal fluorescent images (Fig. 8). The calculated disinfection
efficiency of FBPA1 at the co-existence of CaCl,, MgCl,, and NaCl
followed the order of NaCl (~67%)> CaCl, (~59%) > MgCl, (~41%),
which were all lower than that without co-existing ions (~81%,
Fig. 7d—f). Therefore, higher material dosage will be needed to treat
the water with high salinity. Pure Ca%*, Mg+, and Na™ ions showed
much lower disinfection effectiveness than Ag™ (Fig. S9). Therefore,
they made a weak contribution to the disinfection efficiency. On the
other hand, the concentrations of these cation ions were decreased
from 2 mg/L to 1.1-1.3 mg/L after treatment, indicating that they
may be adsorbed on the surface of the negatively charged Ag NPs
on FBP to form stable Ag—BH4—Ca/Mg/Na linkages, as observed in
another study (Sachdeva et al., 2006). These linkages may act as
stabilizers onto the small Ag NPs (Sharma et al., 2017) and inhibit
the leaching of Ag™ (Table S2), leading to the decreased disinfection
effect. Noticeable, MgCl, showed the strongest inhibition of Ag*
leaching, followed by NaCl and CaCl; (Table S2). This may be due to

the higher concentration of dissociated Cl~ ions from MgCl, than
from NaCl and CaCl, at the same cation concentration of 2 mg/L,
resulting in more insoluble AgCl precipitates covered the surface of
Ag NPs and then the decreased release of silver (Levard et al., 2012).

3.5. Reusability of FBPA1

To provide a more economical disinfection approach, the reus-
ability was tested. ~99% of the bacteria-loaded FBPAT1 after disin-
fection can be recovered from the suspension using a magnet. As
shown in Fig. S8a, some dead E. coli cells were newly found on the
top of recycled FBPA1, and the sticky surface of material compared
to pristine FBPA1 can be ascribed to the inner contents of the dead
bacteria cells (Song et al., 2018). The reclaimed FBPA1 could be
regenerated by DI water (Fig. S8b) and then reused for 5 cycles. The
adsorption efficiency of E. coli by FBPA1 was 94% in the first cycle,
and then decreased slowly after each cycle to 86% after 5 cycles
(Fig. 9). The ZP of FBPA1 changed from 3.7 mV to —13.9 mV after the
first treatment cycle, and then slightly decreased and eventually
attained a ZP similar to E. coli (Fig. 9b). Therefore, the reuse of FBPA1
for five cycles resulted in a surface covered more and more by
negatively charged E. coli, increasing the repulsive force and
providing less available sites for other E. coli (Song et al., 2018).
However, FBPA1 still removes around 86% of E. coli after five cycles,
implying that the electrostatic interaction may be not the dominant
mechanism for the high adsorption efficiency during the reuse
(Song et al., 2018). Flocculation, hydrogen bonding, and magnetic
aggregation may be also involved (Song et al., 2018).
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Fig. 8. Confocal fluorescent images of E. coli cells (Co = 5 x 10% CFU/mL) after being treated by 0.05 g FBPA1 for 5 min at 25 °C in pH 6.0 solutions containing a cation concentration of

2 mg/L of (a—c) CaCly, (d—f) MgCls, or (g—i) NaCl. The cells were stained with SYTO9 (live and dead, green) and PI (dead, red). (c, f, i) Overlying images of E. coli stained with SYTO9
and PL
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Fig. 9. (a) Adsorption efficiency for E. coli by FBPA1 at different cycle (Co =5 x 108 CFU/mL, 50 mL, material's dosage of 0.05 g, 25 °C, pH 6, reaction time of 10 min); (b) ZP of FBPAT at
different reuse cycles in comparison with E. coli and pristine FBPA1; (c) dilution plating procedure results with a dilution ratio of 1, 10, 10%, and 10 after disinfection by FBPA1 at
different cycle (Co =5 x 10° CFU/mL, 50 mL, material's dosage of 5 mg, 25 °C, pH 6, 30 min).
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To treat the simulated wastewater using FBPA1, a low material
dosage (0.1 g/L) was used to treat E. coli suspension with a con-
centration of 5 x 10% CFU/mL (pH 7) under stirring at 100 rpm for
30 min. Dilution plating results (Fig. 9c) showed high disinfection
efficiency of FBPA1 in the first two using cycles, with a significant
decrease in the following cycles. It could be due to the mass loss of
FBPAT1 in solution during the recovery and sampling process (2 mL
mixed solution of FBPA1 and E. coli for plating experiment and ZP
test at each cycle). Moreover, the decreased amount of leached Ag
from FBPA1 increasingly covered with bacteria after additional
cycles (Fig. S9) can also explain the decrease in disinfection efficacy
of FBPA1 with time. However, on the basis of dilution plate count
results (Fig. 9c), more than 70% of E. coli was inactivated by FBPA1
even in the third, fourth, and fifth reuse cycles, implying good
reusability for disinfection application.

4. Conclusions

In this work, a simple method was developed to obtain Ag NPs
loaded magnetic iron-oxide barium phosphate nanoflakes with a
controllable content of ~1 wt% and ~10 wt% Ag NPs. The adsorption
efficiency of E. coli by FBPA1 was higher than that of FBPA10, which
may be due to a lower repulsion force between the negatively
charged Ag NPs on FBPA1 and E. coli. The loading of Ag NPs on the
material can improve the disinfection efficiency toward E. coli,
leading to higher disinfection capacities of FBPA1 and FBPA10 than
some other materials. The strong inactivation of the cell membrane
and proteins by Ag NPs and leached Ag™ was mainly responsible for
the enhanced disinfection effect. However, the co-existence of
CaCly, or MgCl,, or NaCl in solution can inhibit the leaching of Ag™*
from FBPA1 by forming AgCl precipitation on Ag NPs, leading to a
decreased disinfection efficiency. Higher material dosage will be
needed to treat for the high salinity water. The magnetic properties
of FBPA1 are a key advantage, since it allows a facile magnetic
separation from suspension after treatment, avoiding the release of
Ag NPs to the water supply. The recovered FBPA1 can be reused for
at least five treatment cycles, maintaining good E. coli adsorption
and disinfection. Due to the easy preparation, high adsorption ef-
ficiency, great disinfection control, and good recyclability, the novel
Ag NPs loaded FBP composites in this work hold potential as
preferred nanomaterials for water disinfection.
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