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ABSTRACT: Magnetic Fe;O,/graphene composite (abbreviated as G-Fe;O,) was synthesized successfully by solvothermal
method to effectively remove both bacteriophage and bacteria in water, which was tested by HRTEM, XRD, BET, XPS, FTIR,
CV, magnetic property and zeta-potential measurements. Based on the result of HRTEM, the single-sheet structure of graphene
oxide and the monodisperse Fe;O, nanoparticles on the surface of graphene can be observed obviously. The G-Fe;O, composite
were attractive for removing a wide range of pathogens including not only bacteriophage ms2, but also various bacteria such as
S. aureus, E. coli, Salmonella, E. Faecium, E. faecalis, and Shigella. The removal efficiency of E. coli for G-Fe;0, composite can
achieve 93.09%, whereas it is only 54.97% with pure Fe;O, nanoparticles. Moreover, a detailed verification test of real water
samples was conducted and the removal efficiency of bacteria in real water samples with G-Fe;O, composite can also reach

94.8%.
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1. INTRODUCTION

It is reported that more than 1.3 million deaths of children
was caused by diarrheal illness worldwide every year."> One
of the transmission routes is unclean water contaminated
with pathogens bacteria. Thus, the safety of drinking water is
attracting more considerable attention around the world.
Furthermore, among of the fecal coliform bacteria count,
Escherichia coli (E. coli), is most commonly used as fecal
indicator bacteria for water quality monitoring and water safety
management, which can result in diarrhea, hemorrhagic colitis,
and hemolytic uremic syndrome.>™> Because of the pathogens,
bacteria can still stay in the environment for a long time and
resist common disinfection methods.® Therefore, there is a
critical need to develop new technologies that can clean bacteria
and viruses from water simultaneously and conveniently.
Among the various techniques used to remove bio-organic
pollutants in water, such as physical processes (adsorption,
distillation, and filtration),”® biological processes (activated
sludge), chemical processes (flocculation and chlorination),”"
and photocatalytic process,11 the application of nanomaterials

-4 ACS Publications  © 2015 American Chemical Society

4290

in water has been extensively studied because of its small size
effect, quantum size effect, huge surface effect, good mechanical
properties, and so on in recent years."> However, because of
its small size, it is difficult to separate nanomaterials from water,
which not only resulted in difficulty to recycle and reuse nano-
materials but also may generate serious secondary pollutions.
To overcome these problems, a kind of novel magnetic nano-
materials was developed recently, which can be easily separated
from water with an external magnet.B’14 However, the removal
efficiency of pathogen bacteria through only magnetic nano-
materials is very low, and these pure magnetic nanomaterials
usually agglomerate easily. Thus, it has aroused many scientists’
great interest to develop novel functionalized magnetic
nanomaterials that not only show higher removal efficiency
of pathogens bacteria but also can be easily separated from
water.
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Scheme 1. Synthesis Route of G-Fe;O,
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Figure 1. (a) Typical TEM image, (b) HRTEM image, and (c) the
energy spectrum analysis of G-Fe;O, nanocomposites. Inset in b is a
typical electron diffraction pattern of G-Fe;0,.

Graphene, as a two-dimensional single sheet of carbon atoms
arranged in a hexagonal network, has emerged as one of the
most promising materials in water treatment because of its
excellent mobility of charge carriers, large specific surface area,
flexible structure, high transparency, and good electrical and
thermal conduction.”™"” In addition, graphene can be easily
modified because of abundant oxygen functional groups on its
surface, such as the combination of graphene and metal oxides,
which can be applied in various fields such as catalysis,"® lithium
battery,'® water treatment,””**' and so on. The graphene com-
posites were used to remove metal heavy and organic dye;
however, there is no report to cleaning pathogens bacteria
in water with Fe;O, modified graphene. On the other hand,
graphene can prevent Fe;O, agglomeration and enhance the
removal efficiency because of its huge sgeciﬁc surface area and
two-dimensional single-sheet structure.”

In the paper, Fe;O,/graphene (abbreviated as G-Fe;0,)
has been successfully prepared through solvothermal method,
which are applied to rapidly remove the microbial pathogens
including both bacteriophage (bacteriophage ms2) and
bacteria (six different species of Gram-positive and Gram-
negative bacteria). Moreover, several process factors have
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Figure 2. (a) XRD patterns of G-Fe;O, and pure Fe;O, (inset:
XRD pattern of GO) and (b) FTIR spectra of graphene oxide (GO),
G-Fe;0,, and pure Fe;0,.

been optimized to improve its removal efficiency, such as
amount of G-Fe;O, composite and incubation time. It can
be found that bacteriophage and bacteria can be effectively
removed from water using G-Fe;0, composite. Furthermore,
a detailed verification test of real water samples indicated
that G-Fe;O, composite still show high removal effici-
ency over pathogenic micoorganisms (both bacteria and
bacteriophage).
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Figure 3. XPS spectrum of G-Fe;O, composites: (a) full spectrum, (b) Fe 2p, (c) O 1s, (d) C 1s.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals used here are analytical grade or
higher. Ethylene glycol (EG), ammonium acetate (NH,Ac), sulfuric
acid (H,SO,), potassium permanganate (KMnO,), 30% hydrogen
peroxide (H,0,), sodium nitrate (NaNO,) and graphite were purchased
from Jiangtian Chemical Technology Co. Ltd. (Tianjin, China).

2.2. Synthesis of G-Fe;0, Composite. Graphene oxide (GO)
was prepared based on the earlier published paper.’® As shown in
Scheme 1, 0.225¢g of Fe(acac); was added into the 45 mL of GO/EG
(1 mg/mL). After ultrasonication for 30 min, 1.5 g of NH,Ac was
added into the above solution, and then the mixture was stirred for
30 min. The obtained mixture was then sealed in a Teflon-lined
stainless steel autoclave and maintained at 200 °C for 24 h. After
cooling to room temperature, the resulting black product was washed
with deionized water several times and then dried at 60 °C.

As a comparison, pure Fe;O4 nanoparticles were also synthesized
through same solvothermal method. In a typical synthesis of Fe;O,
nanoparticles, Fe(acac); (0.03517g) was dissolved in a mixture of
octylamine (4.0 mL) and octanol (12.0 mL). Then, the solution was
transferred into a Teflon-lined autoclave. The autoclave was sealed and
maintained at 240 °C for 2 h in an oven and naturally cooled to room
temperature. The black precipitate was collected by centrifugation,
followed by washing with ethanol and deionized water several times,
and then dried at 60 °C.

2.3. Characteristic. The size and morphology of G-Fe;O, were
observed by transmission electron microscopy (TEM) using a JEOL
model JEM-1200EX at 80 kV. The elemental analysis was carried out
by using the energy-dispersive spectroscopy (EDS) facility of Hitachi
JEOL model JEM-1200EX. The X-ray diffraction (XRD) patterns of
samples were recorded via an X-ray diffractometer (Rigaku D/Max
2500PC) with a graphite monochromator and CuKa radiation
(y= 0.15418 nm) at room temperature, with the voltage and electric

4292

current being fixed at 28 kV and 20 mA. FTIR spectra were recorded
on a Nicolet SDX-FTIR spectrometer using KBr pellet method in the
range of 400—4000 cm™'. X-ray photoelectron spectroscopy (XPS)
spectra were collected on an ESCALAB250 multitechnique X-ray
photoelectron spectrometer (UK) using a monochromatic Al Ka
X-ray source (hv = 1486.6 eV). All XPS spectra were recorded using
an aperture slot of 300 ym X 700 pum, survey spectra were recorded
with a pass energy of 160 eV, and high resolution spectra with a pass
energy of 40 eV. N, adsorption—desorption data were obtained using a
Quantachrom SI Micromeritics apparatus, and the isotherms were
evaluated with the Barrett—Joyner—Halenda (BJH) theory to get the
surface area, pore size and distribution. Zeta potentials were measured
on a Malvern ZEN2600 Zetasizer Nano Z. The magnetic properties of
the nanoparticles were studied using a vibrating sample magnetome-
ter (LDJ 9600—1, USA) at room temperature by cycling the field
from =2 to 2 kOe.

2.4. Removal Experiments of Microorganism. 2.4.1. Prepara-
tion of Bacterial Samples. Stock cultures of bacteriophage ms2,
Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), Salmonella,
Enterococcus faecium (E. Faecium), Enterococcus faecalis (E. faecalis), and
Shigella were received from the Institute of Epidemiology and
Microbiology, Academy of Preventive Medical Sciences, P.R. China.
Then, the pure cultures of each bacterium were grown in nutrient
broth at 37 °C for 24 h to yield a cell count of approximately 1 x 10°
CFU/mL. At last, bacterial cells were collected by centrifugation (3000
rpm for 15 min) and resuspended in 20 mL of sterile 0.85% (wt/vol)
saline solution. The sample concentration (0.05, 0.10, 0.15, 1.20,
0.25, 0.30, 0.35 mg/mL) appropriate for adsorption experiments was
adjusted by gradient dilution using PBS (0.01 mM, pH7.0). For safety
considerations, all of the samples were placed in an autoclave at
121 °C for 20 min before disposal and all glass-ware in contact with
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Figure 4. (a) Cyclic voltammetry curves using Fe;O, and G-Fe;O, as
electrodes in 0.1 M sodium sulfate aqueous solution with a scanning
rate of 0.05 V/s; (b) zeta potentials of Fe;O4 and G-Fe;0,.

sample was sterilized before and after usage. In the paper, the E. coli
used as experiment modal was E. coli O157:H7.

2.4.2. Removal of Bacteria by G-Fe;0, The bacterial concen-
tration was diluted to a desired level (the amounts of bacteria was
1 X 10* CFU/mL), and 50 uL of a certain amount of G-Fe;O, com-
posites or Fe;O, nanoparticles suspended in PBS (0.01 mM, pH 7.0)
was then added into the bacterial solution (2 mL). The mixed solution
was incubated by a rotary shaker at 250 rpm for 20 min so that
nanomaterial can bind with the bacteria effectively, then the resulting
nanocomposites-bacteria conjugates were magnetically confined for
10 min with an external magnet. The supernatant was then carefully
pipetted out and determined by the conventional surface plate count
method. As for the other bacterial pathogens, nutrient agar at a certain
dilution (1.5%) was poured into the supernatant (1 mL) and shaken
well. The plates were then incubated at 37 °C for 24 h. The number of
colonies grown on the plates was enumerated and the initial bacterial
solution was evaluated as control. The removal efficiencies of bacteria
by G-Fe;O, composites or Fe;O, nanoparticles were calculated as
follows

CFU, —

CFU,
X 100%
CFU,

removal efficiency(%) =

where CFU, and CFU, are the initial and residual numbers of bacterial
colonies in samples.

A series of experiments were conducted to investigate the effect of
different factors for removal efficiency including sample concentrations
(0.0s, 0.10, 0.15, 1.20, 0.25, 0.30, 0.35 mg/mL), different bacteria
concentrations (1 X 10%, 1 X 10, 1 x 10° CFU/mL) and different
time intervals.

The removal bacteria of GO is similar to G-Fe;O, nanoparticles.
The only difference was that GO-bacteria conjugates was not separated
because of the difficult separation of GO.

2.4.3. Fluorescent-Based Cell Live/Dead Test. The bacteria death
analysis was investigated by fluorescent-based cell live/dead test.
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Figure 5. (a) N, adsorption—desorption isotherms and (b) room-
temperature magnetization curves of G-Fe;0, and Fe;0,. As shown in
the inset in b, the G-Fe;O, can be separated from water with an
external magnet.

The mixture of log phase cells (1 x 10° CFU) and SO pg/mL of
sample were incubated by a rotary shaker at 250 rpm for 20 min.
Then nanomaterials were separated magnetically and the cells were
collected by centrifugation and washed with 0.85% (wt/vol) saline
solution three times. Then the cells were stained with PI and SYTO9
(LIVE/DEAD Baclight Bacterial Viability kit) according to the
instruction of the kit, then imaged using a laser scanning fluorescence
microscopy (Olympus, FV1000). SYTO9 was a cell-permeable green-
fluorescent stain labeled both live and dead bacteria, whereas PI was a
cell-impermeable red-fluorescent stain that only labeled dead bcateria.

3. RESULTS AND DISCUSSION

3.1. Characteristic of G-Fe30,. The typical TEM images
of G-Fe;0, are shown in Figure 1. From Figure 14, it is clearly
observed that the about 10 nm Fe;O, nanoparticles are com-
bined with graphene nanosheets with narrow particle size and
uniform dispersion. Thus, the presence of graphene helps
prevent pure Fe;O, from agglomeration, which is conducive to
the removal of pathogens. In addition, it is obvious that the
graphene show folding nature, which is in agreement with the
earlier study.”** As illustrated in the typical HRTEM image of
G-Fe;0, (Figure 1b), lattice fringes of Fe;O, (d = 0.29 nm) can
be found clearly, demonstrating that Fe;O, sample is highly
crystalline. Furthermore, the electron diffraction patterns of
G-Fe;0, (inset of Figure 1b) can be indexed to the highly

crystalline reflections of cubic inverse spinel Fe;O, structure,
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which is in accordance with the below result of XRD. In addi-
tion, energy-dispersive spectroscopy (EDS) was also conducted
to analyze the chemical composition of G-Fe;O, which ob-
viously proves that G-Fe;O, nanocomposites are composed
with C, Fe, and O elements. Furthermore, the existence of Cu
peak in EDS spectrum come from the copper mesh used in
TEM tests. However, the presence of C originates not only
from G-Fe;0, but also from the copper mesh.

In the XRD patterns (Figure 2a), pentagram represents
characteristic peaks of spinel Fe;O,. From the XRD patterns
(Figure 2a), it is obvious that the diffraction peaks of pure
Fe;0, can be indexed to (220), (311), (400), (422), (511), and
(440) planes appearing at 20 = 30.1, 35.5, 43.1, 53.4, 57.0, and
62.6°, which is in accordance with the database of JCPDS
(PDF#89—0691).>"** Compared with pure Fe;0,, the XRD
pattern of G-Fe;0, show an extra largely shoulder centered at
25°, which can be attributed to the presence of graphene and
consist with the published report, clearly confirmed the good
combination between graphene and Fe;0,.>%*” By the way, on
the basis of the Scherrer equation, the crystallite dimension
ranges from 15 to 25 nm. Thus, the small size is beneficial for
the following removal of microorganism.

The FTIR spectra of GO, G-Fe;0,, and Fe;O, are as shown
in Figure 2b. All samples show broad bands at 3378 and
1558 cm™!, which can be assigned to the —OH group and the
H—O-H stretching and bending vibrations of the adsorbed
water molecules.”® For G-Fe;O, and Fe;O,, the characteristic
peaks of 582 and 453 cm™ is attributed to the Fe—O vibra-
tions, which confirmed the presence of Fe;0,.”” It is easy to
observe that the peaks of GO ranging from 750 to 1750 cm™
have many oxygen-containing functional moieties, including the
peak of the C—O stretching vibration of epoxide, tertiary
C—OH groups stretching and C=0 stretching of carbonyl and
carboxyl groups.”® However, for G-Fe;O, composite, these
peaks of oxygen-containing functional moieties decreased and
even disappeared, indicating that the GO was reduce to graphene.
And the peaks at the 1184 and 1081 cm™" also confirmed the
existence of some oxygen-containing functional moieties on the
surface G-Fe;0, composite after GO was reduced.

To further understand the composition of G-Fe;O, and the
valence of different element, the XPS spectrum of G-Fe;O, are
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as shown in Figure 3. In Figure 3a, the three different major
peaks can be assigned to Fe 2p, O 1s, and C Is, respectively,
indicating that the G-Fe;O, contains Fe, O and C element,
which is consistent with the result of element analysis. As
shown in Figure 3b, it is obvious that the two peaks at 711.4
and 724.5 eV are assigned to the Fe 2p,,, and Fe 2p;,, of
Fe;0,.”° From Figure 3¢, after a peak-fitting deconvolution, the
O 1s of G-Fe;O, can be separated into three peaks with the
anionic oxygen in Fe—O (at 530.1 eV), the carbonyl oxygen in
C=0O0 (at 531.6 eV), and the oxygen in C—O at (at 533.2 eV),
which show that some surface oxygen groups still exist in
reduced graphene surface.”®*® The C 1s XPS spectrum of
G-Fe;0, can also be decomposable into three spectral com-
ponents, C=C (at 284.6 eV), C—C (at 285.3 eV), and C—OH
(at 286.0 eV), which also confirmed that surface oxygen groups
on graphene oxide will not completely disappear after graphene
oxide was reduced.*!

Cyclic voltammetry curves were performed by through of a
three-electrode system with modified aluminum plate (pre-
pared by dipcoating and dry it in air at room temperature) as
the working electrode, a platinum plate as the counter electrode
and Ag/AgCl electrode as the reference electrode.® Then, the
electrochemical performance of Fe;O, and G-Fe;O, was
evaluated by cyclic voltammetry. As shown in Figure 4a, cur-
rent with different contents at Fe;O, and G-Fe;O, modified
aluminum electrodes came into being. It is obvious that the CV
loop of G-Fe;O, was broader than pure Fe;0,, demonstrating
that the conductivity of pure Fe;O, became higher after adding
graphene because of its high electrical conductivity.>>** The
results also confirmed the good combination with graphene
and Fe;0,.

The charge state of pure Fe;0, nanoparticles will be different
from G-Fe;O, composite, the zeta potentials analysis was
further carried out, as shown in Figure 4b. The isoelectric point
(IEP) of Fe;0, nanoparticles was 6.61 (pH value), whereas the
isoelectric point (IEP) of G-Fe;O, composite became 4.00 (pH
value) after doping graphene, which may be due to the surface
oxygen groups on graphene.”*~>**® The higher isoelectric point
(IEP) is helpful for increasing the removal efficiency of patho-
gens. However, the removal efficiency of pathogens for G-Fe;O,
composite is higher than pure Fe;O, nanoparticles, which may
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be due to the others factors such as huge specific surface area
and good dispersion.

To investigate the porous structure and surface area of
G-Fe;0, and Fe;0,, we conducted the N, adsorption—desorption
isotherms, as shown in Figure Sa, which also exactly explain the
extremely high removal efficiency of G-Fe;0, compared with
Fe;O0,. The N, adsorption—desorption curve of Fe;O, can be
classified to typical Type II without hysteresis loop, which is the
characteristic of nonporous materials.”>>” However, the curve
of G-Fe;0, is close to type IV with a weak hysteresis loop in
the 0.4—1.0 range of relative pressure, which indicated the
presence of porous structure of G-Fe;O, composite.23 In
addition, compared with the pure Fe;O,, the specific surface
area of G-Fe,O, significantly increased from 14.65m*/g to
81.71m?/ g, which indicates that more functional active sites
exited in the surface of G-Fe;O,. Thus, this confirmed that the
existence of graphene not only have prevented the Fe;O, from
agglomeration, but also have increased the specific surface area,
which is accordant with TEM results. The more active sites of
G-Fe;0, and higher specific surface area will help G-Fe;O,
exhibit higher removal efficiency for pathogens, which can be
confirmed by the following experiment results.

To evaluate the magnetic separation capacity of G-Fe;O,, we
conducted the magnetic hysteresis loops of G-Fe;O, and pure
Fe;O, at room temperature, as shown in Figure Sb. The
magnetic saturation (M;) value of the pure Fe;O, nanoparticles
was 61.76 emu/g, whereas the magnetic saturation (M) value
of the G-Fe;O, composite gradually decreased to 0.359 emu/g,
which is due to the sharply reduced relative content of
Fe;O,. As shown in the upper left image of Figure Sb, G-Fe;0,
composite can be rapidly separated from the black and stable
suspension solution with a help of an external magnet, which
is important for recycling and reusing these absorbents.
Thus, the magnetic saturation (M) value of the G-Fe;O,
composite was lower than pure Fe;O, nanoparticles, but the
magnetic separation capacity was still strong enough to separate
them.

3.2. Nonspecific Removal of Pathogenic Bacteria and
Bacteriophage. It is reported that the infectious dose of E. coli
0157:H7 is possibly less than 100 colony-forming units (CFU).
The waters were regarded as being polluted once the con-
centration of E. coli 0157:H?7 higher than 100 CFU/mL. Thus,
pathogenic bacteria concentration with 10—100 CFU/mL was
chosen as the appreciate concentration to conduct the removal
experiment.® The removal experiments of pathogenic bacteria
were all done for G-Fe;0,, GO, or Fe;O, at a cell concentra-
tion of 1 X 10> CFU/mL under the condition (pH 7, the con-
centration of composites in bacterial solution is 0.25 mg/mL).
As shown in Figure 6, it is clearly seen that G-Fe;O, composite
can quickly clean at least 6 different typical species of Gram-
positive (S. aureus, E. faecalis, and E. faecium) and Gram-
negative bacteria (E. coli, Shigella, and Salmonella) with a higher
removal efficiency of 92.79, 88.52, 92.26, 93.09, 60.49, and
82.85%, respectively. At the same time, it can be seen that the
removal efficiency for bacteria with GO is also higher, which is
due to its excellent antibacterial properties. However, it is
slightly lower than G-Fe;O, composites and is very difficult to
be separated from water. Therefore, G-Fe;O, composites were
prepared and studied carefully here. The antibacterial property
of GO has been extensively investigated in the earlier
reported.***® However, the removal efficiency of pure Fe,0,
composites for these 6 different bacteria were all lower than
G-Fe;0, composites, which may be attributed to the huge

4295

100

®
=
1

Removal efficiency(%)

20

0 T T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30 0.35
Sample concentration(mg/mL)
100
o 80
<
>
Q9
g 60
2
g
%]
£ 40-
=]
=i
)
&~
20
0-
Fe O, GO G-Fe,O,
100
c — . . .
I/ E. coli
,;80 -
g /
>
9
; 60+ ¥
2}
£ /
5 /
=404 -
>
=
5
o2 20
0 ]
T T T T T T T T T T T
0 5 10 15 20 25 30
Time (min)
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specific surface area of G-Fe;0,, excellent monodisperse of
Fe;0, on the surface of graphene, and the antibacterial effect of
graphene.>”*® In addition, the removal efficiency of G- Fe;O,
for bacteriophage ms2 can achieve 97.84%. All of the above
results directly explain the benefits of graphene on the water
treatment.
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Figure 8. Confocal fluorescent images of live and dead bacterial cells after incubation with 2.5 mg/mL of (a, b) G-Fe;O, and (¢, d) GO for 20 min,
and subsequently stained briefly (20 min) with SYTO9 (green) and PI (red). Scale bar = 10 ym.

3.3. Influence Factors. A series of experiments were
performed to discover the optimal conditions to remove
microbial pathogenic pathogens using E. coli 0157:H7 as model
microorganism, by changing absorbent concentration, bacteria
concentration and the incubation time.

The effect of the amount of G-Fe;O, composite on the
removal efficiency of E. coli 0157:H7 was examined by varying
amounts of G-Fe;0, composite to bacterial suspensions (0.01 mM
PBS, pH 7.0) with a bacteria concentration of 10* CFU/mL.
The G-Fe;O, composite were separated from bacteria solution
with an outside magnet after 15 min. From Figure 7a, the fact
that the removal efficiency of G-Fe;O, composite, GO, or
Fe;O, composites became higher with the increasing of the
amount of G-Fe;O, composite, GO or Fe;O, composites can
be observed clearly, and the removal efficiency reached highest
at the concentration of G-Fe;O, composite, GO or Fe;O,
composites with 0.25 mg/mL, which is obviously due to the
increased active surface sites.>”*° However, the removal
efficiency of G-Fe;O, composite for E. coli was much higher
than Fe;O, composites at each concentration level, which is
due to the huge specific surface area of G-Fe;O, composite and
good monodisperse of Fe;O, on the surface of graphene. As we
all know, GO had high removal efficiency for bacteria because
of its strong antibacterial properties; however, it is very difficult
to separate used GO from water. Therefore, G-Fe;O, com-
posite will have more application prospects because of its
higher removal efficiency for bacteria and easy separation from
water with an outer magnet.
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To evaluate the removal efficiency of G-Fe;O,, GO, and
Fe;O, on high concentration of bacteria, the mixed suspension
(PBS 0.01 mM, pH 7.0) of different concentration (1 X 10
CFU/mL, 1 X 10* CFU/mL, and 1 X 10° CFU/mL) E. coli and
0.25 mg/mL G-Fe;O, composite were shaken on a rotary
shaker at 250 rpm. As shown in Figure 7b, all nanomaterials
show higher removal efficiency on 1 X 10* CFU/mL bacteria con-
centration than 10* and 10° CFU/mL bacteria concentration. How-
ever, for G-Fe;0, composite, it is obvious that all of the removal
efficiency on the three different bacteria concentration (1 X 107
CFU/mL, 1 X 10* CFU/mL, and 1 X 10° CFU/mL) were more
than 90%, and the 93% removal efliciency for 10> CFU/mL was
slightly higher than 91% removal efficiency for 10* CFU/mL and
90% removal efficiency for 1 X 10° CFU/mL, respectively. There-
fore, G-Fe;O, composite showed high removal efficiency on either
high concentration bacteria or low concentration bacteria.

To evaluate the effect of incubation time on removal
efficiency, we shook the mixed suspension (PBS 0.01 mM, pH
7.0) of E. coli and G-Fe;O, composite with a concentration of
0.25 mg/mL on a rotary shaker at 250 rpm for different time
interval. As shown in Figure 7b, it is observed that the con-
centration of E. coli in supernatant solution decreases gradually
with the increasing incubation time and the removal efficiency
reached more than 90% after 10 min, which is assigned to the
sufficient contact time of G-Fe;O, and E. coli solution.

3.4. Removal Tests of Real Water Samples. In practice,
the real water samples are different from the simulated water.
Thus, we further investigate the removal capability of the
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G-Fe;0, composites toward pathogenic microorganisms (both
bacteria and bacteriophage) in real water samples through a
microbial plate count method. The result of removal efficiency
for G-Fe;O, composite was obtained through averaged values
after several tests. The real samples were collected from local
rivers (Dayun River, Tianjin, China). First, the G- Fe;O,
nanoparticles were allowed to contact with target water
samples for 15 min. Then, the resulting conjugates were
separated, diluted, and cultured on a LB plate for 24 h at 37 °C.
As a result, we found that G-Fe;O, composite have extremely
high capture capability for both bacteria and bacteriophage, the
CFUs in a 1 mL water sample before and after treatment with
G-Fe;0, composite were 1745 and 89, respectively. Therefore,
the removal efficiency for bacteria can achieve 94.8% in the
studied water samples. The bacteriophage plaque in a 1 mL
water sample before and after treatment with G-Fe;O,
composite were 2.7 X 10° and 1 X 10°. Therefore, the removal
efficiency for bacteriophage can reach 96.3%.

3.5. Removal Mechanism. To the best of our knowledge,
it is reported that GO and graphene showed strong anti-
bacterial properties.‘“’42 Therefore, to investigate the removal
mechanism of G-Fe;O, composites, Fluorescent-based cell live/
dead test of live and dead bacterial cells were conducted, as
shown in Figure 8. The SYTO 9 enters through the bacteria
membrane and makes them green color for both living and
dead bacteria, whereas the propodium iodide (PI) gives red
color for dead bacteria because of the damaged cell wall
membrane caused by photothermal lysis. In Figure 8, it can be
observed that many bacteria were stained by PI, indicating
damaged cell walls and cell membranes or mass cell death upon
GO or G-Fe;O, composites exposure. In Figure 8a, ¢, it can be
clearly observed that many bacteria adhered to the surface of
G-Fe;0, composites or GO. In addition, there are a lot of dead
bacteria on the surface of G-Fe;O, composites or GO, which
directly confirmed the antibacterial properties of G-Fe;O,
composites or GO. However, the amount of dead bacteria on
the GO surface is more than G-Fe;0, composites due to its relative
lower content of graphene for G-Fe;O, composites compared with
GO, which indicated the antibacterial properties of graphene in the
G-Fe;O, composites. In addition, it can be observed that the
amount of live bacteria is more than the amount of dead bacteria
based on confocal fluorescent images. Therefore, for G-Fe;O, com-
posites, the removal mechanism is mainly due to the adsorbability;
the second is its antibacterial properties of graphene.

4. CONCLUSION

In conclusion, Fe;O,/graphene (abbreviated as G-Fe;O,) nano-
particles was synthesized successfully by solvothermal method to
effectively remove both bacteriophage and bacteria. The removal
efficiency of E. coli for G-Fe;O, composite can achieve 93.09%,
whereas it is only 54.97% with Fe;O, nanoparticles. In addition,
the G-Fe;O, composite show high removal efficiency for a wide
range of pathogens including not only bacteriophage ms2, but also
various bacteria such as S. aureus, E. coli, Salmonella, E. Faecium,
E. faecalis, and Shigella. Moreover, a detailed verification test of
real water samples was conducted and the removal efficiency of
bacteria in real water for G-Fe;O, composite can also reach 94.8%.
The removal mechanism of G-Fe;O, was also investigated.
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