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ABSTRACT: Ag-CoFe2O4-graphene oxide (Ag-CoFe2O4-
GO) nanocomposite was synthesized by doping silver and
CoFe2O4 nanoparticles on the surface of GO, which was used
to purify both bacteria and Pb(II) contaminated water. The
Ag-CoFe2O4-GO nanomaterial was characterized by trans-
mission electron microscopy (TEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), Raman, X-ray
photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller
(BET), cyclic voltammetry (CV), and magnetic property tests.
It can be found that Ag-CoFe2O4-GO nanocomposite
exhibited excellent antibacterial activity against Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus
compared with CoFe2O4, Ag-CoFe2O4, and CoFe2O4-GO composite. This superior disinfecting effect was possibly attributed to
the combination of GO nanosheets and Ag nanoparticles. Several antibacterial factors including temperature, time, and pH were
also investigated. It was obvious that E. coli was more susceptible than S. aureus toward all the four types of nanomaterials. The
structural difference of bacterial membranes should be responsible for the resistant discrepancy. We also found that Ag-CoFe2O4-
GO inactivated both bacteria in an irreversibly stronger manner than Ag-CoFe2O4 and CoFe2O4-GO. The Pb(II) removal
efficiency with all the nanomaterials showed significant dependence on the surface area and zeta potential of the materials. In this
work, not only did we demonstrate the simultaneous superior removal efficiency of bacteria and Pb(II) by Ag-CoFe2O4-GO but
also the antibacterial mechanism was discussed to have a better understanding of the interaction between Ag-CoFe2O4-GO and
bacteria. In a word, taking into consideration the easy magnetic separation, bulk availability, and irreversibly high antibacterial
activity of Ag-CoFe2O4-GO, it is the very promising candidate material for advanced antimicrobial or Pb(II) contaminated water
treatment.
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■ INTRODUCTION

Microbial contamination has always been the challenge that
threats the health of human beings since the existence of
human society. Many kinds of bacteria can lead to seriously and
even deadly infections for people.1 Therefore, developing
effective, low cost, and environmental biocide is significant and
necessary.2−5 Recently, various antibiotics,6 silver and gold-
based nanomaterials,7−9 are at the frontline of antibacterial
infections. Among these antibacterial substances, antibiotics are
popularly used all over the world due to their broad-spectrum
antibacterial capacities. However, the antibiotic resistance due
to the abuse of antibiotics encourages people to find new
alternative antibacterial candidates.10 Although the silver and
gold-based nanomaterials have notable bactericidal activity, the
easily oxidized character of silver nanomaterials11 and the
expensive cost of gold limited the application of these two
noble metal nanomaterials in practice. Moreover, the silver and
gold nanoparticles could not be recycled since they are not
separated from the water efficiently, which may result in
secondary pollution and serious environmental risk.12

On the other hand, Pb(II) pollution is a typical heavy metal
contamination which exists in agricultural and industrial
wastewater and acidic leachate from landfill sites. Due to
their carcinogenicity, high toxicity to the nervous system, and
accumulative toxicity,13−15 the acceptable limit of Pb(II) in
drinking water is 0.015 mg/L.16 The high toxicity and
popularity of Pb(II) contamination motivates large amounts
of researchers to develop new nanomaterials to resolve the
worldwide problem. Many kinds of nanomaterials have been
synthesized to remove Pb(II), such as zerovalent iron,17,18

Fe3O4,
19−21 and carbon nanotube-based22,23 nanomaterials.

Graphene, a two-dimensional single sheet of carbon atoms
arranged in a hexagonal network, with exceptional mechanical
characteristics,24 excellent optical transparency,25 superior
electrical conductivity,26,27 high thermal conductivity,28 and
large surface area,29 has been intensively studied since it was
first discovered by Novoselov and co-workers in 2004.30
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Graphene oxide (GO) with a large number of oxygen-
containing functional groups such as −COOH and −OH is a
highly oxidative form of graphene achieved by chemical
exfoliation of graphite.31 GO also has gained considerable
applications in biology and the environmental field due to its
bulk availability, high water solubility, and easy modification.32

The performances of graphene and GO to remove various
environmental pollutants have been extensively researched,
particularly as absorbers to clear dyes,33,34 metal ions,35,36 and
organic pollutants37,38 from contaminated waters. Since full-
erenes and carbon nanotubes have been found to have obvious
antibacterial properties,39,40 as the smallest carbon-based
nanomaterials, GO and reduced graphene oxide (rGO) have
also shown the ability to inhibit the growth of E. coli with
minimal cytotoxicity.41,42 Although graphene and GO have
rapidly evolved with numerous environmental applications,
they could have potential health and ecosystem risks without
efficient separation from the environment.43,44 To overcome
this weakness, the synthesis of GO nanocomposites by taking
GO as a platform to support magnetic nanoparticles has been
studied in the environmental area. The adsorption capacity of
graphene-carbon nanotube-iron oxide,45 Fe3O4-rGO,

46 and
magnetite-graphene-LDH47 toward arsenate has been inves-
tigated. Graphene-iron oxide-Ag nanocomposite48 and mag-
netic-graphene oxide49 have showed a bactericidal effect.
As we all know, it is necessary for human health to drink safe

water free of pollutants such as pathogenic bacteria, organics,
and heavy metals. Usually, the ingredients in wastewater are
complex including many different kinds of pollutants. There-
fore, it is urgent to develop a novel nanomaterial that can be
used to remove different pollutants simultaneously. However,
to our knowledge, there are few reports about removing
multiple pollutants using nanomaterial and especially no report
about simultaneous bactericidal and heavy metal ions
removal.50−53 In this study, Ag-CoFe2O4-GO nanocomposite,
combining the high specific surface area of GO, antibacterial
capacity of GO and nano-Ag, and magnetic separation property
of CoFe2O4, is synthesized for simultaneous disinfection and
Pb(II) removal. The results indicate that Ag-CoFe2O4-GO
nanocomposite shows the highest bactericidal effect with about
98.9% and 74.7% mortality toward E. coli and S. aureus (105

cells/mL), respectively, even at a very low concentration of 6.25
μg/mL compared with CoFe2O4, Ag-CoFe2O4, and CoFe2O4-
GO, respectively. In the case of simultaneous disinfection and
Pb(II) adsorbing experiments, Ag-CoFe2O4-GO demonstrates
more than 99% of antibacterial efficiency and around 75% of
Pb(II) removal efficiency.

■ EXPERIMENTAL SECTION
Synthesis and Characterization of Ag-CoFe2O4-GO Nano-

composite. GO nanosheets were synthesized according to the
method reported by Hummers and Offeman.31 Ag-CoFe2O4-GO
nanocomposite was prepared by the solvothermal reaction of
Co(NO3)2·6H2O, Fe(NO3)3·9H2O, and AgNO3 in the ethanol
suspension of GO according to the methods reported by Li et al.54

and Zhang et al.55 with some modifications. In brief, 0.12 g of GO was
added to 60 mL of ethanol and completely dispersed by ultra-
sonication for 30 min. 0.1450 g of Co(NO3)2·6H2O, 0.4025 g of
Fe(NO3)3·9H2O, and 0.1260 g of AgNO3 were dissolved in 20 mL of
ethanol and stirred by a magnetic stirrer for 30 min. The solution was
added dropwise to the GO suspension and stirred for 30 min. Then,
2.16 g of CH3COONa was added to the mixture under continuous
stirring. After agitation for 30 min, the mixture solution was transferred
to a Teflon-line autoclave. The autoclave was heated in an oven at 200

°C for 18 h and cooled down to room temperature. The obtained
black composite was washed several times using distilled water and
ethanol. Finally, the product was dried in an oven at 60 °C for 18 h.
The CoFe2O4, Ag-CoFe2O4, and CoFe2O4-GO were synthesized as
discussed in the above method without the addition of AgNO3 and
GO, GO, and AgNO3, respectively. The detailed characterization
information such as Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), Raman, and X-ray photoelectron spectros-
copy (XPS) was detailed in the Supporting Information.

Bacterial Culture. Gram-negative E. coli and Gram-positive S.
aureus were used as model bacteria. The bacteria were grown in
nutrient broth at 37 °C for 24 h to yield a cell count of approximately
108 to 109 colony forming units (CFU)/mL. Then, bacterial cells were
collected by centrifugation (5000g for 10 min) and resuspended in
sterile 0.85% (wt/vol) saline solution. The bacteria levels for the
bactericidal study were 105 and 103 CFU, respectively, which were
adjusted by gradient dilution using phosphate-buffered saline (PBS).

Antibacterial Activity. 50 μL of nanomaterials suspended in PBS
were added to 2 mL of bacterial solution, leading to different ultimate
concentrations of materials including 6.25, 12.5, 25, and 50 μg/mL.
The mixture was incubated by a rotary shaker at 37 °C and 180 rpm
for 2 h. Then, the nanomaterials were magnetically separated for 10
min with an external magnet. The supernatant was then carefully
pipetted out and determined by the standard plate count method. The
plates were incubated at 37 °C for 24 h. The number of colonies was
enumerated through visual inspection and that of the bacterial solution
without materials was counted as control. A series of experiments were
conducted to investigate the antibacterial performance of Ag-
CoFe2O4-GO under different pH values (4, 5, 6, 7, 8, 9), temperatures
(298, 303, 310, 315 K), and time intervals (7.5, 15, 30, 60, 120 min).
All measurements were carried out in triplicate.

Fluorescent-Based Cell Live/Dead Test. The bacteria death
analysis was also ascertained by fluorescent-based cell live/dead test.
The mixture of log phase cells (108 CFU) and 50 μg/mL
nanomaterials was incubated by a rotary shaker at 180 rpm for 2 h.
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 (propidium
iodide) and SYTO9 (LIVE/DEAD Baclight Bacterial Viability kit)
according to the instruction of the kit, then imaged using a laser
scanning fluorescence microscope (Olympus, FV1000), and counted
by a flow cytometry (CyFlow Space, Partec, Germany). SYTO9 was a
cell-permeable green-fluorescent stain that labeled both live and dead
bacteria, whereas PI was a cell-impermeable red-fluorescent stain that
only labeled cells with compromised cellular membranes. The cell
suspension without nanomaterials was taken as control.

Transmission Electron Microscopy and Scanning Electron
Microscopy Observation of Bacteria. Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) were
used to visualize the interaction between Ag-CoFe2O4-GO and
bacteria. The bacteria treated and untreated with Ag-CoFe2O4-GO
were fixed on a silicon pellet with 2.5% glutaraldehyde solution at 4 °C
overnight. Then, the samples were sequentially dehydrated with 30%,
50%, 70%, 90%, and 100% ethanol for 20 min, respectively. The
samples were lyophilized, gold sputter-coated, and visualized using a
SEM. The pretreatment of TEM samples was similar to SEM except
that the TEM samples were fixed on copper mesh.

Simultaneous Disinfection and Pb(II) Adsorption Experi-
ments. Pb(NO3)2 was used to prepare stock solutions of 100, 200,
400, 600, and 800 mg/L Pb(II), respectively. NaCl solution (0.85%)
was used as background electrolyte, for keeping the same background
as antibacterial experiments. Before conducting the Pb(II) adsorption
experiments, the interaction between bacteria and Pb(II) without
nanomaterials was first investigated. The solutions with bacteria (105

CFU/mL) and Pb(II) (1, 2, 4, 6, 8 mg/L) were shaken at 37 °C and
180 rpm for 2 h. The individual bacteria and Pb(II) solution at the
same concentration was used as a control at the same experimental
conditions, respectively. After interaction, the bacteria were counted
using the standard CFU counting method, and the Pb(II) was
quantitatively measured with the help of an atomic absorption
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spectrometer (IRIS Intrepid II XSP, Thermo Elemental). Batch
experiments of Pb(II) adsorption on CoFe2O4, Ag-CoFe2O4,
CoFe2O4-GO, and Ag-CoFe2O4-GO were carried out. In separate
experiments, 50 μg/mL of each nanomaterial was added to the Pb(II)
solution with different concentrations (1, 2, 4, 6 mg/L). The
simultaneous disinfection and the Pb(II) adsorption experiment of
each nanomaterial was the same as the individual Pb(II) adsorption
method above with the solution containing E. coli/S. aureus (105 CFU/
mL).

■ RESULTS AND DISCUSSION
Characterization of the Antibacterial Nanomaterials.

The typical TEM images of the nancomposites are shown in
Figure 1. The nano-CoFe2O4 and silver particles were grown

and deposited uniformly on GO nanosheets with narrow
particle sizes of 10−20 and 40−50 nm, respectively, as observed
in Figure 1c,d. The lattice fringes of CoFe2O4 (d = 0.48 nm)
and Ag (d = 0.234 nm) were shown clearly in Figure 1e.
However, CoFe2O4 and Ag-CoFe2O4 nanoparticles without
GO seriously aggregated, and the Ag nanoparticles in Figure 1b
exhibited broad particle size distribution from 50 to 100 nm.
Therefore, the presence of GO could stabilize nanoparticles on
it and prevent them from aggregation, which was in agreement
with the earlier reports.7,49 Figure 1f showed the dispersities of
CoFe2O4 (A), Ag-CoFe2O4 (B), CoFe2O4-GO (C), and Ag-
CoFe2O4-GO (D) in distilled water at 0 and 30 min. It was
clear that depositing Ag and CoFe2O4 nanoparticles on the GO
plane could increase the dispersities of Ag nanoparticles and
CoFe2O4. Figure 2a is a representative TEM image of the Ag-
CoFe2O4-GO nanocomposite, with a corresponding energy-
dispersive X-ray spectroscopy (EDS) elemental mapping for C
(Figure 2b), O (Figure 2c), Ag (Figure 2d), Fe (Figure 2e), and
Co (Figure 2f). A brighter area in the elemental map indicated
a higher concentration of the corresponding element in that
area. Different elements were shown in different colors in order
to identify their positions within the nanomaterials. The C
distribution was uniform and continuous, resembling the
morphology of the GO nanosheet. In contrast, the Ag, Fe,
and Co distribution was discrete, indicating a hierarchical
heterostructure of nano-Ag and CoFe2O4 well-dispersed on the
GO nanosheet. The scanning transmission electron microscopy

(STEM)-energy dispersive X-ray (EDX) line scanning was also
conducted as shown in Figure S1, Supporting Information,
indicating the well distribution of nano-Ag and CoFe2O4
particles. Other physicochemical characterizations such as
FTIR, XRD, Raman spectrum, and XPS exhibited in Figures
S2−S7 were discussed in the Supporting Information.
As shown in Figure 3a, the hysteresis loop indicated that the

magnetic saturation (Ms) value of the Ag-CoFe2O4-GO
nanoparticles is 0.37 emu/g, whereas the value for CoFe2O4-
GO was 0.13 emu/g as exhibited in the bottom right inset of
Figure 3a, suggesting that Ag-CoFe2O4-GO nanocomposites
could be easily separated from solution with an external
magnetic force as shown in the top left inset of Figure 3a. All
the materials could be easily separated from water with a
magnet in 5 min after the antibacterial experiment. The rapid
and easy separation of Ag-CoFe2O4-GO from water after
application was significant for not only reusing the absorbent
but also avoiding second pollution and serious environmental
risk. CoFe2O4-G and Ag-MnO2 had been demonstrated as the
promising electrode materials for energy storage.27,56 There-
fore, to investigate the electrical conductivity of CoFe2O4, Ag-
CoFe2O4, CoFe2O4-GO, and Ag-CoFe2O4-GO, cyclic voltam-
mograms (CVs) were performed through a three-electrode
system with these materials modified glassy carbon electrode as
the working electrode, which was prepared by dispersing
nanomaterials into anhydrous alcohol, dip coating the uniform
dispersion onto the glassy carbon electrode, and drying it in air
at room temperature, with a platinum plate as the counter
electrode and calomel electrode as the reference electrode. As
shown in Figure 3b, all the scans of four nanomaterials in the
potential range between 1.0 and −1.0 V in saturated potassium
sulfate showed one redox couple. It was obvious that both the
oxidative and reduction peaks of Ag-CoFe2O4-GO were the
highest when compared with those of CoFe2O4, Ag-CoFe2O4,
and CoFe2O4-GO. It was thus reasonable to relate the high
electrical conductivity of Ag-CoFe2O4-GO to the addition of
nano-Ag and graphene into CoFe2O4.

27,56 The surface areas of
CoFe2O4, Ag-CoFe2O4, CoFe2O4-GO, and Ag-CoFe2O4-GO
were 100.4, 89.2, 212.7, and 140.8 m2/g, respectively (Figure
S7, Supporting Information). It was the addition of GO
nanosheets that should be responsible for these high surface
areas of CoFe2O4-GO and Ag-CoFe2O4-GO compared to that
of CoFe2O4 and Ag-CoFe2O4. Furthermore, materials with high
surface areas were in a dominant position in antibacterial and
Pb(II) removal performance.

Figure 1. TEM images of CoFe2O4 (a), Ag-CoFe2O4 (b), CoFe2O4-
GO (c), and Ag-CoFe2O4-GO (d) and HRTEM of Ag-CoFe2O4-GO
(e). The dispersity of four nanomaterials is shown in (f). A, B, C, and
D represent CoFe2O4, Ag-CoFe2O4, CoFe2O4-GO, and Ag-CoFe2O4-
GO, respectively.

Figure 2. TEM image of Ag-CoFe2O4-GO nanocomposite (a) and the
corresponding energy-dispersive X-ray spectroscopy (EDS) elemental
mapping for C (b), O (c), Ag (d), Fe (e), and Co (f). The scale bar is
100 nm.
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High Antibacterial Effects of Ag-CoFe2O4-GO. The
antibacterial activities of the four different kinds of nanoma-
terials (CoFe2O4, Ag-CoFe2O4, CoFe2O4-GO, and Ag-
CoFe2O4-GO) in this work were evaluated using E. coli (G−)
and S. aureus (G+) as model organisms. As shown in Figure 4,
all the nanomaterials showed an antibacterial effect toward E.
coli and S. aureus in a dose-dependent manner except for Ag-
CoFe2O4-GO which demonstrated an almost identical
antibacterial effect toward E. coli as the concentration of
material increased (Figure 4A,B). It was obvious that all the
nanomaterials showed stronger bacterial inactivation against
bacteria with 103 CFU/mL than those of 105 CFU/mL.
Noticeably, Ag-CoFe2O4-GO in different levels always
possessed the best antibacterial effects toward both bacteria.
Ag-CoFe2O4-GO exhibited the highest antibacterial activity
with inactivation rates of 98.8% and 73.4% toward E. coli and S.
aureus (105 CFU/mL), respectively, even at a concentration as
low as 6.25 μg/mL. In this work, the nanocomposites
containing nano-Ag exhibit stronger antibacterial effects than
CoFe2O4 and CoFe2O4-GO. It was well-known that nano-Ag
shows an excellent antibacterial effect toward various micro-
rganisms.10,57,58 Compared with Ag-CoFe2O4, Ag-CoFe2O4-

GO exhibits a higher antibacterial ability at the same
concentration toward both bacteria. Similarly, CoFe2O4-GO
always showed a better bactericidal effect than CoFe2O4. GO
and reduced graphene oxide (rGO) had been reported with
excellent antibacterial activity toward E. coli.59,60 Ag-CoFe2O4-
GO nanocomposite in this work possessed a superlative
antibacterial effect compared with CoFe2O4, Ag-CoFe2O4,
and CoFe2O4-GO, suggesting that this improved antibacterial
effect of Ag-CoFe2O4-GO was possibly attributed to the
coordination of GO nanosheets and nano-Ag.10,61 In Figure
4D, S. aureus exhibited negative values in viability treated with
6.25 and 12.5 μg/mL of CoFe2O4. It illustrated that CoFe2O4
had no inactivation effect toward S. aureus at low concen-
trations below 12.5 μg/mL. Tang et al. reported that graphene
oxide-silver nanocomposite exhibited about 80% of antibacterial
efficiency at a concentration of 10 μg/mL.7 Tian et al. prepared
GO-IONP-Ag as a novel multifunctional antibacterial material
with 94.9% of E. coli inactivation at the final concentration of 8
μg/mL (silver content).48 Deng et al. reported the synthesis of
magnetic-graphene oxide which displayed 91.49% of inactiva-
tion at the concentration of 100 μg/mL.49 Liu et al. reported
that the loss of E. coli viability at the GO concentration of 80
μg/mL was 91.6%.60 However, Ag-CoFe2O4-GO in this work
exhibited the best antibacterial activity (compared to those
mentioned above) with an E. coli inactivation of 98.8% even at a
concentration as low as 6.25 μg/mL.
This significantly enhanced antibacterial efficiency for Ag-

CoFe2O4-GO was supposed to be the result of the synergistical
action between CoFe2O4-GO nanosheets and Ag nanoparticles.
Therefore, the nano-Ag, CoFe2O4-GO, and the simple mixture
of nano-Ag and CoFe2O4-GO at the same nano-Ag and
CoFe2O4 concentrations were taken as controls, respectively.
According to the EDS energy spectrum analysis of Ag-
CoFe2O4-GO, the amount of Ag content is about 6.42%. As
shown in Figure S8, Supporting Information, nano-Ag and the
mixture of the two constituents also showed an antibacterial
effect toward E. coli and S. aureus in a dose-dependent manner.
At a Ag-CoFe2O4-GO concentration of 25 μg/mL (Ag
concentration of 1.6 μg/mL and CoFe2O4-GO concentration
of 23.4 μg/mL), the antibacterial rates of nano-Ag, CoFe2O4-
GO, the simple mixture of these two constituents, and Ag-
CoFe2O4-GO were 8.1%, 54.8%, 56.8%, and 99.8% toward E.
coli, respectively. For S. aureus, these rates were 11.0%, 40.7%,
41.2%, and 99.4%, respectively. It indicated that Ag-CoFe2O4-
GO nanocomposite exhibited better antibacterial efficiency
than the simple sum of the CoFe2O4-GO and nano-Ag.
Therefore, the enhanced antibacterial efficiency for Ag-
CoFe2O4-GO could be attributed to the synergistical action
of CoFe2O4-GO nanosheets and Ag nanoparticles instead of
the simple mixture of the two constituents.
In addition, the Ag+ and Co2+ concentrations had been

measured using ICP (IRIS Intrepid II XSP, Thermo Elemental)
to investigate the stability of Ag-CoFe2O4-GO. The Ag+ and
Co2+ release rate of the four different materials after 2 h of the
antibacterial experiment toward E. coli (105 CFU/mL) was
shown in Figure S9, Supporting Information. Compared with
CoFe2O4 and Ag-CoFe2O4, their GO composites exhibited
slower Ag+ and Co2+ release rates, especially for Co2+ which
decreased by more than three times, indicating the enhanced
stability of Ag-CoFe2O4 nanoparticles after loading them on
GO nanosheets. The results were consistent with the early
report by Cao et al., who had found the slower Ag+ release rate

Figure 3. (a) Room temperature magnetization curve of Ag-CoFe2O4-
GO and CoFe2O4-GO (the bottom right inset); Ag-CoFe2O4-GO can
be easily separated with a magnet (the top left inset). (b) Cyclic
voltammetry scans electrodes in 0.1 M sodium sulfate aqueous
solution with scan rate of 0.05 V/s.
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and better antibacterial activity of Ag@Fe2O3-GO nano-
composites than plain Ag and Ag@Fe2O3 nanomaterials.61

Fluorescent-Based Cell Live/Dead Test. The standard
CFU counting method reflected the bacterial strains, which

could not proliferate and divide. However, in fact, during the
disinfection process, it was quite possible that there were many
bacteria that were just reversibly injured by biocides, thus losing
the ability to divide but being able to resuscitate after self-

Figure 4. Reduction in viability of E. coli at 103 CFU/mL (A) and 105 CFU/mL (B) and of S. aureus at 103 CFU/mL (C) and 105 CFU/mL (D)
after treatment with CoFe2O4, Ag-CoFe2O4, CoFe2O4-GO, and Ag-CoFe2O4-GO at different concentrations. a, b, c, and d represent the final
concentrations of different materials at 6.25, 12.5, 25, and 50 μg/mL, respectively.

Figure 5. Flow cytometer dot plot of E. coli (a, b) and S. aureus (c, d) without (a, c) and with (b, d) Ag-CoFe2O4-GO treatment at 50 μg/mL for 2 h.
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repair.62 In order to verify whether the cells were harmed in a
reversible manner or not, both bacterial species were examined
using flow cytometer analysis. As shown in Figure 5a−d, the
pictures exhibited the particular fluorescence pattern of E. coli
(Figure 5a,b) and S. aureus (Figure 5c,d) doubly stained with
SYTO9 and PI. The low red and strong green fluorescence
intensity region (R1) represented the proportion of live
bacteria, and the weak green and heavy red fluorescence
intensity region (R2) indicated the dead proportion. For E. coli,
7.2% of cells without the addition of the nanomaterial fell in the
R1, whereas the R1 values were 62.6%, 61.3%, and 95.3% for
bacteria treated with 50 μg/mL of Ag-CoFe2O4, CoFe2O4-GO,
and Ag-CoFe2O4-GO, respectively (Figures 5a, b and S10a−c,
Supporting Information). In the case of S. aureus, the control
presented 6.3% of dead bacteria, and Ag-CoFe2O4, CoFe2O4-
GO and Ag-CoFe2O4-GO exhibited 43.4%, 34.4%, and 89.8%
of disinfection (Figures 5c,d and S10d−f, Supporting
Information). In the case of Ag-CoFe2O4, the antibacterial
amounts determined by flow cytometry (62.6% and 43.4%
against E. coli and S. aureus, respectively) were lower than those
from the standard counting method (95.5% and 92.2% against
E. coli and S. aureus, respectively). It was the same situation for
CoFe2O4-GO (Figures 4 and S10c,f, Supporting Information).
However, the differences of Ag-CoFe2O4-GO were not obvious
as shown in Figures 4b,d and 5b,d. Therefore, Ag-CoFe2O4-GO
inactivated both bacteria in a stronger manner than Ag-
CoFe2O4 and CoFe2O4-GO. The confocal fluorescent images
(Figure 6a−h) also demonstrated better antibacterial activities
of Ag-CoFe2O4-GO than that of Ag-CoFe2O4. After treatments
with Ag-CoFe2O4 and CoFe2O4-GO, a significant proportion of
bacteria was just reversibly injured, losing the ability to divide
but able to resuscitate after self-repair.62 Therefore, the
applications of CoFe2O4-GO and Ag-CoFe2O4 in microbial
contaminated water treatment were inadvisible and unsafe.
Antibacterial Effects of Ag-CoFe2O4-GO with Different

Process Factors. A series of experiments were conducted to
investigate the influence of environmental factors such as
temperature, time interval, and pH. On the basis of our results,
it could be found that temperature was a significant factor
influencing the activity of bacteria. In this work, both E. coli and
S. aureus were very sensitive to inactivation temperature. As

shown in Figure S11a, Supporting Information, the antibacterial
rates were 75.4%, 80.5%, and 99.9% for E. coli at 25, 30, and 37
°C, respectively. However, the loss of S. aureus viability reached
61.3%, 70.7, and 99.9% after incubation for 2 h at 25, 30, and
37 °C, respectively. Although the antibacterial effect of Ag-
CoFe2O4-GO was considerably influenced by the temperature,
it possessed more than 60% of inactivation for both bacteria at
25 °C. To assess the effect of treatment time on antibacterial
effect, the mixed suspension (PBS 0.01 mM, pH 7.0) of E. coli
(or S. aureus) and Ag-CoFe2O4-GO with a concentration of 50
μg/mL was incubated on a rotary shaker at 180 rpm for
different times (7.5, 15, 30, 60, 120 min). As shown in Figure
S11b, Supporting Information, it was observed that the
antibacterial effects increased gradually with the extension of
incubation time and the inactivation amounts reached more
than 90% after 60 min for both bacteria. The inactivation rate
reached 94.5% and 50.6% against E. coli and S. aureus in 30 min,
respectively. Obviously, the inactivation efficiency improved
much faster for E. coli than S. aureus from 0 to 30 min.
However, E. coli presented more susceptibility toward Ag-
CoFe2O4-GO than S. aureus from 30 to 60 min. It was quite
possible that the different cell wall/membrane structures of E.
coli than S. aureus resulted in their different response to the
incubation time. Wastewater fouled with bacteria could be
variant in pH, and so, the influence of pH was evaluated during
the inactivation process. As demonstrated in Figure S11c,
Supporting Information, the antibacterial effect of Ag-CoFe2O4-
GO (50 μg/mL) was more than 95% for both bacteria (105

CFU/mL) at different pH values (4, 5, 6, 7.2, 8, 9) after
incubation for 2 h at 37 °C. The high adaptability of Ag-
CoFe2O4-GO to different pH values justified its potential
application in purifying actual wastewater with microbial
contamination.

Different Antibacterial Effects toward E. coli and S.
aureus. From Figure 4, it was easily found that all the
nanocomposites presented higher antibacterial effects against E.
coli than S. aureus. In the case of S. aureus (105 CFU/mL), after
treatment with 12.5 μg/mL of CoFe2O4, Ag-CoFe2O4,
CoFe2O4-GO, and Ag-CoFe2O4-GO, the loss of viability was
5.4%, 46.0%, 22.0%, and 97.9%, respectively. However, for E.
coli at the same treatment, the inactivation amounts were 7.1%,

Figure 6. Confocal fluorescent images of live and dead bacterial cells treated with 50 μg/mL of Ag-CoFe2O4 (a−d) and Ag-CoFe2O4-GO (e−f) and
stained with SYTO9 (green) and PI (red). (a, e) Overlying images of E. coli stained with SYTO9 (live and dead) and PI (dead). (b, f) Images of E.
coli stained with PI. (c, g) Overlying images of S. aureus stained with SYTO9 (live and dead) and PI (dead). (d, h) Images of S. aureus stained with
PI. The scale bar is 20 μm.
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65.2%, 42.4%, and 99.2%, respectively. At the same time, E. coli
(G−) and S. aureus (G+) exhibited different responses to the
environmental factors such as incubation time and temperature.
In brief, the E. coli was more easily inactivated by Ag-CoFe2O4-
GO than S. aureus. To further investigate the underlying
mechanism and inspect the bacterial morphological change,
both bacterial strains were visualized using SEM and TEM
technology. It was obvious that some of the bacterial strains
were fixed on the GO plane and fused into the material (Figure
7c,d,g). Indeed, about 90% of E. coli with the addition of Ag-
CoFe2O4-GO presented extensive damaged cell walls and cell
membranes compared with the control (Figure 7a,e) and Ag-
CoFe2O4 (Figure 7b,f) treatment. Remarkably, some of the
cells were even drilled by Ag-CoFe2O4-GO forming big cavities
on the cell surfaces which could cause the leakage of internal
cell contents (Figure 7c). For the S. aureus, there were no
signals of cellular division when treated with Ag-CoFe2O4-GO
(Figure 7g). However, commenced cell division could be
observed in control cells as showed in Figure 7e. Moreover, the
cells absorbed on the Ag-CoFe2O4-GO shrank from a regular
sphere to irregular shape forming pits on their surface (Figure
7g,h). It was interesting to note that some of the S. aureus cells
incubated with Ag-CoFe2O4-GO (Figure 7g) seem to exhibit a
plasmolysis phenomenon as compared with the control (Figure
7e) and Ag-CoFe2O4 (Figure 7f) treatment. It was quite
possible that the double pressures from GO and nano-Ag were
responsible for this morphological change of S. aureus.
However, in the case of S. aureus, it was difficult to decide
whether the integrity of the membrane was compromised from
the SEM images. From the flow cytometer dot plot in Figure
5b,d, it was clear that Ag-CoFe2O4-GO possesses 95.3% and
89.8% inactivation of E. coli and S. aureus, respectively.
Therefore, in light of the SEM results and together with the
flow cytometer analysis, more than 95% of E. coli and around
90% of S. aureus presented severe membrane injury due to the
addition of Ag-CoFe2O4-GO. According to the early reports,
antibacterial activities were usually considered to be relative to
the interaction between deterrents and cell membrane of
bacteria.10,63 It was well-known that the Gram-positive S. aureus
had a multilayer (20−80 nm) positively charged dense
peptidoglycan on its surface; however, Gram-negative E. coli
possessed only one thin layer of lipopolysaccharide and
peptidoglycan (15−20 nm) in its cell walls.7,48 This structural
difference was supposedly responsible for the antibacterial
discrepancy. Furthermore, S. aureus contained more potent

detoxification agents such as golden carotenoid pigments and
catalase to resist oxidative stress,63−65 which granted this
bacteria more resistance and insusceptibility than E. coli under
the same damaging treatment.

Simultaneous Disinfecting and Pb(II) Adsorbing
Experiments. As shown in Figure S12a, Supporting
Information, both E. coli and S. aureus (105 CFU/mL)
exhibited negligible adsorption to Pb(II) with different
concentrations of 1, 2, 4, 6, and 8 mg/L, respectively. On the
other hand, 1, 2, 4, and 6 mg/L of Pb(II) have very little
influence on the viability of both strains, except that the level of
8 mg/L shows around 20% and 32% of inhibition of E. coli and
S. aureus, respectively (Figure S12b, Supporting Information).
For the individual Pb(II) adsorption experiment, the CoFe2O4-
GO exhibited the best removal efficiency (Figure 8a,b). The
adsorption qe for Pb(II) with an initial concentration of 6 mg/L
using CoFe2O4, Ag-CoFe2O4, CoFe2O4-GO, and Ag-CoFe2O4-
GO was 50.2, 42.9, 81.3, and 60.8 mg/g, respectively. The
Pb(II) adsorption data had been analyzed according to the
Langmuir (Figure 8a) and Freundlich (Figure S13, Supporting
Information) model.66 As shown in Table S1, Supporting
Information, the Langmuir model showed a correlation
coefficient of 0.927, 0.963, 0.925, and 0.996 for CoFe2O4, Ag-
CoFe2O4, CoFe2O4-GO, and Ag-CoFe2O4-GO, respectively.
Our results indicated that the Freundlich model fitted the data
with a correlation coefficient of 0.775, 0.874, 0.910, and 0.877,
respectively. Therefore, the Langmuir model could provide a
better representation of the adsorption isotherms of Pb(II)
than the Freundlich model, which was consistent with the
earlier report by Madadrang et al.67 The removal amount of
Pb(II) (6 mg/L) was 58.0%, 47.0%, 81.5%, and 70.1% by Ag-
CoFe2O4, CoFe2O4-GO, CoFe2O4-GO, and Ag-CoFe2O4-GO,
respectively. The surface area of CoFe2O4, Ag-CoFe2O4,
CoFe2O4-GO, and Ag-CoFe2O4-GO was 100.4, 89.2, 212.7,
and 140.8 m2/g, respectively. It was obvious that Pb(II)
removal efficiency in this work had a significant dependence on
the surface area and isoelectric point (Figure S12c, Supporting
Information). Ag-CoFe2O4-GO showed relatively lower Pb(II)
removal efficiency than CoFe2O4-GO. It seemed that more
adsorption sites were taken up by nano-Ag besides CoFe2O4 for
Ag-CoFe2O4-GO. The high surface area and low isoelectric
point (IEP) of CoFe2O4-GO and Ag-CoFe2O4-GO should be
responsible for their better Pb(II) elimination compared with
CoFe2O4 and Ag-CoFe2O4.

67,68 The results of simultaneous
disinfection and Pb(II) adsorption experiments are given in

Figure 7. SEM images of E. coli (a, b, c) and S. aureus (e, f, g) without (a, e) and with Ag-CoFe2O4 (b, f) and Ag-CoFe2O4-GO (c, g) treatment at 50
μg/mL for 2 h. TEM images of E. coli (d) and S. aureus (h) with treatment of Ag-CoFe2O4-GO at the same conditions.
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Figure 8c. For the E. coli and Pb(II) mixture, Ag-CoFe2O4,
CoFe2O4-GO, CoFe2O4-GO, and Ag-CoFe2O4-GO possessed
20.2%, 93.5%, 68.5%, and 99.9% of antibacterial efficiency and
55.5%, 47.3%, 83.6%, and 74.4% of Pb(II) adsorption,
respectively. In the case of S. aureus and the Pb(II) mixture,
these values were 17.4%, 92.1%, 62.2%, and 99.9% for
disinfection and 57.1%, 49.3%, 86.4%, and 76.0% for Pb(II)
removal, respectively. Generally, Ag-CoFe2O4-GO presents

simultaneously more than 99% of antibacterial efficiency and
around 75% of Pb(II) removal efficiency.

Antibacterial and Pb(II) Adsorption Mechanism of Ag-
CoFe2O4-GO. In order to maximize the antibacterial and
Pb(II) removal efficiency of Ag-CoFe2O4-GO, a comprehensive
and in-depth understanding mechanism was necessary (Figure
9). GO, a highly oxidative form of graphene achieved by

chemical exfoliation of graphite using KMnO4 and H2SO4,
possessed a giant specific surface area and contained a large
amount of oxygenic functional groups such as carboxyl,
hydroxyl, and epoxy, which made them form more stable and
uniform dispersion and thus provided more opportunities for
contact with bacteria and Pb(II) compared with nanomaterials
without GO (Figures S14 and S15, Supporting Information).
As shown in Figure 1a,b, CoFe2O4 and Ag-CoFe2O4 seriously
aggregated compared with CoFe2O4-GO and Ag-CoFe2O4-GO.
Moreover, the nano-Ag deposited on the GO plane exhibited
narrower and smaller diameters (40−50 nm) than those (50−
100 nm) without GO. It was generally accepted that the
antibacterial activity of nanomaterials shows a significant size
effect, that is, smaller particles presented stronger disinfection
control.63,69 The better dispersity of Ag-CoFe2O4-GO (Figure
1f) provided more opportunities for it to come into contact
with bacteria and so had a contribution to the prominent
disinfection activity of Ag-CoFe2O4-GO. The Ag-CoFe2O4-GO
treated E. coli in this work were damaged seriously in their
membrane with big cavities in their surface. Graphene related
nanomaterials were capable of oxidizing bacterial proteins,
lipids, and DNA.60 On the other hand, the antibacterial activity
of nano-Ag had been well accepted and applied since ancient
times. Nano-Ag could adhere on the membrane of bacteria,
degrade lipopolysaccharide molecules, cause large increases in
membrane permeability, and then penetrate inside the bacterial
cell, resulting in DNA damage and ultimately the death of
bacteria.70 In this work, we proposed a four-step approach to
reveal an antibacterial and Pb(II) removal mechanism. First, the
bacteria and Pb(II) were adsorbed and deposited on the plane
of GO. GO had a significant and delocalized π-bonding system
perpendicular to its plane. On the one hand, most nucleic acid,
proteins, and other biomacromolecules had aromaticity.43 The
nonspecific binding of cells with GO induced by π-stacking
interactions should be responsible for the absorption of bacteria
on GO. On the other hand, the electrostatic interaction
between the carboxyl and hydroxyl of GO and Pb(II) might
explain its prominent Pb(II) absorption. Second, the GO plane
curled like the nanotube and wrapped up the cells (Figure S16,
Supporting Information). It was reported that graphene was
not absolutely flat, and in fact, it presented intrinsic and
nanometer-scale coarseness and corrugation.71 Thus, the GO
could envelop bacteria (Figure S16, Supporting Information),

Figure 8. (a) Adsorption isotherms of Pb(II) simulated by the
Langmuir model (temperature of 37 °C, pH 7, 2 h) with 50 μg/mL of
CoFe2O4, Ag-CoFe2O4, CoFe2O4-GO, and Ag-CoFe2O4-GO, respec-
tively. (b) Removal efficiency of Pb(II) at the same conditions as (a).
(c) Removal percent of E. coli and Pb(II), S. aureus and Pb(II) in the
mixtures of E. coli (105 CFU/mL) and Pb(II) (4 mg/L), and S. aureus
(105 CFU/mL) and Pb(II) (4 mg/L) at the same conditions as (a),
respectively.

Figure 9. Antibacterial and Pb(II) adsorption mechanism of Ag-
CoFe2O4-GO.
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restrict their free activities, and cause physical pressure on the
cell membrane.43,72 Third, after cells were deposited and
confined on the GO plane, nano-Ag came into contact with the
cell membrane, which together with GO changed the
permeability of the functional membrane by oxidizing the
lipids and proteins in the membrane and resulted in pits and
holes on the surface and the malfunction of selective permeable
barriers.73,74 Fourth, the internal contents of the cells were
leaked, and the DNA was damaged because of the penetration
of nano-Ag and release of Ag+.70,75,76 Eventually, the bacteria
were killed in an irreversible manner. In a word, taking into
consideration the easy magnetic separation of Ag-CoFe2O4-
GO, it was the very promising candidate material for advanced
antimicrobial and Pb(II) contaminated water treatment.

■ CONCLUSIONS
In this paper, Ag-CoFe2O4-graphene oxide (Ag-CoFe2O4-GO)
nanocomposite was synthesized to purify both bacteria and
Pb(II) contaminated water. The Ag-CoFe2O4-GO nanomaterial
was characterized by TEM, XRD, FTIR, Raman, XPS,
Brunauer-Emmett-Teller (BET), CV, and magnetic property
tests. Ag-CoFe2O4-GO exhibited the simultaneous superior
removal efficiency of bacteria and Pb(II) compared with
CoFe2O4, Ag-CoFe2O4, and CoFe2O4-GO composite. The
antibacterial mechanism was also discussed in detail to have a
better understanding of the interaction between Ag-CoFe2O4-
GO and bacteria. Generally, taking into account its easy
magnetic separation, bulk availability, and irreversibly high
antibacterial activity, Ag-CoFe2O4-GO was an ideal nanoma-
terial for complex microbial and Pb(II) contaminated water
treatment.
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