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Titanium  dioxide  (TiO2)  has  been  intensively  researched  and  increasingly  used  as  antibacterial  agent,
but  it suffers  from  separation  inconvenience.  Its  effective  removal  from  water  after  reaction  while  main-
taining  its  high  antibacterial  activity  becomes  necessary.  In this  work,  it was  the  first  time  the  magnetic
graphene  oxide–TiO2 (MGO–TiO2)  composites  were  prepared  through  a simple  synthesis  method.  The
results  indicated  that MGO–TiO2 exhibited  a  good  antibacterial  activity  against  Escherichia  coli.  MGO–TiO2
eywords:
itanium dioxide
raphene oxide
ntibacterial activity
agnetic

was  found  to  almost  completely  inactivate  the  E. coli within  30 min  under  solar  irradiation.  The  effect  of
inorganic  ions  present  in E. coli  suspension  was  also  evaluated.  Compared  with  other  ions,  HCO3

− and
HPO4

2− had  a greater  influence  on  the  antibacterial  property.
© 2015  Elsevier  B.V.  All  rights  reserved.
norganic ions

. Introduction

The growing concerns about drinking water safety have put
ore stresses on the removal of pathogenic microorganisms [1].

onventional disinfection methods such as chlorination and ozona-
ion, are essential steps in centralized water-treatment. Despite
heir effectiveness in disinfection, these powerful oxidants may
eact with natural organic matter to form potentially mutagenic
nd carcinogenic disinfection by-products (DBPs) [2].

Photocatalytic inactivation is considered as a promising alterna-
ive for the removal of pathogens from water, as it can be potentially
sed without generating harmful by-products under solar irradi-
tion. Titanium dioxide (TiO2) is regarded as a suitable material
ecause of its high catalytic activity, excellent chemical and ther-
al  stability, low toxicity and cost [3,4]. Upon excitation by light,

he photon energy generates electron–hole pairs on the TiO2 sur-
ace, then the electrons and holes will react with oxygen and water

olecules to form hydroxyl radicals (•OH), which are strong oxi-

ants for disinfection of bacteria [5]. However, there are still many
rawbacks. Firstly, a large bandgap (3.2 eV) of anatase TiO2 restricts

ts use only to the narrow light-response range of ultraviolet (only

∗ Corresponding author. Tel.: +86 731 88822829; fax: +86 731 88822829.
E-mail address: jilaigong@gmail.com (J.-L. Gong).

ttp://dx.doi.org/10.1016/j.apsusc.2015.03.082
169-4332/© 2015 Elsevier B.V. All rights reserved.
3–5% of total sunlight) [3]. Secondly, the low electron transfer rate
and high electron recombination rate significantly limit the photo
oxidation rate. Moreover, separation and reuse of the nano-TiO2
pose another obstacle to practical application in drinking water [6].

Graphene oxide (GO) is chemically oxidized graphene, which
attracts tremendous research interests due to its outstanding prop-
erties, including thermal and chemical stability, high mechanical
strength, large specific surface area, good electron conductivity and
water solubility [1]. The GO can effectively reduce the electron–hole
recombination rate [3]. It has been reported that GO has excellent
antibacterial performance, because GO generates reactive oxygen
species and leads to DNA fragmentation [7].

In addition, a well-defined hybridized composites consisting of
GO and TiO2 was  reported as an antimicrobial agent [1]. So far,
all these studies on the antimicrobial properties of GO–TiO2 were
conducted in pure water under controlled laboratory conditions.
Such studies ignored the interference of other substances in natural
waters of nanometer materials. Therefore, more complex envi-
ronments need to be investigated to determine the real effect of
GO–TiO2 on the bacteria.

With the rapid development of nanotechnology and increasing

usage of nanoparticles, a new crisis has emerged (i.e. nano-
toxicology). Chen et al. [8] observed that TiO2 nanoparticles could
induce DNA double strand breaks in bone narrow cells. Therefore, it
is essential to remove the nanoparticles from aqueous solution, and

dx.doi.org/10.1016/j.apsusc.2015.03.082
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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 good choice to introduce magnetic nanoparticle into the nano-
eter antibacterial material.
The magnetic nanoparticles not only have the characteristics of

ano-materials, but also have another important property- mag-
etism [9]. Iron-based magnetic nanoparticles have been used for
n increasing number of environmental application [10]. It is worth
entioning that magnetic iron oxide nanoparticles also have the

bility of bacterial inactivation. Auffan et al. [10] reported antimi-
robial properties of Fe3O4 and �-Fe2O3 nanoparticles toward the
ram-negative bacterium Escherichia coli and proved the release
f Fe2+ from Fe3O4 and �-Fe2O3 nanoparticles causing cytotoxicity.
n our previous work, iron oxide loaded graphene nano-composites

ere prepared and its inactivation performance and mechanism of
. coli were reported [11].

This work reported a series of antibacterial nano-materials
sing a simple preparation method, by introducing TiO2 and iron
xide magnetic (M)  nanoparticles into GO nanosheets. Magnetic
raphene oxide–TiO2 (MGO–TiO2) nanomaterials possessed the
ntimicrobial properties of three materials including TiO2, GO and
agnetic nanoparticles and the separation convenience of mag-

etic nanoparticles. E. coli were used to evaluate the bactericidal
roperty of the nano-composite under solar irradiation, because
. coli was often used for microbial indicators of drinking water
onitoring. The optimal TiO2 content in antibacterial nanomateri-

ls was investigated. The nano-composites proposed in this work
onquered the drawbacks of TiO2, integrated the advantages of each
espective component and possessed more superior merits over
revious TiO2-based antibacterial agent, including: (1) suppress-

ng recombination of photo-generated electron–hole pairs through
n effective charge transfer route from TiO2 to GO, (2) providing
dditional antibacterial property with GO and iron oxide magnetic
anoparticles, and (3) easy separation from water owing to mag-
etic nanoparticles.

To our knowledge, no reports were found to synthesize mul-
ifunctional MGO–TiO2 nanocomposites and used it for water
isinfection under solar irradiation. In addition, the interferences
rom some common anions (i.e. HCO3

−, Cl−, SO4
2−, NO3

− and
PO4

2−) and cations (i.e. K+ and Na+) in natural water were also
nvestigated.

. Experimental

.1. Materials

Graphite powders were purchased from Jim-Shan-Ting New
hemical Factory (Shanghai, China). TiO2 nanoparticles were
sed from Shanghai Aladdin Reagent Company (Shanghai, China).
odium nitrate (NaNO3), sulfuric acid (H2SO4, 98%), potassium
ermanganate (KMnO4), hydrogen peroxide (H2O2, 30%), fer-
ous ammonium sulfate [NH4Fe(SO4)2·12H2O], ammonium ferric
ulfate [(NH4)2SO4·FeSO4·6H2O], ammonia solution (NH3, 25%)
ethanol (CH3OH, 99.9%) and absolute ethanol (CH3CH2OH) were

btained from Sinopharm Chemical Reagent Company (Shanghai,
hina). Sodium hydrogen phosphate (Na2HPO4), sodium bicarbon-
te (NaHCO3), sodium sulfate (Na2SO4), sodium chloride (NaCl),
otassium sulfate (K2SO4) and potassium bicarbonate (KHCO3)
ere supplied by Sinopharm Chemical Reagent Company (Beijing,
hina). All chemicals were analytical grade.

.2. Preparation of GO
GO was prepared according to the Hummers’ method [12–14].
raphite powders (1 g) and NaNO3 (0.5 g) were added to concen-

rated H2SO4 (23 mL)  in a 1 L conical flask. Under ice bath condition,
MnO4 (3 g) was added slowly with stirring, and the temperature of
e Science 343 (2015) 1–10

the mixture was kept at below 10 ◦C. Once the mixture was homo-
geneous, it was transferred to an oil bath maintained at 35 ◦C and
stirred for 30 min. Then the dispersion was  diluted with 46 mL  of
warm ultrapure water (about 30 ◦C) to form a brownish mixture,
and the mixture was  stirred for 30 min  as the temperature was
increased to 98 ◦C, with subsequent addition of warm ultrapure
water (140 mL), followed by slow addition of H2O2 (2.5 mL). The
color of the suspension changed from brown to yellow. The sus-
pension was  filtered through a 0.1 �m filter membrane, and washed
with ultrapure water and absolute ethanol sequentially until the pH
of the supernatant was  7. The GO samples were recovered finally
and then dried in a vacuum desiccator.

2.3. Preparation of MGO

GO (1.0 g) described above was  dispersed in ultrapure water
(100 mL)  using ultrasonic treatment for 30 min to obtain GO
suspension. Under N2 atmosphere, (NH4)2SO4·FeSO4·6H2O (5.8 g)
and NH4Fe(SO4)2·12H2O (10.7 g) were added to ultrapure water
(100 mL)  (molar ratio of 1.5:1 for Fe3+ and Fe2+). Then mixed iron
solution was quickly added with ammonia (10 mL), with subse-
quent addition of GO suspension with stirring in the water bath
pot at 85 ◦C for 45 min. Finally, the product was separated using
the magnet and washed with ultrapure water and absolute ethanol
until the pH was  7. The resulting MGO  was  dried in a vacuum oven
at 60 ◦C for 12 h.

2.4. Preparation of MGO–TiO2

Firstly, various concentrations of TiO2 dispersion were prepared
by adding different amount of TiO2 power (0.5, 1.0, and 1.5 g) in
100 mL  ultrapure water and shaked for 30 min  by ultra-sonication.
The synthesis process of MGO–TiO2 was similar to that of MGO,
except that TiO2 dispersion and iron salts were simultaneously
added in the GO solution during the preparation of MGO–TiO2.
According to the different amounts of TiO2, the final drying prod-
ucts were marked as MGO–TiO2-1, MGO–TiO2-2 and MGO–TiO2-3,
respectively.

2.5. Characterization

Field emission scanning election microscopy (FESEM) images
were obtained using a JSM-6700FLV microscope. Transmission
electron microscopy (TEM) was performed using a JEM-3010.
Energy dispersive X-ray (EDS) measurement was conducted using
the EDAX system attached to the same field emission scanning
electron microscopy (JSM-6700FLV). The structure phases of the
synthesized antibacterial materials were analyzed by X-ray diffrac-
tion (XRD) (D/max 2550 X-ray diffractometer, Rigaku, Japan).
The analysis of elements and function groups on the surface of
MGO–TiO2-2 was determined using X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific Escalab 250Xi) with a Mg K� X-ray
source (1254 eV of photons). The absorbance of the nanomaterials
solutions during the tests was analyzed in a UV–Vis spectropho-
tometer (Shimadzu UV-2550). Lake shore 7410 vibrating sample
magnetometer (VSM) was employed to record the magnetization
curve.

2.6. Bacterial strain and growth culture media

The bacteria strain E. coli ATCC 25922 was purchased from the
China Center for Type Culture Collection (Beijing, China). Before the

experiment, all glasswares and solutions used in the experiments
were autoclaved at 121 ◦C for 15 min.

The bacterial strain was grown in Luria-Bertani (LB) medium
(yeast extract 5 g, tryptone 10 g and NaCl 5 g in 1 L of deionized
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ater at PH of 7.0) at 37 ◦C for 24 h. E. coli cells were then col-
ected by centrifugation followed by multiple washing cycles. After
ecanting the supernatant, the bacteria cells were re-suspended

n sterile water to achieve the desired initial concentrations. The
. coli stock solution of approximately 1 × 105–1 × 106 colony form-
ng units per mL  (cfu/mL) was then prepared for the anti-bacterial
tudy.

.7. Antibacterial activity tests

The following three kinds of tests were performed to eval-
ate the antimicrobial properties. The first experiment was to
xplore the antimicrobial properties of different materials. The
uspension (50 mL)  containing 0.01 g samples (i.e. solar only (no
atalysts), TiO2, MGO, MGO–TiO2-1, MGO–TiO2-2 and MGO–TiO2-
, MGO–TiO2-2 in the dark) and E. coli (1 × 105–1 × 106 cfu/mL) was
tirred for 90 min. The second experiment was to further find out
he most effective concentration of the most optimal antibacterial

aterial described in the first experiment. Six different concen-
rations (from 100 to 200 mg/L) of this antibacterial material were
tudied after 30 min  reaction. Finally, the interferences from major
norganic species in natural water (i.e. HPO4

2−, HCO3
−, NO3

−,
O4

2−, Cl−, K+, Na+) on the antibacterial property of this material
ere elucidated by introducing appropriate amounts of Na2HPO4,
aHCO3, NaNO3, Na2SO4, NaCl, K2SO4 and KHCO3 into the suspen-

ion. The concentrations of these ions were 0.2, 0.4, 0.6, 0.8 and
.0 mM,  respectively.

All the above experiments were carried out under a solar sim-
lator irradiation (Xenon arc lamp, Newport Oriel, 100 mW/cm2).
anoparticle suspensions were freshly prepared in ultrapure water
nd were both sonicated for 30–35 min  to ensure good disper-
ion before each experiment. In the process of sampling, 100 �L
f each bacterial suspension was taken out. Samples were serially
iluted in sterile water and plated. Every sample was  diluted at 1/10
elationship up to appropriate dilutions and consequently plated
n Eosin-methylene blue agar. Inoculated samples were incubated

t 37 ◦C for 24 h before counting. Eosin-methylene blue agar is a
elective media, specific for the detection of coliforms. The exper-
ment was carried out in the environment, in order to prevent
ther bacterial in environment interference results at last count,

Fig. 1. SEM images of nanoparticles. Top left TiO2, top righ
e Science 343 (2015) 1–10 3

eosin-methylene blue agar was used as a way  to suppress growth
of other organisms.

The detection limit for this method of quantification is
10 cfu/mL. The following equations were used to represent antibac-
terial activity:

Antibacterial rate =
(

Nt

N0

)
× 100% (1)

where N0 and Nt and are the viable cells count before and after
irradiation, respectively.

3. Results and discussion

3.1. Characterization of as-prepared photocatalysts

The surface morphology of samples was presented by SEM and
TEM. Fig. 1 showed SEM images of TiO2, GO, MGO  and MGO–TiO2-
2. TiO2 image indicated that TiO2 was  nearly spherical particles.
GO clearly showed the typical wrinkle characterization. Spheri-
cal and stick magnetic particles covered on the surface of GO. The
MGO–TiO2-2 image indicated that the GO surface was clearly dec-
orated with particles.

To further investigate the nanoparticles more clearly, TEM was
used to characterize the morphologies of TiO2, GO, MGO  and
MGO–TiO2-2 (Fig. 2). Sheets with wrinkled surfaces were clearly
visible in GO, MGO  and MGO–TiO2-2 composites. The size distri-
bution of TiO2, MGO  and MGO–TiO2-2 nanoparticles was  shown in
Fig. 3, the size distribution of three particles including TiO2, MGO
and MGO–TiO2-2 were nearly 44.87, 12.09 and 13.69 nm,  respec-
tively. This can be explained that pure TiO2 particles were easily
aggregated. When TiO2 particles were supported on GO surface,
the rippled and resemble crumpled silk veil waves of GO  were
appropriate for immobilizing TiO2 nanoparticles, thus reducing
TiO2 agglomeration [15].

EDS spectra showed that the elements of carbon, oxygen and
iron were obtained in MGO  nano-composite (see Fig. 4a), and

both TiO2 and iron oxide particles were successfully coated on GO
surface (see Fig. 4b–d). Table 1 listed element contents of MGO,
MGO–TiO2-1, MGO–TiO2-2 and MGO–TiO2-3. Results showed that
Ti contents (wt%) of MGO–TiO2-1, MGO–TiO2-2 and MGO–TiO2-3

t GO, bottom left MGO, bottom right MGO–TiO2-2.
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Fig. 2. TEM images of nanoparticles. Top left TiO2, top right GO, bottom left MGO, bottom right MGO–TiO2-2.
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Fig. 3. Size distribution histograms

ere 4.79%, 6.02% and 8.21%, respectively. Besides, it was  observed
hat the amount of TiO2 and magnetic nanoparticles varied with
arious kinds of MGO–TiO2 nano-composite.
The X-ray diffraction (XRD) patterns of GO, TiO2, MGO  and
GO–TiO2-2 were displayed in Fig. S1. In the XRD patterns (Fig.

1a) of GO nanosheet, the diffraction peak located at 9.98◦, corre-
ponding to the typical diffraction peak of GO nanosheets. Certain
iO2, (b) MGO and (c) MGO–TiO2-2.

peaks observed in the TiO2 diffraction pattern (Fig. S1b) were
related to the anatase phase at 25.3◦, 36.9◦, 48.0◦, 54.2◦, 54.6◦, 62.3◦

and 70.0◦ [11,16]. The peaks (Fig. S1c) at 2� values of 24.3◦, 33.0◦,

35.6◦, 40.2◦, 49.9◦, 62.1◦ and 64◦ were assigned to maghemite or
magnetite, and the peaks at 2� = 18.4◦, 30.1◦, 43.6◦, 53.9◦ and 62.5◦

were attributed to hematite [17]. It was noted that the character-
istic peak of GO at 2� = 9.98◦ was obviously reduced in the XRD
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Fig. 4. EDS spectra of nano-composites. (a) MGO, (b) MG

Table 1
Elemental compositions of MGO–TiO2-1, MGO–TiO2-2 and MGO–TiO2-3.

Element MGO
(wt%)

MGO–TiO2-1
(wt%)

MGO–TiO2-2
(wt%)

MGO–TiO2-3
(wt%)

C 34.06 39.96 24.18 40.92
O 29.84 30.65 34.48 32.58
Fe  36.10 24.60 35.33 18.29
Ti  0.00 4.79 6.02 8.21
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and MGO–TiO2-3 bacterial inactivation rates were only 59.04%,
Totals 100 100 100 100

atterns of MGO, which could be caused by the reasons as fol-
ows: The weak peaks of carbon in MGO  and MGO–TiO2-2 (Fig. S1d)
esulted from the aggregation reduction of graphene sheets, the
ncrease of monolayer graphene in the presence of magnetite and
he strong peaks of the M nanoparticles overwhelming the weak
arbon peaks. The results in our work were consistent with the
revious studies [11].

Fig. S2a shows the XPS analysis in MGO–TiO2-2 nanomaterial.
or MGO–TiO2-2, the C 1s XPS spectrum can be devolved into two
eaks at 284.5 and 287 eV, corresponding to the non-oxygenated
arbon (sp2 hybridized C C bonds), the epoxyl and alkoxyl carbon
C O bonds) in the graphene oxide structure, respectively [15]. In

 1s spectra of GO (shown in Fig. S2c), the main peaks at 530.1
nd 532.5 eV were assigned C O bonds and Ti O on the GO sur-
ace [18]. The binding energies of Fe2p3/2 and Fe 2p1/2 were 711.2
nd 725.7 eV (Fig. S2d), respectively. The peaks of Fe 2p appeared in
GO–TiO2-2 nanomaterial further illustrating iron oxide nanopar-

icles were successfully coated on GO nanosheet. The satellite peak
f Fe 2p3/2 for MGO–TiO2-2 located at 719.5 eV, which was  con-
istent with the previous report [17]. From the XPS curves of Ti 2p
egion (shown in Fig. S2e), two peaks were detected and centered
t 459.5 and 465.3 eV, corresponding to Ti 2p3/2 and Ti 2p1/2 of the
i4+ chemical state in TiO2 lattice, respectively [15].

The UV–Vis spectroscopy can be used to determine the change in
he absorption of the TiO2 and its compounds. The absorbance spec-
ra of the TiO2, MGO–TiO2-1, MGO–TiO2-2 and MGO–TiO2-3 were

epicted in Fig. S3. It was obvious that the composite samples (i.e.
GO–TiO2-1, MGO–TiO2-2 and MGO–TiO2-3) showed red-shifts of

bsorption edges compared to pure TiO2. This result indicated that
O–TiO2-1, (c) MGO–TiO2-2 and (d) MGO–TiO2-3.

the composite samples could utilize visible light for photocatalytic
antibacterial application.

The magnetic properties of the four types nanoparticles (i.e.
MGO, MGO–TiO2-1, MGO–TiO2-2 and MGO–TiO2-3) were mea-
sured by VSM analysis at room temperature. The measured
magnetization curves were depicted in Fig. 5a. The results showed
that the saturation magnetization values of MGO, MGO–TiO2-1,
MGO–TiO2-2 and MGO–TiO2-3 nanoparticles were 30.03, 32.56,
33.85 and 28.68 emu/g, respectively. It was reported that saturation
magnetization of 16.30 emu/g was sufficient for magnetic separa-
tion [14,19].

As demonstrated in Fig. 5b, after dispersing magnetic nanoparti-
cles in aqueous solution, the black particles were rapidly attracted
toward a magnet within few seconds, indicating that all of them
could be separated from aqueous solution by a magnet.

3.2. The antimicrobial properties of different materials

The photo-catalytic inactivation of E. coli by different mate-
rials under solar simulator irradiation was presented in Fig. 6.
In the first 10 min, MGO  was the best antimicrobial properties,
which inactivated rate was  48.23% of the E. coli. However, from
the time 10 min  and 20 min, the E. coli survival rates decreased
sharply for MGO–TiO2-1 (from 82.18% to 4.3%) and MGO–TiO2-
2 (from 90% to 2.83%). After 20 min, the bacteria survival rate
was in the order: MGO–TiO2-2 > MGO–TiO2-1 > MGO  > MGO–TiO2-
3 > TiO2 > dark > light. At 30 min, the antibacterial rates were 24.61%
(dark), 24.22% (light) 39.27% (TiO2), 66.09% (MGO–TiO2-3), 73.82%
(MGO), 98.85% (MGO–TiO2-1) and 99.60% (MGO–TiO2-2). Our  pre-
vious results showed that antimicrobial properties of MGO–TiO2 in
the dark were related to toxicity of Fe2+ [11]. After 90 min solar irra-
diation, there were 99.67%, 99.99% and 99.99% inhibition of E. coli
in the presence of MGO, MGO–TiO2-1 and MGO–TiO2-2, respec-
tively. Antimicrobial properties of MGO, on one hand, was  partly
from Fe3O4 and graphene oxide [11,20], on the other hand, was
partly from the simulated solar light. While the light, dark, TiO2
64.53%, 76.23% and 94.21%, respectively. On the one hand, the
excellent antibacterial activity of MGO–TiO2-1 and MGO–TiO2-2
nano-composites could be attributed to the efficient separation of
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Fig. 5. (a) VSM measurements for magnetic nanoparticles, (b) the magnetic separa-
t
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Fig. 6. Photo-catalytic antimicrobial properties of E. coli on different materials
under solar simulator irradiation. Light: solar only (no catalysts), dark: MGO–TiO2-
2  in the dark (material concentration: 200 mg/L; initial bacteria concentration:
105–106 cfu/mL; solar intensity: 100 mw/cm2).

Table 2
The inactivation rate constants for different materials.

Material Rate constant
(min−1)

R2 Time required to achieve
4 log removal (min)

Dark 0.011 0.97 363.64
Light 0.008 0.95 500.00
TiO2 0.015 0.98 266.67
MGO  0.059 0.99 67.80
MGO–TiO2-1 0.073 0.80 54.79
ion of magnetic nanoparticles by magnet (i.e. 0: GO, 1: TiO2 2: MGO, 3: MGO–TiO2-1,
: MGO–TiO2-2 and 5: MGO–TiO2-3).

hoto-generated electron–hole pairs, since GO could be used as an
lectron acceptor and transporter [21], suggesting that more •OH
nvolved in the antibacterial activity. On the other hand, the MGO
nd TiO2 had a synergism of inhibiting E. coli.

The inactivation model fitting tool (Eq. 2) was used for analyz-
ng antimicrobial properties of different materials. The inactivation
ate constants obtained from fitting the kinetics data with the
odel are shown in Table 2

t = N0 × e(−kt) (2)

here k is the rate constant (min−1) and N0 and Nt are the viable
ells count at time zero and t.

The inactivation rate was found to increase with the TiO2 con-
ent on MGO. For the MGO, MGO–TiO2-1 and MGO–TiO2-2, the
ate constants were 0.059, 0.073 and 0.098 min−1, respectively. The

nactivation rate constant for MGO–TiO2-2 (0.098 min−1) showed

 5.5-fold increase from the TiO2 (0.015 min−1). Also shown in
able 2 is the time required for each nanomaterial to achieve 4 log
MGO–TiO2-2 0.098 0.95 40.82
MGO–TiO2-3 0.035 0.97 114.29

removal of E. coli. MGO–TiO2-2 antimicrobial property is the best,
4 log removal of E. coli could be obtained in 41 min.

It was  illustrated that the antibacterial activities of MGO,
MGO–TiO2-1 and MGO–TiO2-2 nano-composites were related
to TiO2 content in the nano-composites. The bacterial inac-
tivation rates increased with increasing TiO2 content in the
nano-composites. The reason was that more amount of TiO2 gen-
erated more •OH.

Noticeably, the MGO–TiO2-2 showed the highest photo-
catalytic antibacterial activity. A further increase of TiO2 nanopar-
ticles had no favorable effect on the antimicrobial activity of the
nano-composites. This result can be explained as follows: a large
number of TiO2 existed in the GO, the GO might be covered by
TiO2 nanoparticles, which could lead to a shield of the active
sites of GO during the antibacterial process [22]. Thus, the sam-
ples of MGO–TiO2-3 had a lower activity than MGO–TiO2-1 and
MGO–TiO2-2.

The potential mechanism for the enhanced E. coli antibacterial
rate of MGO–TiO2-2 was due to the higher •OH production rate.
To test this mechanism, methanol was  used as •OH  scavengers
[23,24]. Experiment was  performed using MGO–TiO2-2 with differ-
ent methanol concentrations. Fig. 7 pointed out that the bacterial
survival rates increased with the increase of the methanol concen-
tration. The bacterial survival rates at 30 min  were 0.01%, 15.58%,
16.48%, 19.75% and 24.26% when the methanol concentrations were

0, 30, 100, 200 and 400 mM,  respectively. This could be explained
that much more methanol would remove more •OH, and cause
the increased bacterial survival rates. The data suggested that •OH
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reaction [25]. Dissolved oxygen meter (Oxi3210) was used to
measure the concentration of dissolved oxygen in solution. The
results are shown in Fig. 10. Compared with other concentration,
when the concentration of MGO–TiO2-2 is 200 mg/L, the dissolved
ig. 7. The antimicrobial properties in the presence of methanol (MGO–TiO2-
 concentration: 200 mg/L; initial bacteria concentration: 105–106 cfu/mL; solar

ntensity: 100 mw/cm2).

layed an important role in E. coli inactivation. This agreed with the
onclusions by other reports [23,24].

.3. The most effective concentration of MGO–TiO2-2

Fig. 8 showed the effects of MGO–TiO2-2 concentration on
hoto-killing of E. coli under sunlight after 30 min  exposure time.
hen the concentration of MGO–TiO2-2 was between 100 and

00 mg/L, the bacterial survival rate decreased with the increas-
ng MGO–TiO2-2 concentration. At 30 min, the bacterial survival
ates were 33.06%, 25.14%, 7.5%, 6.09%, 1% and 1.15% when the
GO–TiO2-2 concentrations were 100, 120, 140, 160, 180 and
00 mg/L, respectively. This result could be attributed to that the
ore MGO–TiO2-2 produced more •OH. But when the concen-

ration was above 180 mg/L, the bacteria survival rate no longer
hanged. The increase of material concentration did not enhance

ig. 8. Effects of MGO–TiO2-2 concentration on photo-killing of E. coli under sunlight
fter 30 min  exposure time (initial bacteria concentration: 105–106 cfu/mL; solar
ntensity: 100 mw/cm2).
e Science 343 (2015) 1–10 7

the antibacterial rate, which may  be derived from two possible rea-
sons. Firstly, the higher the concentration of MGO–TiO2-2, material
more easily agglomerated leading to the contact of nanomate-
rials and bacteria reduced [25,26]. To test this mechanism, the
particle size of materials in the water was  analyzed by using a
Zetasizer (Meter 3.0). Mean hydrodynamic diameters of all pho-
tocatalyst suspensions in sterile water are presented in Fig. 9.
The results found that no matter before or after the reaction, the
particle size of 180 mg/L was significantly lower than the other
concentrations. Secondly, available oxygen was probably con-
sumed at the beginning of experiment due to rapid photo-catalytic
reaction and was insufficient to support further photo-catalytic
Fig. 9. Dispersed particle diameters of MGO–TiO2-2 nanoparticles in different con-
centrations (0 min: the initial particle size of MGO–TiO2-2, 30 min: the particle size
of  MGO–TiO2-2 after 30 min).

Fig. 10. The dissolved oxygen contents of MGO–TiO2-2 nanoparticles in different
concentrations.
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xygen concentration decreased sharply after 20 min. Therefore,
he hypothesis is consistent with the experimental results. As

 result, the most effective concentration of MGO–TiO2-2 was
80 mg/L.

.4. The influence of inorganic ions on E. coli survival

Fig. 11 indicated that E. coli inactivation in the presence of dif-
erent anions with different concentrations.

All the inorganic anions had influences on the antibacterial
ctivity of MGO–TiO2-2. However, effects of different anions were
ifferent at the same concentration. Effects of the same anions

n different concentrations were also different. The experimen-
al results were shown in Table 3a. The bacterial survival rates
n the presence of HPO4

2−, SO4
2−, Cl−, HCO3

−, NO3
−, K+ and Na+

ith different concentrations were presented in Figs. S1–S7. Results
howed that, HCO3

− and HPO4
2− decreased the inactivation rates

n a larger extent than Cl−, SO4
2− and NO3

−.
For HCO3

−, this phenomenon can be explained by following
easons: HCO3

− captured the h+ produced by TiO2 (Eq. R1). Fur-
hermore, HCO3

− reacted with the •OH (Eq. R2) and produced the
ess reactive anion radical CO3

•−. In addition, HCO3
− could absorb

 part of light, which limited the light penetration into the bacterial
uspension [27]

CO3
− + h+ → HCO3

•− (R1)

OH + HCO3
− → CO3

•− + H2O (R2)

2−
HPO4 produced the largest negative effect on the nano-
omposite disinfection of all the studied anions. The greater the
oncentration of HPO4

2−, the greater the survival rate of bacte-
ia. Rincon [27] thought that once the HPO4

2− entered the water,

ig. 11. E. coli antimicrobial properties in the presence of different anions with
ifferent concentrations (MGO–TiO2-2 material concentration: 180 mg/L; initial
acteria concentration: 105–106 cfu/mL; solar intensity: 100 mw/cm2; irradiation
ime: 30 min).

able 3a
ffects of different anions at the same concentrations.

Anion concentration (mM) The interference order of MGO–TiO2-2

0.2 HPO4
2− > HCO3

− > SO4
2− > Cl− > NO3

−

0.4 HCO3
− > HPO4

2− > NO3
− > SO4

2− > Cl−

0.6 HPO4
2− > HCO3

− > SO4
2− > Cl− > NO3

−

0.8 HPO4
2− > HCO3

− > NO3
− > SO4

2− > Cl−

1.0 HPO4
2− > HCO3

− > SO4
2− > Cl− > NO3

−

e Science 343 (2015) 1–10

HPO4
2− rapid adhered to the surface of TiO2. Thus, the inactiv-

ated catalyst could not produce •OH to attack bacteria. Moreover,
HPO4

2− also absorbed exciting light.
Compared with other ions, Cl− had a minimum effect of antibac-

terial property. This phenomenon could be explained that although
Cl− scavenged the •OH (Eq. R3) and blocked the photoactive sites of
the MGO–TiO2-2 surface, thus reducing the MGO–TiO2-2 antibac-
terial property [2]. However, Kang et al. pointed that bacteria
metabolic process could produce chloride radicals (Cl•), Cl− could
react with Cl• and rapidly equilibrated with dichloride radical anion
(Cl•−) (Eq. R4), the Cl•− also was a disinfectant, therefore, acceler-
ating the deactivation rate [27–29]

•OH + Cl− → Cl• + OH− (R3)

Cl• + Cl− → Cl•− (R4)

Alrousan et al. showed that SO4
2− and NO3

− anions would stick
to the surface on TiO2 via physical forces as Van der Waals force
and hydrogen bond. Therefore, the addition of SO4

2− and NO3
− led

to the inhibition of E. coli inactivation [27,30]. In addition, it can be
seen from Fig. 12 that SO4

2− had a greater effects on antimicrobial
properties of the material. The phenomenon indicated that SO4

2−

was more easily adsorbed on MGO–TiO2-2 than NO3
− [30].

Table 3b showed that, except HPO4
2−, the concentration of other

ions was unrelated to the inhibition. Furthermore, due to the high
adsorption on TiO2 surface and negatively charge of anions, they
formed a negatively charged layer on the surface of catalyst, which
repulsed bacteria, causing a decrease in the disinfection rate.

Fig. 12 displayed the inactivation rates when Na+ and K+ were

in the E. coli suspension. Compared with NaHCO3 and Na2SO4,
regardless of the concentration of Na+, effect of NaHCO3 bacte-
ria survival rates were always higher than Na2SO4. KHCO3 and
K2SO4 also showed the same result. NaHCO3 and KHCO3 made the

Fig. 12. E. coli antimicrobial properties in the presence of K+ and Na+ under different
concentrations (MGO–TiO2-2 material concentration: 180 mg/L; initial bacteria con-
centration: 105–106 cfu/mL; solar intensity: 100 mw/cm2; irradiation time: 30 min).

Table 3b
Effects of same anions in different concentrations.

Anion type The interference order of MGO–TiO2-2

HCO3
− 0.4 mM > 0.8 mM > 1.0 mM > 0.6 mM > 0.2 mM

Cl− 0.6 mM > 1.0 mM > 0.2 mM > 0.4 mM > 0.8 mM
SO4

2− 0.2 mM > 0.6 mM > 1.0 mM > 0.4 mM > 0.8 mM
NO3

− 0.4 mM > 0.8 mM > 0.6 mM > 1.0 mM > 0.2 mM
HPO4

2− 1.0 mM > 0.8 mM > 0.6 mM > 0.4 mM > 0.2 mM
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acterial disinfection rate decreased significantly mainly due to the
resence of HCO3

−. This was well agreement with experimental
esult obtained from Fig. 11, HCO3

− on disinfection rate were much
igher than SO4

2−. In addition, the effects of K+ and Na+ on bacteria
urvival rates had no regular tendency at different concentrations.
his indicated that, in the process of MGO–TiO2-2 sterilization, K+

nd Na+ also had effects on the E. coli disinfection rate. The effects
ere attributed to the changes of E. coli cell permeability and the

eakage of ions inside the bacterial cell [27,31–33].

. Conclusions

The antibacterial properties of magnetic graphene oxide–TiO2
ere investigated and the influence of inorganic ions under

olar irradiation was discussed. The conclusions were showing as
ollows:

1) A simple method of immobilizing TiO2 and iron-based mag-
netic nanoparticles onto the surface of GO was  presented in
this work. Three kinds of composite materials (i.e. MGO–TiO2-
1, MGO–TiO2-2 and MGO–TiO2-3) were generated by adjusting
the content of TiO2. SEM and TEM images proved that TiO2
and magnetic nanoparticles were uniformly grown on the GO
sheets.

2) MGO–TiO2-2 achieved the most excellent antimicrobial prop-
erty in comparison with other adopted photo-catalysts.
After 30 min  solar irradiation, the bacterial inactivation rate
nearly achieved 100%. The most effective concentration was
only 180 mg/L. The outstanding antibacterial performance of
MGO–TiO2-2 was attributed to the synergistic effect of MGO
and TiO2.

3) The addition of inorganic ions reduced antibacterial properties
of MGO–TiO2-2. HCO3

− and HPO4
2− had a great influence on

the antibacterial property compared with SO4
2−, Cl−, NO3

−, K+

and Na+. The main reason was that HCO3
− and HPO4

2− could
react with •OH.

4) The saturation magnetization was 33.87 emu/g. It could rapidly
be separated from aqueous solution when the magnetic field
was applied.

The low cost of GO and TiO2, the simplicity of MGO–TiO2-2
anufacturing procedure, separation convenience and its effective

ntibacterial properties indicate that MGO–TiO2-2 is a promising
andidate in water disinfection treatment.
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