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membrane with enhanced
photocatalytic performance from grafted N–TiO2/
graphene oxide

Wei Chen,ab Ting Ye,b Hang Xu,*ab Taoyuan Chen,b Nannan Gengb

and Xiaohong Gaob

An enhanced photocatalytic ultrafiltration membrane was prepared by grafting with N–TiO2/graphene oxide.

After N–TiO2/graphene oxide particles and a polysulfone membrane had been prepared, the N–TiO2/

graphene oxide was distributed in deionized water, poured onto the membrane surface and grafted onto

the membrane surface by using a pump filter. Scanning electron microscopy and atomic force microscopy

were used to investigate the surface and morphological structure of the prepared membranes. Fourier

transform infrared spectroscopy and X-ray photoelectron spectroscopy were used to analyze the elemental

compositions and chemical bonds of the membranes. The hydrophilicity of the membrane surface was

investigated by a sessile-drop method. The membrane water flux was tested in an ultrafiltration cup system.

Methylene blue removal under darkness, ultraviolet light and sunlight were used to characterize the

photocatalytic ability. The photocatalytic membrane exhibited an enhanced photocatalytic performance,

especially in sunlight rather than in ultraviolet light. The synergistic effect of photocatalysis and filtration was

tested; the photocatalytic membrane exhibited a better methylene-blue removal ability than a pure

membrane as the methylene blue concentration in filtered water was lower. The recyclability of the

photocatalytic membrane had a great improvement compared with the powder photocatalyst.
1. Introduction

In photocatalytic oxidation technology, which occurs under the
effect of light, a substance absorbs light energy and is stimulated
to cause molecular excitation. This results in hydroxyl free-
radical generation with strong oxidizing properties on the pho-
tocatalyst surface and organic pollutant degradation.1 Titanium
dioxide (TiO2) is a semiconductor and is termed a green envi-
ronmental protection material in the twenty-rst century
because of its low cost, non-toxicity, excellent chemical stability,
corrosion resistance and high photocatalytic activity.2–4However,
certain disadvantages limit its practical application. The energy
gap of TiO2 between the valence and conduction bands is
�3.2 eV, which means that it can only be triggered by ultraviolet
(UV) light (l # 387.5 nm),5,6 which implies a utilization of only
�4% of sunlight. Therefore, titanium-dioxide stimulation
requires large amounts of energy that cannot be provided by the
sun. Photocatalysis is most dependent on photogenerated hole
oxidation and photogenerated electron reduction, but the pho-
togenerated electron hole recombines easily,7,8 so the quantum
efficiency of TiO2 is unsatisfactory. The TiO2 photocatalytic
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ability and its particle size are inversely proportional. Although
the preparation of small TiO2 is advantageous, such a small
particle size is difficult to recycle,4,9 TiO2 use in practice would be
limited if there were no way to recycle the TiO2. To solve these
problems, TiO2 modication is being researched worldwide.

Current commonly used TiO2 modication methods include
heavy-metal modication,10 metal modication,11 non-metal
modication,12 dye-sensitized modication,13 semiconductor-
compound modication14 and polyoxometalate modication.15

Nitrogen-doping of TiO2 is a non-metal modication that
replaces oxygen vacancies with nitrogen12,16 or introduces
nitrogen to TiO2 interstitially,3 is efficient in reducing the energy
gap between valence and conduction bands and is considered
a promising photocatalyst to increase photocatalytic efficiency.
Graphene comprises a single sheet of sp2-hybridized carbon
atoms in a hexagonal lattice and has received increased atten-
tion in various elds because of its high surface area and
attractive electronic, thermal, mechanical and optical proper-
ties.1,11,16 Graphene oxide (GO) is a group of oxygen-containing
functional groups (hydroxyl groups, carboxyl groups, epoxy
groups and etc.) that is based on a graphene structure.17 The
effect of GO on photocatalytic activity enhancement has been
researched, in which GO acts as an electron acceptor1,18 to
hinder photogenerated electron–hole pair recombination. GO
behaves as an impurity11,19 to form Ti–O–C20 bonds, and there-
fore expands light absorption to sunlight.21
This journal is © The Royal Society of Chemistry 2017
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To solve difficulties in photocatalyst recycle, the embodi-
ment of photocatalysts in some support materials (such as
glass, ceramic, activated carbon, magnetic materials and
membranes)4,9,22–25 has been researched. Photocatalytic
membranes are considered a good support option. Photo-
catalyst immobilization on membranes prevents loss and
improves its utilization.26 Membranes modied by photo-
catalysts may affect various membrane properties such as
water permeability,27 hydrophilicity,28 contaminant rejection29

and fouling resistance.30 GO addition to photocatalytic
membranes is advantageous; the hydroxyl, carbonyl and
carboxylic groups of the GO make the membrane more
hydrophilic and its mechanical properties may increase the
membrane strength.31

Photocatalysts can be immobilized in the membrane by
nesting them inside the membrane or graing them on the
surface.25,32 Nesting is achieved by photocatalyst addition into
the casting membrane solution. During membrane formation,
photocatalyst is distributed in the membrane. This type of
photocatalytic membrane improves membrane properties
(water permeability, hydrophilicity, fouling resistance).
However, it is difficult to stimulate internal photocatalysts, and
such photocatalytic membranes exhibit a weak photocatalytic
performance.33 Photocatalysts are graed on the membrane
surface by physical or chemical binding. Such photocatalytic
membranes exhibit excellent photocatalytic performance. It is
difficult to deposit organics on the membrane surface because
of the photocatalytic performance, and this results in a lower
possibility of membrane fouling.25

Two types of study exist on this topic. N–TiO2/graphene oxide
and modied TiO2 has been prepared as a powder and exhibits
a superior photocatalytic performance,5,7 however, hardly can
these photocatalysts be recycled. In other studies, the
membrane surface has been modied with TiO2/graphene
oxide,24,25,34 but its photocatalytic performance was better in UV
light. To our best knowledge, the use of N–TiO2/graphene oxide
to produce photocatalytic membranes has not been reported
previously. In this study, a polysulfone-based ultraltration
membrane was prepared by graing N–TiO2/graphene oxide
onto the membrane (NTG-M) and the membrane was
characterized.

2. Materials and methods
2.1 Nanoparticles and chemicals

Tetrabutyl titanate (analytical reagent, AR, purity $ 98.5%),
anhydrous ethanol (AR, purity $ 99.7%), urea (AR, purity $

99.0%), glacial acetic acid (AR, purity $ 99.5%), hydrochloric
acid (HCl, 6 M), polysulfone (AR, purity $ 99%, Mr ¼ 1327.58),
N-methylpyrrolidone (NMP, AR, purity $ 99%), polyethylene
glycol (PEG 600, AR), polyvinylpyrrolidone (PVP, guarantee
reagent, GR) and methylene blue (MB, purity $ 98.5%) were
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Graphene oxide (GO, powder, diameter¼ 0.5–5 mm, thickness¼
0.6–1 nm, purity $ 99.5%) was from Hengqiu Graphene Tech-
nology Co. Ltd. (SuZhou, China). Deionized water (DI) wasmade
using a Milli-Q integral system.
This journal is © The Royal Society of Chemistry 2017
2.2 N–TiO2 (NT) preparation

NT nanoparticles were prepared by using the sol–gel approach.
Tetrabutyl titanate (10.0 mL) was added slowly into anhydrous
ethanol (40.0 mL) to form solution A. Urea was dissolved in
a solution of anhydrous ethanol (10.0 mL), DI (4.0 mL) and
glacial acetic acid (2.0 mL) at pH 2.0 (adjusted using HCl) with
stirring to form solution B. Solution B was added dropwise into
solution A with vigorous stirring. The solution was stirred for
a further 0.5 h before allowing it to settle for �3 h to form a gel.
The solution was dried at 100 �C for �24 h to form yellow
crystals. The solids were ground to a white powder and calcined
at 500 �C for 2 h, and NT was formed. The TiO2 preparation was
the same as for the NT but without urea addition.

2.3 N–TiO2/GO (NTG) preparation

NTG was prepared by a hydrothermal method. GO (0.025 g) was
dispersed in 80 mL of DI with ultrasonic treatment for 2 h, and
then TiO2 (0.475 g) was added into the suspension for an
additional 1 h of ultrasonic treatment. Soon aerwards, the
suspension was moved to a 100 mL Teon-lined stainless
autoclave with the pH being adjusted to 3–4 (using HCl). Aer
the reactor had been kept at 180 �C for 15 h, the mixture was
cooled to room temperature naturally. NTG was obtained by
freeze drying. TiO2/GO (TG) was prepared by the same process
except for the difference in starting materials where TiO2 was
used to prepare the TG and NT was used for the NTG.

2.4 Polysulfone membrane preparation

Polysulfone (18.0 g) was dried and added into NMP (80.0 g)
solution with continuous stirring for 5 h at 50 �C. PEG (1.6 g)
and PVP (0.4 g) were added to the solution with further stirring
for 0.5 h. The solution was maintained in a drying atmosphere
for �24 h to release bubbles. The solution was poured on
a spotless glass plate, and using a 100 mm casting knife and with
a constant casting rate, a cast lm was formed. The cast lm was
immediately transferred into a non-solvent coagulation bath (DI
at 25 �C). The membrane were washed with DI to remove
residual solvent and preserved in DI for at least 24 h before it
was used.

2.5 NTG-M preparation

NTG (0.05 g) was dispersed in 100 mL DI by ultrasonic treat-
ment to form 0.5 g L�1 NTG solution. NTG solution (20 mL) was
poured onto themembrane surface using a pump lter. N–TiO2/
graphene oxide particles were graed on the membrane surface
while the DI was ltered. The NTG-M was dried at 50 �C, washed
with DI and preserved in DI at least 24 h before use. Membranes
graed using TiO2 (T-M), NT (NT-M) and TG (TG-M) were
prepared by the same process except for differences in starting
materials.

2.6 Characterization

The surface and morphology of the prepared membranes were
studied by scanning electron microscopy (SEM, Zeiss Ultra 55,
Oberkochen, Germany) and atomic force microscopy (AFM,
RSC Adv., 2017, 7, 9880–9887 | 9881
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Fig. 1 Schematic diagram of (a) ultrafiltration cup system and (b)
equipment to measure the removal of MB.

Fig. 2 Top surface SEM images of (a) M, (b) T-M, (c) NT-M, (d) TG-M,
(e) NTG-M and (f) SEM image of NTG.
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Multimode 8, Bruker, Santa Barbara, CA, USA). The elemental
compositions and chemical bonds of the membranes were
analyzed by using Fourier transform infrared spectroscopy (FT-
IR, Nicolet 6700, Thermo Scientic, Waltham, MA, USA) and X-
ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scien-
tic, West Palm Beach, FL, USA). The membrane surface
hydrophilicity was studied by the sessile-drop method (G10,
Kruss, Hamburg, Germany).

The membrane water ux was tested in an ultraltration cup
system as illustrated in Fig. 1(a). The system consisted of
a nitrogen gas cylinder to provide pressure, a feed tank to avoid
backow of liquid, an ultraltration cup as the core part of the
system and an electronic balance to measure ltered water. The
synergistic effect of photocatalysis and ltration of the NTG-M
was measured by the removal of MB in the equipment shown
in Fig. 1(b), with attachments that were similar to the ultral-
tration cup system but differed at the core. The core contained
a light source, a sealed quartz glass container with a water inlet
and a sampling mouth, and a collet to support the membrane.

3. Results and discussion
3.1 Membrane characterization

SEM (Fig. 2) was used to assess the membrane surface modi-
cation of NTG-M and other prepared membranes (M, T-M, NT-
M, TG-M). Fig. 2(a) shows a pure membrane with nothing
graed on its surface. The top surface of T-M and NT-M are
shown in Fig. 2(b) and (c), TiO2 and NT are distributed evenly on
the membrane surface but some TiO2 (NT) recombines. The
morphologies of TG-M and NTG-M are shown in Fig. 2(d) and
(e), the arrangement of the TG (NTG) platelets leads a good TiO2

(NT) distribution on the GO sheets, which increases the TiO2

(NT) surface area and the photocatalytic performance of the
corresponding photocatalytic membranes. Fig. 2(f) shows the
SEM image of NTG, the mean particle size of NT is about 30–
50 nm. The weigh difference between membranes before and
9882 | RSC Adv., 2017, 7, 9880–9887
aer graing NTG is �9 mg, which means the loading amount
of NTG in NTG-M is �3 g m�2.

Fig. 3 shows the three-dimensional surface AFM images
of M, T-M, NT-M, TG-M and NTG-M at a scan size of 5 mm � 5
mm. The brightest regions represent the highest peaks of the
membrane surface, the dark areas on the membrane are the
pores or lowest valley. The surface-roughness parameters (mean
roughness Sa, root mean square of Z data Sq, height difference
between the highest peak and the lowest valley Sy) of bare and
graed membranes are listed in Table 1. These surface-
roughness parameters are connected with the ability to
absorb and desorb pollutant on the membrane surface. Because
photocatalysis takes place in the surface of photocatalyst, pho-
tocatalyst with higher surface area is expected to have a higher
photocatalytic efficiency. NTG-M (TG-M) has a higher surface
roughness than M, T-M and NT-M, we predict that NTG-M
(TG-M) can absorb more pollutant and then speed up photo-
catalytic rate.

Fig. 4 shows the surface FT-IR spectra for M, T-M, NT-M, TG-
M and NTG-M. Peaks at 1732 cm�1 and 3000–3600 cm�1 can be
assigned to the carbonyl groups (C]O) and hydroxyl groups
(OH) 16 that appear in the spectrum of TG-M and NTG-M. Peaks
at 1401 cm�1, 1226 cm�1 and 1050 cm�1 can be attributed to the
skeletal vibration of unoxidized graphitic, epoxy groups C–O
and the hydroxyl group stretching mode C–O,35,36 which are
stronger in the spectra of TG-M and NTG-M over those of M, T-
M and NT-M. The increase in oxygen-containing functional
groups shows that membrane hydrophilicity is enhanced. These
oxygen-containing functional groups (hydroxyl groups, carboxyl
groups and epoxy groups) can only be derived from GO. A broad
band at wavenumbers between 1000 and 450 cm�1 is linked
with Ti–O–Ti and Ti–O–C.37
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Three-dimensional AFM images with a scan area of 5 mm � 5
mm for (a) M, (b) T-M, (c) NT-M, (d) TG-M and (e) NTG-M.

Table 1 Surface roughness parameters of membranes that result from
analyzing three randomly chosen AFM images (5 mm � 5 mm)

Membrane

Roughness parameters

Sa (nm) Sq (nm) Sy (nm)

M 9.450 11.942 42.200 + 58.529 ¼ 100.729
T-M 13.137 17.167 73.397 + 62.532 ¼ 135.929
NT-M 16.505 20.081 53.325 + 70.392 ¼ 123.717
TG-M 16.959 21.332 111.675 + 164.387 ¼ 276.062
NTG-M 21.361 27.270 165.907 + 132.087 ¼ 297.994

Fig. 4 FT-IR spectra of M, T-M, NT-M, TG-M and NTG-M.

Fig. 5 XPS spectra of M and NTG-M.
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M and NTG-M were investigated by XPS spectra to conrm
the nitrogen doping. Fig. 5 shows that peaks at 161, 284, 399,
458 and 530 eV can be assigned to S 2p, C 1s, N 1s, Ti 2p and
O 1s, respectively. The atomic percentages of S 2p, C 1s, N 1s,
This journal is © The Royal Society of Chemistry 2017
Ti 2p and O 1s in NTG-M are 6.62 at%, 74.54 at%, 0.55 at%,
2.47 at% and 15.82 at%, respectively, whereas their atomic
percentages in M are 7.51 at%, 77.49 at%, 0.22 at%, 0.00 at%
and 14.78 at%. The small amount of N 1s that is contained
in M may originate from membrane fabrication because pol-
ysulfone was dissolved in NMP that contains N. The
percentage of N in NTG-M is higher than in pure membranes,
and can originate only from NTG, which indicates that
nitrogen was doped on TiO2. With the graing of NTG on the
membrane, the percentages of C and S were reduced, whereas
Ti and O increased because the main ingredient in NTG
is TiO2.

Contact angle measurements are shown in Fig. 6 (M
and NTG-M) and Table 2 (M, T-M, NT-M, TG-M and NTG-M).
In Fig. 6(a) and (b), once a bare membrane had been graed
by NTG, the apparent pure water-contact angle decreased
from 81� to 64�, which represented a much higher affinity
between the membrane surface and water because of the
hydrophilicity of TiO2 and oxygen-containing func-
tional groups in GO. The contact angle of NTG-M improved
slightly compared with TG-M, and was �65�, which implies
that nitrogen doping increases the TiO2 hydrophilicity
and then increases the hydrophilicity of the graed
membranes.
RSC Adv., 2017, 7, 9880–9887 | 9883
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Fig. 6 Water contact angle of (a) M and (b) NTG-M.

Table 2 Contact angle and water flux of M, T-M, NT-M, TG-M and
NTG-M

Membrane Contact angle (�) Water ux (L m�2 h�1)

M 81 � 1.5 108 � 4.2
T-M 78 � 1.4 78 � 3.3
NT-M 76 � 1.9 82 � 3.0
TG-M 65 � 2.2 66 � 3.9
NTG-M 64 � 1.8 70 � 2.5
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The pure water ux of membranes was tested in the system
as illustrated in Fig. 1(a) at 0.1 MPa and at room temperature,
and the results are shown in Table 2. The pure water ux for
a pure membrane is 108 L m�2 h�1, and this value decreases
aer graing by TiO2, NT, TG and NTG, respectively. T-M
exhibits a decrease in pure water ux by approximately 28%
relative to the water ux of M because of the obstruction of TiO2,
which recombined partly on the surface. TG-M has an addi-
tional 15%membrane resistance to water ux compared with T-
M, possibly because of the additional lm thickness from the
GO nanosheets. NTG-M promotes the pure water ux slightly
compared with TG-M, possibly because nitrogen doping
increases the TiO2 hydrophilicity and thus the pure water ux.
Fig. 7 Residual MB concentration treated byM, T-M, NT-M, TG-M and
NTG-M in (a) darkness, (b) UV and (c) sunlight. (d) MB degradation
kinetics for NTG-M in darkness, UV and sunlight. C0 is the initial MB
concentration (50 mg L�1), C is MB concentration at any time t.
3.2 Photocatalytic performance

Without ltration performance, the photocatalytic performance
of M, T-M, NT-M, TG-M and NTG-M were tested in a container
with a membrane and MB solution. The initial MB solution
concentration was 50 mg L�1. Subsequent MB concentrations
were calculated using a standard curve that was measured by
UV-vis spectrophotometry. The absorbances of pure water,
9884 | RSC Adv., 2017, 7, 9880–9887
1 mg L�1, 3 mg L�1, 5 mg L�1, 7 mg L�1 and 9 mg L�1 MB
solutions at 665 nm were measured and a concentration–
absorbance standard curve was plotted.

The photocatalytic performance of all membranes was tested
for different irradiations (darkness, UV and sunlight) as shown
in Fig. 7. Fig. 7(a) shows that in darkness, the MB absorption
capability of all membranes is almost the same, whereas TG-M
and NTG-M have a slightly higher absorption capability because
of the participation of GO. The GO structure provides a high
specic surface area that results in good adsorption
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 MB concentration in the reactor, filtered water MB concen-
tration and photocatalytic filtration concentration for (a) NTG-M, (b)
NT-M and (c) M in sunlight. The initial MB concentration in the reactor
was 50 mg L�1.
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performance. However, the membrane or GO absorption is too
low to have a signicant effect on the MB removal.

A comparison of NTG-M and NT-M (Fig. 7(b) and (c)) shows
that NTG graing improves photocatalytic performance in UV
light and sunlight signicantly, just as reported by Gao,25 the
presences of GO is efficient in improving photocatalytic
performance, because GO has an excellent electrical conduction
ability and forms an impurity level in TiO2. The MB concen-
tration in a pure membrane is reduced continuously in UV light
and in sunlight. It is expected that MB exhibits a degradation
performance in light without catalyst. NTG-M and TG-M have
almost the same photocatalytic performance in UV, whereas
NTG-M performs better than TG-M in sunlight, which indicates
that nitrogen doping did not have a signicant impact in UV
light but it did in sunlight. Nitrogen doping reduces the TiO2

forbidden band width, and thus TiO2 has a longer response
range for light.

The kinetics of MB photodegradation was calculated using
a rst-order reaction kinetics equation:

�ln(C/C0) ¼ kt

C0 (mg L�1) is the initial concentration, C (mg L�1) is the MB
concentration at any time t, k (h�1) is the reaction rate constant
and t (h) is the time.38,39 Fig. 7(d) summarizes the MB photo-
degradation kinetics of NTG-M in darkness, UV and sunlight.
The kinetics for NTG-M in sunlight is �4% faster than in UV,
which implies that NTG-M is better utilized in sunlight.

3.3 Synergistic effect of photocatalysis and ltration

The synergistic effect of photocatalysis and ltration was tested
in the equipment shown in Fig. 1(b). The membrane was placed
on the collet with a light source from above to provide energy to
power the electron transition. Under nitrogen pressure, MB
solution in the feed tank was transported continuously into the
photocatalytic membrane reactor. Because of the synergistic
effect of photocatalysis and ltration, ltered water owed out
the reactor, whereas MB was intercepted and photodegraded
simultaneously.

We used a photocatalytic ltration concentration (Cpf, mg
L�1) as a numerical representative for the MB photodegradation
ability:

Cpf ¼ ½C0ðVr þ VtÞ � Ct1Vr � Ct2Vt�
Vt

C0 (mg L�1) is the initial MB concentration, Ct1 (mg L�1) is the
instantaneous MB concentration in the reactor at any time t (h),
Ct2 (mg L�1) is the instantaneous MB concentration of ltered
water at any time t, Vr (L) is the reactor volume and Vt (L) is the
ltered water volume. We approximate the initial MB concen-
tration in the feed tank as constant despite the increase or
decrease in MB concentration in the reactor. In this study, the
initial concentration of MB solution in the feed tank was 50 mg
L�1, the system pressure wasmaintained at 0.04 MPa during the
tests and the reactor volume was 0.05 L.

Fig. 8 shows the synergistic effect of photocatalysis and
ltration of NTG-M andM in sunlight. Fig. 8(a) shows that all of
This journal is © The Royal Society of Chemistry 2017
the NTG-M concentration curves exhibit an increasing trend,
whereas the concentration curve in the reactor exhibits the
largest increase. At 0.5 h, the photocatalytic ltration concen-
tration is �23.3 mg L�1, which means that 1 L water is ltered
and 22.3 mg MB will be photodegraded. Because the total MB
concentration (35.8 mg L�1) of the photocatalytic ltration
concentration and ltered water (12.5 mg L�1) is lower than the
initial MB concentration (50 mg L�1), the MB concentration in
RSC Adv., 2017, 7, 9880–9887 | 9885

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27666k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
24

 3
:1

1:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the reactor will increase. Because the MB concentration in the
reactor increases, the photocatalytic rate will increase according
to rst-order reaction kinetics, and thus, the photocatalytic
ltration concentration will increase. Fig. 8(b) shows the
concentration curves of M; the trend in basic concentration
curves in the reactor and ltered water are the same as NTG-M.
Because the photocatalytic performance of NT-M is lower than
NTG-M, the photocatalytic ltration concentration is lower than
NTG-M, thus theMB concentration in the reactor increase faster
than NTG-M. Fig. 8(c) shows the concentration curves of M; the
trend in basic concentration curves in the reactor and ltered
water are also the same as NTG-M, but its degree of change is
larger. Without a photocatalyst, the photodegradation of MB
can almost be ignored as the photocatalytic ltration concen-
tration of M is less than 5 mg L�1. NTG-M exhibits a higher
removal of MB because its MB concentration of ltered water is
lower than M because of its photocatalytic performance.
Because the MB concentration of NTG-M in the reactor is lower
than M, the possibility of membrane pollution is reduced
signicantly. Thus, under the synergistic effect of photo-
catalysis and ltration, the entire MB removal ability of NTG-M
exhibits a great improvement.
3.4 Recycle performance

To evaluate the recycle performance of NTG-M, we measured
the pure water ux of NTG-M continuously and tested the
photocatalytic performance of NTG-M repeatedly. The pure
water ux of NTG-M was tested in the system as illustrated in
Fig. 1(a) at 0.1 MPa and at room temperature. Similarly,
the photocatalytic performance of NTG-M were tested in
a container with a membrane and MB solution in sunlight, the
initial MB solution concentration was 50 mg L�1 and adjusted
to 50 mg L�1 every 3 h.

As shown in Fig. 9, the residual MB concentration is �25 mg
L�1 aer being photodegraded by NTG-M for the rst 3 h in
sunlight, and NTG-M shows the similar photocatalytic perfor-
mance in the second 3 h while the residual MB concentration is
raised gradually in the following tests. At the end of the eighth
Fig. 9 Residual MB concentration treated by NTG-M in sunlight (the
initial MB concentration was always 50 mg L�1) and pure water flux of
NTG-M at 0.1 MPa at room temperature.

9886 | RSC Adv., 2017, 7, 9880–9887
3 h, the residual MB concentration is �33.5 mg L�1, its pho-
todegradation ability decreases �34% compare with which in
the rst 3 h. This is possibly caused by the loss of photocatalyst
or MB deposition in the photocatalyst. The pure water ux of
NTG-M is also shown in Fig. 9, its changing curve exhibits
a weak increase as the increasement of pure water ux is �9%
aer 24 h. Because the photocatalyst on the membrane surface
has an obstructive performance, we guess that a small amount
of photocatalyst has lost and thus pure water ux raise.
Considering above two kinds of test results, we think that
a small part of the photocatalyst on NTG-M is losing during use,
but the recyclability of photocatalyst has a great improvement
compare with powder photocatalyst.

4. Conclusions

An ultraltration membrane graed by N–TiO2/graphene oxide
(NTG-M) was prepared. SEM images show membrane surfaces
that are covered with akes. FT-IR signals of oxygen-containing
functional groups show a graphene oxide success load on the
membrane surface. XPS signals of the peaks and elemental
composition of the nitrogen and titanium reveal successful N-
doping on TiO2 and NT loading on the membrane surface.
The surface roughness as tested by AFM shows that NTG-M
exhibits a rougher surface, which is advantageous to its pho-
todegradation. Contact-angle measurements show that NTG-M
has a lower water-contact angle, which implies better hydro-
philicity. However, a lower pure water ux of NTG-M was tested
by using the ultraltration cup system because of obstructive
performance of the NTG, indicating membrane graed by N–
TiO2/graphene oxide is not all advantages. By testing its pho-
tocatalytic performance, we believe that N-doping and graphene
oxide have a positive effect on the TiO2 photocatalytic perfor-
mance, and NTG-M is used better in sunlight than in UV light.
By testing the synergistic effect of photocatalysis and ltration,
we conclude that NTG-M has a better MB removal ability and
antifouling ability because of its photocatalytic performance.
Furthermore, the recyclability of the NTG-M has a great
improvement compare with powder photocatalyst.
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