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ABSTRACT: Graphene oxide-based filtration membranes
with photocatalytic antifouling function have been successfully
synthesized by a two-step method for the first time. First,
graphene oxide particles composite sheets are prepared by
decorating graphene oxide sheets with appropriate amount of
TiO, nanoparticles, which can be assembled into filtration
membranes with suitable permeation and retention rates. Then,
an additional TiO, particle layer (P25) with strong photo-
catalysis activity is coated on these films by filtration, forming
hierarchical structure membranes. The filtration properties of
the as-obtained films are investigated by treating dye solution,
and the results demonstrate that these membranes possess
favorable photocatalytic antifouling function under UV light
irradiation, which can maintain the clean films and their
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filtration properties, broadening the horizon for the vast use of these graphene-involved films in water purification.
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B INTRODUCTION

Graphene-based films, which are obtained by assembling
graphene-based sheets, are now drawing more and more
attention in fields like optics, electricity, energy, sensors, and so
forth.'"™* Due to the ability to form unique two-dimensional
nanochannels between these restacked sheets, graphene-based
films have recently been considered as a kind of alternative
separation membrane.””” Commonly, these as-formed special
channels, arising from the interactions between neighboring
graphene-based sheets, are very fastidious with poor perme-
ability, which limits their potential use as filtration membranes
in water treatments.* ' By appropriate modification, the in-
plane nanochannels between these carbon sheets can be
adjusted to improve the percolation performances, which make
the assembled filtration membranes more robust for the uses in
separatin% ions, organic molecules, and nanoparticles from
water.''~"* For example, by using pure graphene sheets with
special structure (such as wrinkle or pores) as starting materials,
the as-formed channels in the films can be adjusted to be
adaptable in filtration.'"'* Additionally, organic molecules or
nanoparticles are also utilized to modify these carbon sheets in
order to broaden the interlayer spacing and improve water
permeation performances of these assembled films.">'* Thus,
graphene-based membranes with appropriate nanochannels
have shown great potential applications as filtration membranes
in environmental areas, especially for water treatment.
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Despite of these advances, these graphene-based membranes
also face a big obstacle in broadening their uses similar to
traditional filtration films, that is, the membrane fouling caused
by the accumulation of filtered contaminants (especially the
organics), which is one of the main drawbacks for both research
and industry in the field of membrane-based water treat-
ments.">~'® Such membrane fouling will reduce the filtration
properties and durability of films if not cleaned. Therefore, how
to remove the fouling in a timely and effective manner becomes
a key point to keep the efficiency of the graphene-based
filtration films in water purification.'” ' Several approaches
including chemical and physical methods have been adopted to
clean traditional filtration membranes, whereas recovery of
these fouled membranes will consume additional agents (for
example, water or chemical agents) and time, which greatly
affect the utilization efficiency of these films. Among a series of
cleaning methods, photocatalysis technology seems to be an
effective way utilized in decomposing organic contaminant,
which can overcome those drawbacks mentioned above in
cleaning the fouling membranes.”>">® By endowing these films
with photocatalysis properties, these intercepted substances can
be decomposed quickly under light irradiation during the
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filtration process, which can keep the membranes clean and
improve their water treatment capacity.

As known, graphene-based membranes usually perform
superior separation functions due to the circuitous nano-
channels in these films. When using these membranes to filter
wastewater, most of the contaminants could be effectively
intercepted on their surfaces. It is reasonable to imagine that if
an additional layer of photocatalysts existed on the surface of
these graphene-based films, the intercepted fouling would be
decomposed quickly by these catalysts under light irradiation,
making these filtration membranes possess self-cleaning
function. In fact, coating an additional layer on the surface
has already been adopted to endow membranes with such
character.”’ ™' Therefore, it is feasible that graphene-based
filtration membranes with an antifouling function could also be
obtained by combining such surface photocatalysis technology.

Herein, we have prepared hierarchical graphene-based
filtration membranes with photocatalytic antifouling function
and investigated their potential uses in water purification. First,
we prepared graphene-based filtration films with improved
permeability by inserting appropriate nanoparticles between the
restacking graphene oxide sheets. Then, additional photo-
catalysts with potent activity (P2S) are further coated on the
surface of these films by simple filtration, resulting in the
formation of hierarchical filtration membranes. The filtration
performances of these films are investigated by filter organic
dyes (Direct Red 80 and Direct Blue 15). Results indicate that
these as-prepared filtration membranes possess excellent
photocatalytic antifouling function under UV light irradiation,
which can effectively remove the intercepted dyes and maintain
clean films and improve their filtration performance, showing
their great potential applications in water purification.

B EXPERIMENTAL SECTION

Graphene oxide (GO) sheets were prepared from purified natural
graphite (Alfa-Aesar Co.) with mean particle size of 44 ym according
to the method reported by Hummers and Offeman.*”

GO-TiO, (GOT) composite sheets were prepared according to our
previous work.*® Typically, 30 mg of Ti(SO,), (Sinopharm Chemical
Reagent Co.) were dispersed in 20 mL of GO dispersion (1 mg/mL),
and the mixture was heated at 60 °C for 24 h. The products were
centrifuged and washed with distilled water to remove any impurities.
After that, the as-obtained samples were redispersed in water and the
ammonia was added to the solution to increase the pH value to around
10, forming stable dispersions.

GOT filtration membranes were prepared by vacuum filtration of
the as-prepared GOT dispersion (samples containing 0.2 mg of GO in
30 mL water were used as typical ones) through polycarbonate filter
membranes (47 mm in diameter, 0.2 gm pore size, Millipore). The
hierarchical filtration membranes were prepared by further vacuum
filtration of TiO, suspension (1.5 mg of P25 nanoparticles in 10 mL of
water) through the as-obtained GOT films, resulting in the formation
of GOT/P2S hierarchical filtration membranes.

The filtration properties of our membranes were evaluated by
filtering dye solution. Dye solution (Direct Red 80 or Direct Blue 15,
10 pmol/L, Sigma-Aldrich Co.) was poured on the top of the as-
formed membranes, which was then subjected to continuous vacuum
suction (with a pressure of around 1 bar) to allow the solution to flow
through the membranes. The volume of filtrate was recorded to
calculate of flux for filtration membranes, and the filtrate was examined
by UV—vis spectroscopy to confirm the retention rate (R% = (1 —
Cﬁltrate/cfeed) X 100%)

The antifouling function of GOT/P25 films was evaluated by
concurrent UV light irradiation on their surface (254 nm, the light
intensity is about 10 mW/cm?) during the aforementioned filtration

process, and the analysis of flux and retention rate was similar to
aforementioned ones.

Characterization. Powder X-ray diffraction (XRD) analyses were
performed on a Bruker D8 Advance diffractometer with Cu Ka
radiation. The diffraction data were recorded for 26 angles between 5°
and 80°. Thermogravimetric (TG) analyses were performed on
NETZSCH thermogravimetric analyzer from 25 to 800 °C at a heating
rate of S °C/min in air flow. The ultraviolet—visible (UV—vis)
absorption spectra were carried out by Varian Cary 50 spectropho-
tometer. Specific surface areas were calculated from nitrogen
adsorption and desorption isotherms conducted at 77 K in an ASAP
2020 M analyzer. Morphology analyses of samples were carried out on
Tecnai G2 F20 S-TWIN Transmission Electron Microscope (TEM)
and the Hitachi S8010 Field Emission Scanning Electron Microscope
(FESEM). A TOC-VCPH analyzer (Shimadzu Co.) was used to
analyze the total organic carbon of the degradation.

B RESULTS AND DISCUSSION

Recent research has demonstrated that graphene-based films,
especially GO films, have shown excellent separation properties
due to the formation of two-dimensional nanochannels.
However, these channels caused by the restacking of carbon
sheets are so compact, which instead becomes an obstacle for
the use of these films in filtration areas. Since flux properties are
a key issue for the use of filtration membranes,**® several
efforts have been carried out to broaden the interlayer spacing
of GO films in order to improve their percolation performance,
for example, inserting organic molecules or nanoparticles
between layers in GO."'* The permeability of these
membranes can be improved by the foreign support, while
the separation ability will turn poor because of the damage of
such unique two-dimensional channels. Generally, introduction
of additional particles on the surface of GO sheets usually
forbids these carbon sheets from being assembled into
membranes, let alone the formation of these in-plane
nanochannels.*”~*° As the schematic diagram shows in Figure
1, we assumed that if these GO sheets are decorated by
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Figure 1. Schematic diagram of GO-particle sheet (a) and membrane
(b) structure in our system.

relatively fewer particles, some parts of the interlaminar spacing
of assembled films can be propped up by these particles, which
will be beneficial for fluid permeation. Meanwhile, some parts
of the in-plane nanochannels are reserved, which may
contribute to separation effects.

Figure 2 shows TEM images of the as-prepared GO-TiO,
(labeled as GOT) composite sheets. It can be seen that GO
sheets are decorated sporadically by TiO, nanoparticles. Due to
the low usage of Ti salt, the loading amount of TiO, on the
surface of GO is also low (the usage weight ratio of GO to
TiO, is about 1:0.5, which can be confirmed by the TG analysis
through calculating the remaining mass after calcination under
air condition (Figure 3a, and Figure S1, Supporting
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Figure 2. (a) and (b) display the TEM images of GOT composite
sheets. Inset in (b) is the high-resolution TEM image of GOT.

Information (SI)). By magnifying these images, it is clearly seen
that these attached nanoparticles are distant from each other,
leaving some of the GO sheet surfaces unoccupied (as arrows
shown in Figure 2b). Thus, when these composite sheets are
assembled into films, such uncovered surfaces may restack with
each other, forming the characteristic layer structure of GO
again, as the arrows shown in Figure 1. Such structure indeed
exists in these as-obtained GOT films, which can be confirmed
by XRD analysis.*"** Figure 3b shows XRD patterns of GO
and GOT films. By comparison, we can find that apart from the
signals of TiO, (as labeled in Figure 3b), the characteristic layer
structure of GO films (001 peak) still appeared in GOT films.
Meanwhile, the intensity of this peak becomes relatively weak,
which is probably due to these inserted particles disturbing the
orderly restacking of GO sheets to some extent. (The low
intensity of TiO, diffraction peaks is probably due to their poor
crystallinity and low content.) Actually, the amount of the
attached particles can be adjusted facilely by simply changing
the usage of GO and Ti salt, which could also be used to
control the layer structure in such films. For instance, the
characteristic peak of GO films becomes weaker along with the
increasing usage of TiO, (SI Figure S2), indicating total
collapse of the two-dimensional channels left by loading more
particles.

After inserting nanoparticles between the interlayer, the two-
dimensional nanochannels are disrupted, which could directly
affect the filtration performance of these particle-involved GOT
films. On one hand, the compact interlayer of GO sheets is
propped up partly by these inserted particles and the spacing
between them is widened, which could improve the solvent
penetrability of GOT films."”~'* By filtering pure water, we

simply tested the permeability of the GOT films, and the results
show the occurrence of enhanced flux of our films, which
increases from about 27 L-h™"-m ™ of pure GO membranes to
78 L-h™"m™* of GOT membranes (the usage of GO sheets is
about 0.2 mg). Thus, the water treatment capacity of these
filtration membranes could be enhanced by the improvement of
penetrability. We utilized direct red 80 (DR) solution as
original feed to evaluate the filtration performance of these
films, and the results are listed in Table 1. It can be found from

Table 1. Filtration Performance of GO and GOT Films
Using DR Dye Solution As Feed for 30 min

DR solution (10 gmol/L, 35 mL)

usage of GO retention rate
entry  sample (mg) flux (L-h~"-m™2) (%)
1 GO 0.1 144 + 0.2 79.1 £ 0.3
2 GO 0.2 10.8 + 0.2 872 + 1.2
3 GO 0.5 79 £ 0.1 98.8 + 0.1
4 GO-TiO, 0.1 48.8 + 0.2 48.5 +£ 0.7
S GO-TiO, 0.2 354 +0.1 58.1 + 0.2
6 GO-TiO, 0.5 282 + 0.1 76.7 + 0.2

Table 1 that when using the same amount of GO sheets, GOT
films displayed higher permeate flux compared with that of pure
GO films, which is attributed to the structural change of these
nanochannels. For example, as entries 2 and 5 show, the flux of
GOT membranes is about 35 L-h™'-m™>, which is about 3 times
higher than that of pure GO membranes. On the other hand,
the separation ability of films is kept by the reserved two-
dimensional channels to certain extent. However, due to the
damage to some channels, dye molecules can pass through films
more easily, decreasing the retention rates of dye as shown in
Table 1. Certainly, the usage of GOT composite sheets have
certain influences on both the permeate flux and retention of
the dye solution: the greater the amount used, the lower flux
and the higher retention rates it exhibits. Such a tendency
demonstrates that the filtration properties are controllable
through the usage of our GOT films. It is noted that such
filtration results are obtained by using a very low amount of
sheets (containing 0.1-0.5 mg of GO), and the as-obtained
GOT film (entry S sample in Table 1) is almost transparent
even on a polycarbonate membrane as shown in Figure 4a.
Thus, such thin filtration membranes with good separation
performance may have their potential utilization in water
treatment fields.*~*

@)
90-

GO : 70.5%
TiOp: 29.5%

300 400 500 600 700 800

Temperature (°C)

100 200

(b)

GO
(001)

GO

Tio
(101)

Intensity (a.u.)

20 60 80

40
20 (degree)

Figure 3. (a) TG analysis of GOT sample; (b) XRD patterns of GO and GOT films.
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Figure 4. Digital photos of GOT (a) and GOT/P2S (b) membranes,
and the usage of GO sheets in these samples is about 0.2 mg.

Though these GOT filtration membranes are promising in
potential applications for water purification, they still present a
problem in expanding their use, which is the membrane fouling
causing by the deposition of organic pollutants on the
membrane surface and/or the adsorption into the membranes.
Both chemical and physical methods are tried to purify these
films. Among these approaches, photocatalysis technology is
considered to be an effective and promising way, for it could
preserve membrane properties while moving away those
organic contaminants at the same time. By combining
photocatalysis technology, filtration membranes with self-
cleaning functions are prepared, which can quickly remove
the intercepted fouling and improve their water treatment
ability.>">*?¢ Introduction of photocatalysis technology into
these graphene-involved filtration membranes could admirably
endow them with antifouling character® and improve their
filtration performance.

Given that there are TiO, nanoparticles in our GOT
membranes, we take Entry 5 samples in Table 1 as a model to
investigate their filtration properties under concurrent UV light
irradiation.”*”*® However, as the results in Table 2 (Entries 1

Table 2. Filtration Performance of GOT and GOT/P25
Membranes Using DR Dye Solution As Feed for 30 min
with/without UV Light Irradiation

DR solution (10 gmol/L, 35 mL)

entry sample” light” flux (Lh™"m™) retention rate (%)
1 GO-TiO, off 354 + 0.1 58.1 + 0.2
2 GO-TiO, On 354 + 0.7 582 +23
3 GO-TiO,/P25 off 31.8 + 0.2 849 + 1.1
4 GO-TiO,/P25 On 282 + 0.6 93.0 + 2.3

“Usage of GO sheets in these samples is about 0.2 mg. bLight intensity
is about 10 mW/cm?, 254 nm.

and 2) show, the retention rates toward DR solution of GOT
films are not increased obviously even under UV light
irradiation, which is probably due to the low amount and
poor crystallization of these TiO, particles (Figure 3b).
Accordingly, it is speculated that these TiO, nanoparticles
inserted into GOT films function mainly as supports, but not
appropriate photocatalysts. As demonstrated, the usage of GO-
based sheets in our experiments is very low (0.3 mg containing
about 0.2 mg of GO); thus, the adsorption amount of dye by
these films can be ignored, and as a result, most of the
intercepted dyes are left on the surface of GOT films.**~>* It is
imaginable that addition of a photocatalytic layer on the surface

of such a membrane would be very helpful in removing these
intercepted substances by using photocatalysis technology.”” >

It has already been demonstrated that graphene-based
filtration membranes can intercept nanoparticles on their
surface."’ So it is feasible to apply the same filtration method
to coat an additional particle layer on the surface of these films.
By filtering dispersions containing nanoparticles (1.5 mg in 10
mL of water), we loaded conventional TiO, photocatalysts
(Degussa, P25) on the surface of the as-obtained GOT films,
forming unique hierarchical structure membranes (labeled as
GOT/P25). Such hierarchical structure is confirmed by our
morphology analysis. Figure S displays the FESEM images of

(a) (b
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Figure 5. FESEM images of membranes (a) and (b) GOT, and (c)
and (d) GOT/P2S.

GOT and GOT/P2S films. Due to the low usage (0.2 mg of
GO sheets) of GOT films, the thickness of the as-prepared
GOT films is very thin (about 150 nm, as shown in Figure
Sab), which is consistent with digital photos (Figure 4a).
Figure Sc,d displays the typical GOT/P25 membranes. From
Figure Sc, it can obviously be seen that apart from the GOT
films, additional nanoparticle layers (about 1 gm thick) are
formed on the surface of these GOT films, indicating the
formation of GOT /P25 membranes with hierarchical structure.
Furthermore, from the reverse side of such films (Figure 5d), it
is found that P25 nanoparticles hardly pass through GOT films,
which shows that these GOT filtration membranes can exclude
these particles effectively on their surface (the pore size of
GOT is about 3.5 nm; SI Figure S3). So, the control of coating
thickness is rather easy just by simply adjusting the usage of the
nanoparticles. Though coated by another layer, the as-obtained
GOT/P25 membranes are thin enough, as transparent as GOT
films (Figure 4b).

The filtration performance of GOT/P25 membranes is also
investigated by filtering DR dye solutions (as control
experiments, the filtration data of GO/P2S are listed in
Supporting Information, Table S1). After loading P25, the flux
of GOT/P2S films declined slightly, while the retention ratio
increased obviously compared with that of GOT membranes
(Entries 1 and 3 in Table 2). As shown in Figure Sc,d, these
P25 nanoparticles assembled on the surface of GOT, forming
an additional layer. Such a nanoparticle layer itself can both
absorb some dyes (about 11.6%) and function as filter layer,
which influences the filtration properties to some degree. Since
the top layer possesses strong photocatalysis activity, the
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intercepted molecular dye could be removed under light
irradiation. We carried out the same filtration experiments of
GOT/P25 membranes under concurrent UV light irradiation
(Entry 4 in Table 2). We found that when filtering DR solution
for 30 min, the retention rate further increased, indicating that
photocatalytic degradation of the intercepted fouling works
(P2S photocatalysts can generate reactive oxygen species such
as photogenerated hole and superoxide radical under UV light
irradiation; organic matter like these dyes can be decomposed
effectively by these oxygen species.).>>** This is exactly
beneficial for maintaining the clean film and its filtration
properties.

In fact, due to the accumulation of filtered contaminants,
membrane fouling will become aggravated gradually as the
filtration time increases. In order to further reveal the
photocatalytic antifouling functions of GOT/P2S filtration
membranes, we carried out concurrent filtration and light
irradiation during a relatively long process (we treated 150 mL

of dye solution for 3.5 h).>*”?° Figure 6 displays typical digital
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Figure 6. Typical digital photos of GOT/P2S films after filtration DR
solution for 3.5 h without (a) and with (b) UV light irradiation.

photos of GOT /P25 membranes after filtering dye solution for
3.5 h with and without concurrent light irradiation. It is clearly
seen that the traditional filtration process lead to obvious
accumulation of contaminants on the membranes (Figure 6a),
which is usually considered the biggest obstacle of using
membrane filtration technology. However, with the assistance
of photocatalysis, these films are kept relatively clean by
effective removal of intercepted fouling (Figure 6b), success-
fully forming photocatalytic antifouling graphene oxide-
mediated filtration membranes. Owning such antifouling
function, these GOT/P2S films will perform well in water
treatments. As the results show in Figure 7 (solid circle), when

we only use these GOT/P25 membranes to filter the dye
solution, the flux and the retention rate gradually become lower
along with the increase of filtration time. However, when
introducing concurrent UV light irradiation, the filtration
performance of these GOT/P25 membranes is quite different
from the ones without light irradiation. From Figure 7 (solid
square), we can see that both water penetrability and retention
rates of GOT/P2S membranes decline but flatten later.
Especially, the retention rate almost maintains a high level
(around 85%). Such phenomena are probably due to gradual
removal of the accumulated fouling on films by P2§
photocatalysts under UV light irradiation, maintaining their
filtration performance to a certain extent. By comparing the
filtrate in SI Figure S4, it is found that the filtrate obtained
under light irradiation is very clear, and the total organic carbon
(TOC) analyses show that the filter liquor is also clean (SI
Table S2).

Additionally, the independent photocatalysis property test of
GOT/P25 membranes is also carried out under ordinary
pressure as control experiment (without suction filtration).
After irradiating for 3.5 h, the retention rate of DR dye in the
solution is about 45%, which is much lower than the ones that
combined with light irradiation (85%, Figure 6b). Such results
demonstrate that the synergistic effects of filtration and
photocatalysis contribute to high effeciency for water treatment
using these GOT/P2S films in our experiments.ss_58
Furthermore, similar phenomena, especially the retention
rate, are also found when using Direct Blue 15 dye solution
as feed solutions (little difference is probably caused by the
smaller molecular weight of blue dye), as shown in SI Figure
S5, indicating promising applications for using these filtration
membranes in wastewater purification.

Our results exhibit that by combining with photocatalysis,
graphene-based filtration membranes exhibit antifouling
function and enhanced wastewater treatment capacity,
expanding the use of these graphene-based films. Furthermore,
it can be imagined that by appropriate modification (for
example, adjusting the properties of inserted nanoparticles and
hierarchical layers, carbon sheets etc.), we could endow these
graphene-involved filtration membranes with more flexible
functions, such as visible light response, solvent resistance,
antibacterial property, etc., making them promising multifunc-
tional separation membranes. Accordingly, it is probable to
develop many new and useful high-performance graphene-
involved membranes, opening up enormous opportunities for
the use of them in water treatment areas.*”*

(a) 34 (b)10
) 90
32 —a— light on
—e— light off —~ 804
€ 304 L 704
= o
5 S 604 —a—light on
x 281 = —e— light off
= L 504
[T Q
26 & 404
304
24- T T T T T T T T T T T T T T
0.5 1.0 1.5 2.0 25 3.0 3.5 0.5 1.0 15 2.0 25 3.0 35
Time/h Time/h

Figure 7. Flux (a) and retention rate (b) of GOT/P2S filtration membranes with and without UV light irradiation using DR 80 as feed.
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Bl CONCLUSION

In summary, graphene oxide-involved hierarchical filtration
membranes with photocatalytic antifouling function have been
prepared successfully. First, GOT membranes with appropriate
penetrability and retention rate are prepared by using TiO,
nanoparticle decorated GO sheets as building blocks. Then, an
additional photocatalytic particle layer is loaded on the surface
of these GOT membranes by filtering TiO, (P25) suspension,
resulting in the formation of GOT/P25 filtration membranes.
The filtration properties of GOT/P2S films are evaluated by
filtering dye solution (Direct Red and Blue), and the results
indicate that after integrating with photocatalysis, these GOT/
P25 filtration membranes possess a photocatalytic antifouling
function under concurrent UV light irradiation, which can
effectively reduce the impacts of accumulated fouling to these
filtration membranes and obviously enhance their water
treatment ability.

This work demonstrates that it is feasible to endow
graphene-involved filtration membranes with useful functions,
such as antifouling character. It is assumed that a strategy of
combination of filtration with photocatalysis technologies into
graphene-involved films can be extended to prepare some other
multifunctional membranes, qualifying them as the next-
generation membrane for water separation applications.
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