
mater.scichina.com link.springer.com Published online 29 March 2019 | https://doi.org/10.1007/s40843-019-9417-5
Sci China Mater 2019, 62(8): 1177–1187

Graphene oxide quantum dots embedded polysulfone
membranes with enhanced hydrophilicity,
permeability and antifouling performance
Guoke Zhao, Ruirui Hu, Jing Li and Hongwei Zhu*

ABSTRACT Graphene oxide (GO) has been demonstrated to
be an effective hydrophilic nanofiller to modify the polymeric
membranes when forming a mixed matrix structure. GO
quantum dots (QDs) are promising candidates to fully exert
the rich oxygen containing functional groups due to their
unique size induced edge effects. In this work, GO QDs
modified polysulfone (PSF) ultrafiltration (UF) membranes
were prepared by phase inversion method with various GO
QDs loadings (0.1–0.5 wt.%). A proper amount of GO QDs
addition led to a more porous and hydrophilic membrane
structure. With 0.3 wt.% GO QDs, the membranes showed a
60% increase in permeability (130.54 vs. 82.52 LMH bar–1).
The pristine PSF membranes had a complete cutoff of bovine
serum albumin molecules and it was well maintained with GO
QDs incorporated. The membranes with 0.5 wt.% GO QDs
exhibited the highest flux recovery ratio of 89.7% and the
lowest irreversible fouling of 10.3% (54.5% and 33.3% for the
pristine PSF membranes). Our results proved that GO QDs
can function as effective nanofillers to enhance the hydro-
philicity, permeability and antifouling performance of PSF UF
membranes.

Keywords: graphene oxide, quantum dots, ultrafiltration mem-
brane, antifouling

Introduction
Contaminants released into the environment are of big
threat to human health and the ecological system, thus
the purification of waste water deserves special attention
[1–3]. Ultrafiltration (UF) is widely used for water pur-
ification due to its high efficiency, cost effectiveness,
simple operation and zero production of harmful by-
products. Hence, UF membranes are heavily utilized in
separation processes in the food, pharmaceutical and
paper processing industries [4,5]. Polysulfone (PSF) is a

commonly used polymeric UF membrane material due to
its desirable mechanical, thermal and chemical stability
[6]. However, the inherent hydrophobic characteristic of
PSF leads to severe membrane fouling, during which the
water transport resistance increases due to pore narrow-
ing, pore blocking and cake layer formation. The mem-
brane flux decreases significantly with the operation time,
leading to increased energy demand and operational costs
[7–9]. Therefore, effective mitigation of membrane foul-
ing is a key research area in UF technologies.
The fouling resistance of UF membranes is mainly in-

fluenced by their surface properties, including hydro-
philicity, roughness and surface charge. A hydrophilic
and smooth surface can effectively hinder foulant accu-
mulation and deposition, thus relieving membrane foul-
ing [10,11]. Various approaches have been proposed to
ameliorate the fouling tendency of polymeric membranes
through modifying their surface properties (mostly hy-
drophilicity), including surface coating [12], plasma
treatment [13], chemical modification [14] and blending
with hydrophilic fillers [15]. Incorporation of inorganic
nanoparticles (NPs) into the membrane matrix has been
proven to be a straightforward and effective method to
modify the pore structure and surface properties of the
nanocomposite membranes. The employed inorganic
NPs are generally hydrophilic, such as TiO2 [16], SiO2
[17], Al2O3 [18], ZrO2 [19] and Fe3O4 [20]. NPs influence
the pore forming process and the hydrophilicity of the
membranes so that water flux, rejection, thermo-
mechanical stability and antifouling performance of the
membranes are improved. However, a high weight per-
centage of NPs is required to obtain noticeable effects and
in addition, it is hard for these NPs to be uniformly
dispersed in the casting solutions [21].
Recently, graphene oxide (GO) has become a promising
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membrane material owing to its impressive separation
performance [22–25]. GO membranes possess ultrafast
water transport properties and extraordinary water ad-
sorption characteristics [26,27]. GO sheets have also been
proven to be effective nanofillers to improve the overall
performance of polymeric UF membranes, due to their
high aspect ratio, low density, easy functionalization and
abundance of oxygen containing functional groups
[28–30]. Blending GO sheets into PSF UF membrane
matrix will greatly improve the membrane hydrophilicity,
which further enhances water affinity to the membrane
surfaces and the drag force for water transportation,
leading to increased water flux. Furthermore, a hydration
layer can be formed on a hydrophilic membrane surface
which hinders the adsorption of foulants, resulting in
improved antifouling performance [31,32]. However, the
effective oxygen containing functional groups are located
at the edges and defective regions of the GO sheets. The
basal plane is mainly composed of sp2 carbon atoms. It is
desirable for more hydrophilic functional groups to be
distributed at membrane surfaces. However, GO sheets
tend to aggregate and form non-homogeneous distribu-
tions when large quantities are incorporated. The ag-
glomeration of GO sheets results in defects and a decrease
in membrane hydrophilicity and solute rejection [33,34].
It is highly desirable that GO sheets possess more edges in
order to improve membrane hydrophilicity and perfor-
mance.
GO quantum dots (QDs) are nanometer-sized frag-

ments of GO sheets, with a lateral size smaller than
100 nm. They share the same structure as GO sheets yet
the amount of functional groups is higher due to edge
effects [35,36]. GO QDs have been employed as nano-
fillers to modify thin film composites in nanofiltration,
reverse osmosis, forward osmosis and pervaporation de-
hydration membranes during the interfacial polymeriza-
tion process. The modified mixed matrix membranes
showed enhanced permeability, antifouling and chlorine
resistance [37–41]. It is expected that GO QDs can in-
crease the hydrophilicity, permeability and fouling re-
sistance of PSF UF membranes more effectively
comparing with GO sheets.
In the present work, GO QDs were incorporated into

PSF UF membrane matrix during the phase inversion
process to form GO QDs/PSF hybrid membranes. These
membranes were characterized in terms of morphology,
pore structure, surface roughness, porosity and water
contact angle. The effects of GO QDs on the permeability
and antifouling performance of the hybrid membranes
and the underlying mechanisms were investigated in

detail.
As illustrated in Fig. 1, the mixture dispersion of GO

QDs/PSF/1-methyl-2-pyrrolidinone (NMP) was prepared
and then cast on a glass plate. GO QDs migrated to
membrane surfaces and pore walls spontaneously during
the phase inversion process [42]. The improved hydro-
philicity mitigated membrane fouling by reducing the
adhesion force between membrane surfaces and foulant
proteins. Furthermore, a hydration layer was formed on
the GO QDs modified membrane surfaces, which also
hindered protein adsorption. As a result, membrane
fouling resistance was greatly improved by the in-
corporation of GO QDs into the membrane matrix. The
enhanced membrane hydrophilicity was also beneficial
for the improvement of membrane flux, because more
water molecules could be attracted to the membrane
surfaces. In addition, the incorporation of GO QDs led to
a more porous membrane structure, which reduced the
resistance to water transportation.

EXPERIMENTAL SECTION

Materials
PSF granules were purchased from Sigma-Aldrich Che-
mical Co., Ltd (China). The solvent NMP was purchased
from Aladdin Co., Ltd (China). GO QDs were obtained
from Nanjing XFNANO Materials Tech Co., Ltd (China).
Bovine serum albumin (BSA) and fluorescein iso-
thiocyanate-BSA (FITC-BSA) were obtained from Beijing
Bainuowei Biotechnology Co., Ltd (China) and used to

Figure 1 (a) Schematic illustration of the fabrication process of GO
QDs/PSF membranes. (b) Diagram of the mechanisms for the improved
membrane permeability and fouling resistance.
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assess the separation performance of the membranes and
the adhesion force between typical proteins and the
membrane surfaces, respectively. All chemicals were of
analytical grade and used without further purification.

Membrane preparation
All membranes were prepared by a common phase in-
version method, as shown in Fig. 1. To prepare the
casting solutions, a certain quantity of GO QDs were
firstly dispersed in 17 g NMP with the assistance of ultra-
sonication for 2 h. 15 wt.% of PSF (3 g) was then dis-
solved into the uniformly dispersed GO QDs suspension
stirring overnight to obtain a homogeneous casting so-
lution. The mass percentage of GO QDs in the casting
solutions was 0, 0.1%, 0.3% and 0.5%, with respect to the
weight of PSF. The membranes were denoted as PSF
membranes, QDs-0.1, QDs-0.3 and QDs-0.5, respectively.
Before casting, the solutions were fully degassed in a
vacuum oven at 50°C for 6 h. Membranes were then cast
on a glass plate using a casting knife with a thickness of
150 μm. The wet membranes with the underlying glass
plate were then transferred into the water coagulation
bath immediately at room temperature. The fabricated
membranes were peeled off from the glass plate after
approximately 10 min and transferred to a fresh water
bath for storage.

Characterization of GO QDs and the casting solutions
The morphology of GO QDs was studied using trans-
mission electron microscopy (TEM, JEM-2100F, JEOL,
Japan). TEM samples were prepared by dropping the well
dispersed GO QDs water suspension onto carbon coated
copper grids, and then fully dried in vacuum at room
temperature. Chemical composition of GO QDs was
confirmed by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Fisher, USA). The viscosity of
the casting solutions was measured by a rheometer
(MCR302, Anton Paar, Austria). Data was acquired in the
shear rate range of 10–100 s−1 at 20°C.

Characterization of the membranes
To investigate the effects of GO QDs on the pore struc-
ture of the membranes, scanning electron microscopy
(SEM, MERLIN Compact, ZEISS, Germany) was used to
characterize the surface and cross-sectional morphologies
of the membranes. The SEM surface samples were di-
rectly cut from the dried membranes and stuck onto a
copper substrate with conductive plastic. For the cross-
sectional samples, dried membranes were fractured with
liquid nitrogen. All the samples were sputter-coated with

5 nm of platinum using ion beam coater (Model 681,
Gatan, USA) before observation. Surface roughness of the
membranes was studied with atomic force microscopy
(AFM, MFP-3D infinity, Oxford, USA). The scanning
area was 20 μm×20 μm for each image. The average value
of the mean roughness (Ra) was obtained based on at least
three scanning locations to quantify the membrane sur-
face roughness. Static water contact angles of the mem-
brane surfaces were measured by a testing system (SPCA,
HARKE, China). The dried membranes were fixed onto a
glass plate and 4 μL of water was dropped onto the
membrane surface with a syringe. A static image was then
captured and the contact angle was measured. Five
measurements were performed for each sample under the
same condition and the average was reported. The
membrane porosity ε (%), defined as the ratio of pore
volume to the total volume of the porous membrane, was
determined by gravimetric method with the equation:

W
A d= W , (1)1 2

where W1 is the weight of the wet membrane; W2 is the
weight of the fully dried membrane; A is the membrane
area; d is the membrane thickness, ρ is the water density
(0.998 g cm−3).

Permeation and rejection measurements
The measurements were conducted using a dead-end
permeation cell with an effective membrane filtration area
of 12.56 cm2 at room temperature. The testing pressure
was provided by nitrogen. The filtrate was weighed au-
tomatically by a digital balance connected to a computer.
Membranes were pre-compacted with DI water under
0.2 MPa for 2 h to obtain a steady flux before switching to
0.1 MPa for effective measurements. The water flux, Jw
(L m−2 h−1 bar−1, LMH bar−1), was defined as the volume
of the filtrate passing through the membrane per area, per
time, per transmembrane pressure. It was determined
with the following equation:

J V
A T P= , (2)w

where V (L) is the volume of the filtrate, A (m2) is the
effective membrane filtration area, ∆T (h) is the per-
meation time, ∆P (bar) is the transmembrane pressure.
Afterwards, the feed was switched to BSA solution

(500 ppm in phosphate buffer solution (PBS), pH 7.4) to
test the separation performance of the membranes. All
the tests were conducted with the feed solution stirred at
800 rpm to relieve concentration polarization effects. The
rejection (R) was determined with the following equation:
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R
C C

C= × 100%, (3)f p

f
where Cf is the concentration of the feed solution, Cp is
the concentration of the filtrate. These were measured by
an ultraviolet-visible spectrophotometer (Hitach UV-
2800, Hitach Co., Japan) at the BSA absorption wave-
length of 280 nm. For each type of membrane, at least
three samples were measured and the average data was
reported.

Antifouling performance tests
The antifouling performance test of the membranes can
be divided into three time durations. The first 30 min is
for the recording of pure water flux (J0). The following
120 min is for the recording of membrane water flux (J1)
in 500 ppm BSA solution. Afterwards, the membranes
were cleaned with DI water in the permeation cell at 400
rpm for 10 min and pure water flux (J2) was measured
again for another 30 min. The membrane water flux with
time was plotted to analyze the fouling behavior of the
membranes. To quantify the antifouling performance of
the membranes, total fouling ratio (Rtotal) was defined as
(J0–J1)/J0×100%, reversible fouling ratio (Rr) as (J2–J1)/
J0×100%, irreversible fouling ratio (Rir) as (J0–J2)/J0×100%.
The flux recovery ratio (FRR) was defined as J2/J0×100%.

Static BSA adsorption performance
The decrease of the adsorption force between proteins
and membrane surfaces helps to improve the antifouling
performance of the membranes. FITC-BSA was used to
investigate the resistance of membrane surfaces to protein
adsorption. Square membrane samples with an area of
2 cm×2 cm were immersed into 4 mg L–1 FITC-BSA PBS
solution for 24 h at room temperature. Afterwards, the
samples were taken out, dried and protected from light.
They were then fixed onto a glass plate and characterized
by confocal laser scanning microscope (CLSM, LSM780,
Zeiss, Germany).

RESULTS AND DISCUSSION

Characterization of GO QDs
TEM was employed to characterize the size and mor-
phology of GO QDs (Fig. 2a), which are of near circle
morphology and approximately 20 nm in diameter. The
elemental mapping result indicated that GO QDs are
composed of carbon and oxygen elements, which was
further confirmed by XPS (Fig. 2b). The XPS results
showed that the amount of functional groups on GO QDs
(C/O=1:1) is much higher than that of GO sheets

(C/O=2:1). It can be explained by the edge effects of GO
QDs, because functional groups tend to locate at edges
and defective regions of GO sheets. The deconvolution of
the high resolution C 1s spectrum shows three peaks. The
one at 284.5 eV corresponds to C–C bonding while the
other two at higher binding energies are for C–O bonds
(286.6 eV) and C=O bonds (288.4 eV), respectively. The
small size of GO QDs facilitates their dispersion in the
casting solutions and the abundance of functional groups
makes them highly hydrophilic. Both factors contribute
to the improvement of membrane hydrophilicity and
antifouling performance when introducing GO QDs.

Characterizations of membranes
The viscosity of the casting solutions with different GO
QDs loadings are displayed in Fig. 3. It can be seen from
Fig. 3a that all the casting solutions are Newtonian fluids
as their viscosities are stable in the shear rate range of
1–100 s–1. Introducing 0.1 wt.% GO QDs brought about a
small increase in the viscosity. When further increasing
the percentage of GO QDs, the viscosity significantly
increased. The increased viscosity retarded the exchange
between solvent and non-solvent in the phase inversion
process, which led to a thicker and denser membrane
structure.
The surface and cross-sectional morphologies of the

membranes with different GO QDs loadings are shown in
Fig. 4. The surfaces are flat with uniformly distributed
nano-sized pores. QDs-0.1 and QDs-0.3 membranes have
similar surface morphologies as pristine PSF membranes,
with a slightly increased pore density. For QDs-0.5
membranes, the number of pores on the surface decreases
significantly. Fig. 4b, d, f, h show that all the membranes
have a typical asymmetric structure with a thin selective
layer on a finger-like porous sub-layer. The dense selec-
tive layer plays the active role for separation and the
porous sub-layer functions as a mechanical support. The
membrane formation process was not altered by the ad-
dition of GO QDs. However, there is an obvious change
in the microstructure of the sub-layer. For QDs-0.1 and
QDs-0.3 membranes, the finger-like micro-voids are
wider comparing with those of the pristine PSF mem-
branes, which can be ascribed to the increased speed of
mass transfer between NMP and water in the phase in-
version process. The thermodynamic instability of the
casting solutions was enhanced with the presence of GO
QDs, which favored the phase inversion process. The
instability of the system led to quicker mixing of the two
liquid phases and larger pore channels in the membranes.
This is expected to benefit the membrane water perme-
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ability. For QDs-0.5 membranes, the selective layer be-
came denser and the finger-like micro-voids were nar-
rower, which was confirmed by the higher magnification
cross-sectional SEM images (Fig. S1). This can be ex-

plained by the increased viscosity of the casting solution,
which hindered the mixing of NMP and water in the
reaction process. When adding a small amount of GO
QDs (0.1 wt.% and 0.3 wt.%) into the casting solutions,

Figure 3 (a) Variation of viscosities of the casting solutions with different GO QDs loadings with shear rate. (b) Comparison of the viscosities of
casting solutions with increasing GO QDs loadings.

Figure 2 Characterizations of GO QDs. (a) TEM images and elemental mappings; (b) XPS survey and high-resolution C 1s spectra.
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thermodynamic enhancement played the dominant role
in affecting the membrane pore structure. With further

increase of the percentage of GO QDs (0.5 wt.%), kinetic
hindrance became the primary influential factor.
The surface roughness is an important factor affecting

the membrane fouling resistance. Foulants tended to
adsorb and accumulate in the valleys of rougher mem-
brane surfaces, leading to a significant flux decrease. AFM
images of the membrane surfaces (scanning area: 20 μm
×20 μm) are shown in Fig. 5. The surface of pristine PSF
membranes is flat with a small Ra value, which agrees with
the SEM surface characterizations. Introduction of GO
QDs has no obvious influences on the surface roughness.
The overall porosity of the membranes was increased

when smaller amounts of GO QDs (0.1 wt.% and 0.3 wt.%)
were added, while decreased when 0.5 wt.% GO QDs were
added, as displayed in Fig. 6a. The porosity of QDs-0.3
membranes is 85.9% while that of the pristine PSF
membranes is only 55.7%. A small amount of hydrophilic
GO QDs increased the mutual diffusion between NMP
and water in the phase inversion process, leading to a
more porous structure of the modified membranes. The
decrease in membrane porosity is attributed to the sig-
nificant increase in the viscosity of the casting solution.
Membrane surface hydrophilicity played a major role in
affecting the permeability and fouling behavior. The wa-
ter layer formed on a hydrophilic membrane surface
helped reduce the adsorption and accumulation of fou-
lants, leading to better membrane antifouling perfor-
mance. Static water contact angles of membrane surfaces
were measured to characterize their hydrophilicity, as

Figure 4 Surface and cross-sectional SEM images of the membranes: (a,
b) PSF, (c, d) QDs-0.1, (e, f) QDs-0.3, and (g, h) QDs-0.5.

Figure 5 Three dimensional surface AFM images of the membranes: (a) PSF, (b) QDs-0.1, (c) QDs-0.3, and (d) QDs-0.5.
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shown in Fig. 6b. The pristine PSF membranes were in-
herently hydrophobic with a contact angle of 72.1°. As the
content of GO QDs was increased from 0 to 0.5 wt.%, the
hydrophilicity of the modified membrane was sig-
nificantly improved. In the phase inversion process, GO
QDs migrated to the membrane surfaces and pore walls
spontaneously, leading to the increased membrane hy-
drophilicity. Comparing with GO sheets, the better dis-
persion of small sized GO QDs increased the amount of
functional groups on the membrane surface.

Permeability and separation performance
The effects of GO QDs incorporation on membrane
permeability and separation performance were in-
vestigated and the results are shown in Fig. 7. As can be
seen from Fig. 7a, the pure water flux of pristine PSF
membranes was 82.52 LMH bar−1. The addition of GO
QDs into PSF matrix led to a significant increase in
membrane permeability, 108.69 LMH bar–1 for QDs-0.1
and 130.54 LMH bar−1 for QDs-0.3 membranes. When the
loading of GO QDs was further increased to 0.5 wt.%, the
permeability witnessed a decrease to 85.79 LMH bar–1.
The overall trend can be explained by the changes in
membrane hydrophilicity and pore structure. The im-

proved hydrophilicity helped attract more water mole-
cules and facilitated their transport through the
membranes. A more porous structure decreased the re-
sistance to water transportation through creation of more
space for water to flow. Comparing with pristine PSF,
QDs-0.1 and QDs-0.3 membranes are more hydrophilic
and porous, which accounts for the increased membrane
permeability. However, a denser structure was formed for
QDs-0.5 membranes, leading to the decrease in perme-
ability.
The membrane flux of BSA solution showed a similar

trend as pure water. It increased from 43.66 to
83.85 LMH bar–1 when the loading of GO QDs was in-
creased from 0 to 0.3 wt.%. A higher loading of 0.5 wt.%
led to a decrease in BSA flux to 56.86 LMH bar−1. As
shown in Fig. 7b, the rejection for BSA of pristine PSF
was 100% and well maintained when GO QDs were in-
corporated. It is generally accepted that the rejection
mechanism of UF membranes is sieving, which depends
on the relative sizes of membrane pores and target so-
lutes. The pore size was almost unchanged after in-
corporating GO QDs, which was confirmed by SEM
characterizations. Furthermore, the strongly bound water
molecules on the hydrophilic membrane surfaces helped

Figure 6 (a) Porosities and (b) water contact angles of the membranes with different GO QDs loading amounts.

Figure 7 (a) Pure water flux of the membranes with different GO QDs loadings. (b) Membrane water flux in BSA solutions and their rejection
performance. The tests were carried out in 500 ppm BSA solution in PBS under 0.1 MPa.
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to prevent BSA from passing through the membranes.

Antifouling performance of the membranes
Fouling is an important limiting factor for UF mem-
branes in practical applications, and leads to the decline
of flux with time and the increase in operation costs.
Proteins are often recognized as typical pollutants owing
to their complex structure as well as their common ex-
istence in water. They frequently block membrane pores
and adsorb onto membrane surfaces, leading to the in-
crease in water transport resistance of the membranes.
The antifouling performance of the prepared membranes
was investigated in BSA aqueous solutions. Before mea-
surements, all the membranes were pre-compacted under
0.2 MPa for 120 min to ensure that the flux decline was
only caused by fouling. Membrane water flux as a func-
tion of time is displayed in Fig. 8a. There was a sharp
decrease in water flux when the feed was switched from
DI water to BSA solution for all the tested membranes. It
can be seen from Fig. 8b that pristine PSF membranes
experienced the most severe flux loss, up to 52.6%. The
GO QDs incorporated membranes showed less water flux
loss, indicating that they have better resistance to protein
fouling. The pure water flux of all membranes could not
be restored to the initial value by hydraulic cleaning, due
to the difficulty of removing BSA molecules that strongly

attached to the membrane surfaces and pore walls.
However, the restoration rate of water flux was higher for
GO QDs incorporated membranes, suggesting that the
affinity of BSA molecules on pristine PSF was stronger,
since they are both hydrophobic.
FRR is an important parameter when evaluating the

antifouling performance of membranes. As seen from
Fig. 8c, FRR of the membranes increased from 54.5% to
89.7% when the GO QDs loading was increased from 0 to
0.5 wt.%. BSA molecules are loosely attached to the
membrane surfaces thus they can be removed by hy-
draulic washing. The improved antifouling performance
of GO QDs modified membranes can be further de-
monstrated by Rtotal, Rr and Rir of the membranes
(Fig. 8d). Water flux decline caused by proteins is what
we call the reversible fouling (Rr). Irreversible fouling (Rir)
results from the proteins that strongly attached to
membrane surfaces or entered membrane pores. Pristine
PSF membranes showed the highest Rir of 33.3% due to
the strong hydrophobic interactions between the mem-
brane surface and BSA molecules. Rir of the GO QDs
modified membranes decreased significantly (21.2%,
15.1% and 10.3% for QDs-0.1, QDs-0.3 and QDs-0.5
membranes). The improved antifouling performance was
attributed to the decreased affinity between BSA mole-
cules and membrane surfaces.

Figure 8 (a) Time-dependent water flux of the membranes with different GO QDs loadings. To make it clearer, the normalized membrane flux versus
time is shown in (b). (c) Flux recovery ratio of the membranes. (d) Fouling resistance of the membranes.
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Static BSA adsorption measurements
The cake layer formation governs the fouling process of
UF membranes. The protein adsorption on the mem-
brane surface is a direct and effective evidence to evaluate
the antifouling performance. Static fluorescent BSA ad-
sorption tests were conducted to investigate the effects of
GO QDs incorporation on the protein adsorption
amount. The membranes were immersed in fluorescent
BSA solution with a concentration of 4 mg L–1 for 24 h
and then photographed by CLSM (Fig. 9). As can be seen
from Fig. 9a, BSA molecules tended to adsorb on the
hydrophobic surface of pristine PSF membranes (bright
green areas). Incorporating 0.1 wt.% GO QDs brought
about a sharp decrease in the adsorption amount of BSA
molecules on the modified membrane surfaces. When
further increasing the loading of GO QDs, the amount of
BSA adsorption continued to decrease but at a slower
rate. This trend was the same as that of the membrane
hydrophilicity. An aqueous layer was formed on the
modified surfaces, which prevented the BSA molecules
from contacting the membranes. As a result, the modified

membranes with GO QDs had better ability to resist BSA
adsorption comparing with pristine PSF membranes. The
larger the amount of BSA adsorption is, the more severe
the flux decline in the fouling process is, which was ob-
served in the fouling measurements.

CONCLUSIONS
GO QDs, a novel kind of hydrophilic nanofiller, were
incorporated into PSF UF membrane matrix during the
phase inversion process to prepare nanocomposite
membranes. The obtained membranes exhibited en-
hanced hydrophilicity, porosity, permeability and fouling
resistance with a proper amount of GO QDs added. The
enhanced membrane hydrophilicity was attributed to the
rich functional groups of GO QDs that were exposed on
the membrane surfaces and pore walls. The thermo-
dynamic instability of the casting solutions caused by the
incorporation of GO QDs accelerated the mass transfer
between NMP and water during the phase inversion
process, resulting in a more porous structure. The im-
proved membrane hydrophilicity helped attract more

Figure 9 CLSM images of the membrane surfaces after static adsorption of FITC-BSA: (a) PSF, (b) QDs-0.1, (c) QDs-0.3, and (d) QDs-0.5.
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water molecules and the porous structure facilitated their
transport through the membranes, leading to an in-
creased membrane permeability. The improved mem-
brane hydrophilicity benefited its fouling resistance in
two ways. Firstly, the hydration layer formed on the na-
nocomposite membrane surface prevented foulants from
contacting the membranes directly. Secondly, the affinity
between foulants and the hydrophilic membrane surfaces
were reduced so that they could be easily removed by
hydraulic cleaning. The results demonstrated that using
GO QDs as nanofillers is an efficient way to prepare
advanced UF membranes for water treatment.
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氧化石墨烯量子点改性聚砜超滤膜及其亲水性、
水通量和抗污染性能研究
赵国珂, 胡蕊蕊, 李晶, 朱宏伟*

摘要 氧化石墨烯(GO)是一种有效的对高分子膜进行添加改性的亲
水性纳米材料, 氧化石墨烯量子点(GO QDs)在保持GO结构的同时,
其小尺寸所致的边缘效应, 使其具有更加丰富的含氧官能团. 本文采
用相转化法制备了GO QDs改性的聚砜超滤膜, 合适添加量的GO
QDs提高了复合膜的孔隙率和亲水性. 当GO QDs添加量为0.3 wt.%
时, 复合膜的水通量提高了60%(130.54 vs. 82.52 LMH bar−1), 并实
现了对牛血清白蛋白分子的完全截留. 在抗污染测试中, GO QDs
添加量为0.5 wt.%的复合膜具有最高的通量回复率(89.7%)和最低
的不可逆污染率(10.3%). 该研究表明GO QDs作为添加改性材料,
可有效提高聚砜超滤膜的亲水性、水通量和抗污染性能.
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