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Reduced graphene oxide nanofiltration membrane intercalated by
well-dispersed carbon nanotubes for drinking water purification

Xianfu Chen, Minghui Qiu, Hao Ding, Kaiyun Fu and Yiqun Fan*

In this study, we report a promising rGO-CNTs hybrid nanofiltration (NF) membrane that was fabricated by loading reduced
graphene oxide that were intercalated with carbon nanotubes (rGO-CNTs) onto an anodic aluminum oxide (AAO)
microfiltration membrane via a facile vacuum-assisted filtration process. To create this NF membrane, CNTs were first
dispersed using block copolymers (BCPs); the effects of the types and contents of BCPs used on the dispersion of CNTs have
been investigated. The as-prepared rGO-CNTs hybrid NF membranes were then used for drinking water purification to retain
the nanoparticles, dyes, protein, organophosphate, sugars, and particularly humic acid. Experimentally, it is shown that the
rGO-CNTs hybrid NF membranes have a high retention efficiency, good permeability and good anti-fouling properties. The
retention was above 97.3% even for methyl orange (327 Da); for other objects, the retention was above 99%. The
membrane’s permeability was found to be as high as 20-30 L-m>-h-bar. Based on these results, we can conclude that i)
the use of BCPs as a surfactant can enhance steric repulsion and thus disperse CNTs effectively; ii) placing well-dispersed 1D
CNTs within 2D graphene sheets allows an uniform network to form, which can provide many mass transfer channels
through the continuous 3D nanostructure, resulting in a high permeability and separation performance of the rGO-CNTs

hybrid NF membranes.

Introduction

Water crises represent the highest impact of all risks, even
above those of weapons of mass destruction, interstate conflict
and the spread of infectious diseases (pandemics), as reported
in the 2015 Global Risks Report from the World Economic
Forum.! Membranes have been used widely in water treatment
and purification due to their low-cost, high-efficiency and
environmentally friendly characteristics. Nanofiltration (NF),
which ranges between ultrafiltration (UF) and reverse osmosis
(RO), is a type of pressure-driven membrane process that is
used to selectively separate solutes with molecular weights
ranging from 200 to 1000 Da from a solvent-solute mixture.?
This method is generally more effective at separating small
molecular substances than UF and can produce high-quality
drinking water at much lower capital and operating costs
compared to RO.3 4 Particularly, NF has excellent characteristics
in selectively removing ions due to several exclusion forces that
exist at the interfaces between the NF material and the solution,
including steric exclusion, Donnan equilibrium and potentially
dielectric exclusion.>8 This advantage of NF allow it to hold
specific ions that are beneficial to the human body, while
removing harmful materials such as fluoride, arsenic and other
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hazardous ions.?>l For these reasons, NF has attracted
extensive attention towards the treatment of drinking water
using NF membranes in recent years.? 1214

Both organic and inorganic NF membranes can be fabricated
and applied to drinking water purification and wastewater
treatment. A promising membrane should provide high flux and
selectivity, improved stability, and superior resistance to acid-
base and special solvents.1> Additionally, this membrane should
offer both an initially high permeation flux and a high resistance
to fouling during operation. Currently, extensive studies have
been focused on the fabrication of high performance
membranes with isoporous structure,1¢ fast water channels,?
hydrophilic surfaces!8 and other special properties!® to increase
permeability and anti-fouling.

As a new type of 2D nano materials, graphene and its
derivatives have been commonly used in the fabrication of
effective separation membranes due to their chemical and
mechanical stability, structural flexibility and, most importantly,
single-atom thickness.29-26 |n recent years, many theoretical and
experimental studies have shown that graphene-based
materials could be applied to produce a highly selective and
permeable separation membrane with higher performance in
water purification than state-of-the-art polymer-based or even
inorganic filtration membranes.27-29

However, due to the narrow interlayer spacing (< 0.8 nm),
most graphene-based membranes with high permeation flux
were obtained by reducing their thickness as much as possible
(< 50 nm). Remarkably, tuning the interlayer spacing of
graphene-based materials with nano-sized materials has
become an alternative solution to improving the permeability
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of these filters. These nano-sized materials could be small
organic molecules,3°-32 inorganic nano particles,33 34 or nano
tubes/fibers.21 3537 Among them, carbon nanotubes (CNTs) are
the most promising due to their extraordinary mechanical,
electrical, thermal, optical, chemical properties and, most
importantly, their compatibility with graphene-based
materials.3® Unfortunately, the poor dispersion and stabilization
of CNTs in solvent media, particularly in water, markedly limit
their applications. To address this issue, many studies have
attempted to develop effective dispersing agents for CNTs.39-43
Among the available dispersing agents, block copolymers (BCPs)
show good potential for the dispersion of CNTs, particularly in
water.#0-43 However, few studies in the literature have
investigated the effect of CNTs dispersion on the properties of
graphene-based membranes that have been intercalated by
CNTs.

In this study, we create rGO-CNTs hybrid NF membranes
with high permeability by adjusting their interlayer spacings
with CNTs. We systematically study CNTs dispersion in water
using commercially available BCPs as the dispersing agent and
the performance of graphene NF membranes for water
purification in terms of the permeability and the retention for
nanoparticles, proteins, dyes, sugars, and, particularly humic
acid.

Experimental
2.1. Dispersion of CNTs.

A total of 2 mg of multi-walled carbon nanotubes (CNTs) were
added to 100 mL of block copolymers (BCPs) in water with an
arranged weight percent. Then, a small amount of alcohol was
added. The BCPs-CNTs suspension was then subjected to horn
sonication at 500 W in an ice bath for 10 min to disperse the
CNTs completely and then form a series of stable composite
dispersions. All chemicals were purchased from Sigma-Aldrich
and used as received.

2.2. Preparation of rGO dispersions.

The procedure of the GO chemical reduction was similar to that
described in the literature,** and the details are described
below. In the beginning, 1.4 mmol of L-ascorbic acid (a form of
vitamin) was added to 25 mL GO dispersion (0.02 mg/mL). Then,
20 plL of ammonia solution (25 wt.%) was added to adjust the
pH of the mixture. The mixture was then vigorously shaken for
several times and then stirred at 95 °C for 30 min. The mixture
was then cooled to room temperature to obtain the reduced GO
(rGO) dispersion. All chemicals were purchased from Sigma-
Aldrich and used as received.

2.3. Preparation of CNTs intercalated graphene membranes.

The as-prepared CNTs dispersion (0.02 mg-mL1) and rGO
dispersion (0.02 mg-mL) were mixed at a ratio of 1:2 by volume
to form a rGO-CNTs “solution” using sonication for 10 min at
500 W ice bath. Anodic aluminum oxide (AAO)
macroporous membranes with an average pore size of 100 nm
and a thickness of 50 um from Whatman Ltd (Germany) were
used as substrates for rGO-CNTs hybrid membranes. rGO-CNTs
hybrid membranes were prepared on the enhanced AAO

in an
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substrates via a vacuum-assisted filter method at room
temperature. The pressure at vacuum side was controlled
below 100 Pa. The thickness of the membrane was controlled
by adjusting the volume of the added CNT-rGO dispersion. The
vacuum conditions were held constant for two additional hours
until no liquid could be observed on the surface of fresh
membrane to remove most of the water in the rGO-CNTs hybrid
membrane. The as-prepared fresh rGO-CNTs hybrid
membranes were dried at 70 °C for 12 h to remove the residual
water. The appearance of the obtained rGO-CNTs hybrid
membrane is shown in Fig. S1. Both the AAO disk and rGO-CNTs
hybrid membrane were so thin. We could easily distinguish the
characters behind them by naked eyes.

2.4. Characterization.

Fourier transform infrared (FTIR) spectra of GO/rGO were
measured using a Nicolet 8700 infrared microspectrometer
(Thermo, USA) in the range of 4000-1000 cm-1. Raman spectra
(LabRAM HR 800, Horiba, France) were recorded using an
excitation wavelength of 514 nm (2.41 eV). An X-ray
diffractometer (XRD) (Miniflex 600, Rigaku, Japan) was used to
measure the interlayer with focused monochromatized Cu-Ka
radiation at a wavelength of 1.5418 A operating in the 26 range
of 5-50° at a scan rate of 20°-min-1. The average d-spacing value
was calculated using Bragg's law from the X-ray scattering data.
The particle size distribution of the sample was characterized by
dynamic light scattering (DLS, Microtrac, Zetatrac, USA). FESEM
(S-4800, Hitachi, Japan), TEM (1011, JEOL, Japan) and AFM (XE-
100, Park, Korea) were wused to characterize the
microtopographies of the samples. The strength and scratch
resistance of the membranes were measured using a nano-
scratch tester (NanoTest, MML, England).

To understand the performance of the rGO-CNTs hybrid NF
membranes, the pure-water permeability and the retention of
Au nanoparticles (dm=2 nm), BSA, dyes, phoxim, sugars, humic
acid and ions were measured at room temperature in a dead-
end stirred cell filtration system (Millipore, Micron 8010, USA).
The retention of the rGO-CNTs hybrid membranes were
determined by measuring the concentrations of both the feed
and the permeate side, and were calculated using equation (1):

R(%)=(1-Co/C/)x100 (1)
where R is the retention of the membrane, C, is the
concentration of the permeate solution and G is the
concentration of the feed solution. The concentrations of Au
nanoparticles, BSA, dyes, and humic acids were identified by
UV-vis spectrophotometer (Thermo, Nanodrop 2000, USA). The
concentrations of phoxim and various sugars were identified by
an HPLC system (Agilent, 1100 Series, USA) and a GPC system
(Waters, 1515, USA), respectively. The concnetrations of ions
were tested by using inductively-coupled plasma spectrometer
(Bruker, Autoflex speed, Germany). Based on the retention
curve for various sugars, the molecular weight cut-off (MWCO)
of the NF membrane was obtained. The relationship between
the molecular stocks radius and molecular weight was
calculated using equation (2) 4>:

r=0.262x(M,,)°5-0.3, (2)

This journal is © The Royal Society of Chemistry 2016
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where r is the molecular stocks radius (A), and M, is the
molecular weight (Da).

3 Results and Discussion
3.1. Dispersion of CNTs.

The CNTs exhibited an average diameter of 6-10 nm and an
average length of 1-12 um. The CNTs tended to become
intertwined like balls of loose twine (Fig. S2a-b) due to their high
L/D ratio. As a result, the CNTs were not well dispersed in water
or ethanol even in the presence of general surfactants, such as
sodium dodecyl benzene sulfonate (SDBS). Even after a high
level of SDBS was added (i.e., mass ratio of SDBS: CNTs reached
as high as 10: 1), there were still many particles that could be
observed by naked eyes (Fig. S2c). Conversely, the CNTs are well
dispersed in the case of using block copolymers (BCPs) as a
dispersing agent, even with a small amount added.

The effect of BCP addition on the CNTs microstructures was
evaluated using TEM (Fig. S3). Without the BCPs, the CNTs
intertwine tightly, making it hard to distinguish them because
their outside walls are smooth. Conversely, with the addition of
BCPs, the boundary of the CNTs’ outside walls begun to blur,
while the intertwining effect between the CNTs weakened due
to the steric inhibition of BCPs.

The Pluronic® types are block copolymers based on ethylene
oxide and propylene oxide. Two commercially available linear
PEO-PPO-PEO triblock copolymers of the Pluronic® series, F127
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Fig. 1 (a) Effect of the amount of BCPs added on CNTs dispersion. (b) Proposed
mechanism of BCPs on CNTs dispersion, and the difference between P123 and
F127.
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Fig. 2 (a) Effects of the amount of F127 added on CNTs dispersion at various
concentrations. (b) Effect of ethanol content on CNTs dispersion.

and P123 in the dispersion of the CNTs were used and were
evaluated via Uv-vis absorption analysis at a wavelength of 350
nm, respectively.*!- 46 Fig. 1a, F127 shows an enhanced capacity
for the dispersion of CNTs. At the mass ratio m(BCPs): m(CNTs)
of 0.8, the concentration of the dispersed CNTs in the dispersion
is approximately 0.19 mg-mL1, which is near the initial amount
(0.2 mg-mL1) of CNTs added, when using F127 as the dispersing
agent. Conversely, the dispersed CNTs concentration in the
dispersion when using P123 was only approximately 0.14
mg-mL-1.

The particle size distribution of CNTs was characterized as
DLS. As shown in Fig. S4, the CNTs dispersed by F127 show a
narrow unimodal distribution with an average particle size of
approximately 150 nm, while that dispersed by P123 show a
wider particle size distribution. Note that the particle size
distribution determined by DLS in this study and below are a
qualitative analysis rather than a quantitative analysis due to
the nature of the CNTs’ 1D structure.

It has been well demonstrated that PEO-PPO-PEO triblock
copolymers significantly inhibit nanotube aggregation primarily
via steric repulsion. When mixing with CNTs, the PO groups
anchor the sidewall of the CNTs, while the EO groups extend
into the water to create steric repulsion.® A possible
mechanism for CNTs dispersion by BCPs and the behavioral
difference between P123 and F127 are shown in Fig. 1b. F127
shows a longer PEO block (2X 106 EO units) than P123 (2 X 20
EO units), indicating that F127 is more hydrophilic than P123. 47
48 Thus, the use of F127 can produce a relatively thicker
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Fig. 3 Schematic illustration of the proposed reaction pathway of GO by L-AA.

hydration shell, leading to an enhanced steric repulsion. As a
result, F127 exhibits a higher capacity to disperse CNTs than
P123. Therefore, it was selected as the dispersing agent in the
following studies.

The effects of the F127 content on the dispersion of CNTs at
various concentrations are shown in Fig. 2a. Both the
absorbance and the dispersed CNTs concentration first increase
and then approach a maximum as F127 content increases. In
addition, critical F127 contents for the well-dispersed CNTs at
various concentrations from 0.02 to 0.2 mg-mL? are shown.
The critical amount of the dispersant is shown to increase with
the initial amount of CNTs added. As a result, the initial CNTs
content should not be too high (< 0.1 mg-mL) to reduce the
required surfactant content.

The particle size distribution of the fresh CNTs dispersant
when the initial CNTs content is 0.02 mg-mL?, which
corresponds to the critical F127 ratio of 0.1, shows a narrow
unimodal distribution with an average particle size of

Nanoscale

approximately 150 nm. Conversely, the dispersion shows a wide
particle size distribution, which can be attributed to a marginal
aggregation of CNTs due to the two-week storage duration this
sample experienced. To re-disperse the CNTs agglomeration,
we performed an ultrasonic treatment again. The particle size
distribution of re-dispersed CNTs was found to be nearly
identical to that of the fresh sample (Fig. S5a). Therefore, it is
suggested that fresh F127 be used or that the mixture is
retreated using ultrasound to obtain good dispersion
performance. Additionally, the particle size distribution after
CNTs dispersion with F127 after two weeks of storage without
ultrasound retreatment at different F127 contents is shown in
Fig S4b. The dispersion shows a wide particle size distribution
when the mass ratio m(F127): m(CNTs) is below 0.4 and a good
unimodal distribution when that ratio is higher than 0.4.

To further increase the CNTs dispersion and reduce the F127
content, ethanol was applied as a second solvent during CNTs
dispersion. As shown in Fig. 2b, the alcohol content reduced the
amount of F127 to half of the critical value in pure water. The
mass ratios m(F127): m(CNTs) were 0.05 and 0.1 for CNTs
dispersion with the total amounts added equal to 0.02 and 0.05
mg-mL1, respectively; the addition of ethanol could thus
promote CNTs dispersion, and ethanol is a good solution to
reduce F127 content, which could provide better solvent
conditions for F127.4° As a result, the entropic repulsion among
the tethered chains generates a free energy barrier to prevent
CNTs from approaching the attractive part of intertube
potential.*¢ When the ethanol content was 5-10 wt.%, the CNTs
were well dispersed with a lower amount of F127, of which the
dispersed concentration was near the initial amount that was
added. However, a large amount of CNTs did not disperse well
even at higher ethanol contents (e.g., 20%). The above results
indicate that the effect of the addition of F127 on CNTs
dispersion is strong, but that of the ethanol is small. Therefore,
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Fig. 4 FESEM images of rGO-CNTs hybrid NF membranes. (a,b) poor dispersion; (c,d) well dispersion. (e,f) TEM images of rGO-CNTs hybrid NF membrane.
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Table 1 Effect of CNT dispersion on the permeability and retention properties of
rGO-CNTs membranes

Poor dispersion Well dispersion

Sample Mw/Da

J/Lm2hlbar! R/% J/Lm2hlbar! R/%
Pure water 18 66.5 315
Direct Red 80 1373 52.3 48.1 26.4 >99
Chlorazol Fast Pink 991 55.6 48.3 27.7 >99
Chlorazol Black 782 58.2 46.2 26.1 >99
Titan Yellow 696 57.6 44.4 25.9 >99
Methyl Orange 327 61.2 27.5 29.1 97.3

the initial CNTs content was choosed as 0.02 mg-mL, the mass
ratio m(F127): m(CNTs) was optimised to 0.05, and the ethanol
content was controlled at 10 wt.% to obtain well-dispersed
CNTs in the following studies.

3.2. Chemically reduced GO

Graphene oxide was reduced with L-AA in a water bath. A
schematic illustration of the proposed reaction pathway 44 is
shown in Fig. 3. The C-O-C and -OH groups that existed on the
sheets of graphene oxide were reduced to C=C groups by L-AA,
and the L-AA was oxidized into D-AA. After reduction, the slurry
turned from brown to black in color due to the loss of oxygen-
containing functional groups. Additionally, the reduced GO
sheets dispersed well in water, which is likely caused by the fact
that the reducing agent L-AA could shell the edges of the
reduced GO sheets and prevent the aggregation of these sheets
from forming precipitates. An AFM image of reduced GO sheet
on mica is shown in Fig. S6. The reduced GO sheet, which had
an average size of approximately 2 um and is flattened on the
mica substrate, concurrently exhibits defect holes.

FTIR, XRD and Raman spectra of GO and reduced GO (rGO)
are shown in Fig. S7a-c, respectively. For GO, many hydrophilic
functional groups that have excellent water-absorbing
capacities were observed. Two peaks were observed near 3430
cm® and 1635 cm are known to refer to the -OH groups of
absorbed water in GO, while the peaks at 2930 cm-! and 2850
cm® refer to the -CH,- groups on the GO sheets. The peak at
1720 cm! can be attributed to the C=0 stretching vibrations of
carbonyl or conjugated carbonyl groups. The peaks at 1380 cm-
11264 cm™ and 1110 cm™ likely indicate the -OH groups of
carboxyl, C-O-C groups of epoxy ether, and C-O groups of alkoxy,
respectively. Conversely, the peaks of the -OH and C-O-C groups
nearly disappear with respect to the reduced GO. However,
there are still strong indications of the existence of C=0 groups
in the reduced GO sheets. Fig. S7b shows that the 2-theta
degree of the sharp peak with reference to the reduced GO is
larger than that of the GO; this is because the loss of functional
groups in the reduction process will decrease the d-spacing of
the graphene sheets. Based on the Bragg equation,>° the d-
spacings were calculated to be 0.521 nm and 0.885 nm for

This journal is © The Royal Society of Chemistry 2016
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components and proposed effect of CNTs on the structure of graphene
membrane (inset).

reduced GO and GO, respectively. From the Raman spectrum
(Fig. S7c), typical D and G bands could be found at
approximately 1355 and 1575 cm, respectively. The G band is
a doubly degenerate phonon mode at the Brillouin zone center,
which represents the sp2 carbon networks. Conversely, the D
band is a breathing mode of six-atom rings and requires the
existence of defects for activation. After chemical reduction, a
higher Raman D/G peak height ratio can be observed for the
reduced GO; this phenomenon is generally attributed to a
decrease in the average size of the sp2 domain.

3.3. Effects of CNTs on the graphene membranes.

Both well-dispersed and poorly dispersed CNTs were obtained
by adding and without adding BCPs, respectively, and were
applied to the fabrication of graphene membranes. The effect
of CNTs dispersion on the microstructure of the graphene
membranes is shown in Fig. 4. Prepared with poorly dispersed
CNTs, the surface of the composite graphene membrane is
shown to be non-uniform. Both strong and poor CNTs
enrichment regions are shown in Fig. 4a. Additionally, a slice of
the CNTs blocks exist in the surface of composite graphene
membrane (Fig. 4b), which may trigger strong defects.
Conversely, the membrane surface is flat and defect-free due to
the good CNTs dispersion, as shown in Fig. 4c, d. Well-dispersed
1D CNTs are buried in 2D graphene sheets and connect to form
a uniform network (Fig. 4e, f). Consequently, mass transfer
channels with continuous 3D nanostructure are created.

The effect of CNTs dispersion on the permeability and
retention properties of rGO-CNTs hybrid membranes are shown
in Table 1. The concentration of dyes was 50 ppm. The rGO-
CNTs hybrid NF membranes derived from poor dispersed CNTs
show larger fluxes and significantly worse retentions. However,
the rGO-CNTs hybrid NF membranes derived from well-
dispersed CNTs exhibit good retention performance for various
dyes. By comparison, the flux of poorly dispersed membranes
increased by nearly two-fold, and the rejection decreased by
approximately half during the separation process of dyes with
larger molecular weights, such as direct red 80, chlorazol fast
pink, chlorazol black and titan yellow. Conversely, the poorly

Nanoscale, 2016, 00, 1-3 | 5
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Table 2 Effect of membrane thickness on the permeability and retention
properties of rGO-CNTs hybrid membranes

Sample name GM80 GM160 GM240 GM320 GM400

Thickness d/nm 310 600 890 1100 1550
Pure water Jo/ L'm2-hlbar! 65 32 20 16 13
Direct Red 80 R/% >99 >99 >99 >99 >99
Chlorazol Fast Pink  R/% >99 >99 >99 >99 >99
Chlorazol Black R/% >99 >99 >99 >99 >99
Titan Yellow R/% 98.5 >99 >99 >99 >99
Methyl Orange R/% 90.2 973 97.8 98.1 98.2

dispersed membrane showed a lower retention for methyl
orange due to its lower molecular weight. These effects may be
due to the defects caused by the poor dispersion of the CNTs. It
has been reported that the defects have a significant impact on
the performance of NF.>! Additionally, after the test of pure
water flux, the rGO-CNTs hybrid membrane was dried at 70 °C
for 12 h to remove the residual water. Then, we measured the
mass release ratio during the test of pure water flux. It was
found that the hybrid membrane was stable and the mass
release ratio was almost 0%, which even couldn't be detected
by using one over ten-thousand analytical balance.

To further describe the effect of CNTs dispersion on the
performance of graphene membranes that containing some
concentration of BCPs, pure-water permeabilities were
measured for various membranes with different components.
All  membranes were prepared with a thickness of
approximately 600 nm. The pure-water permeability was found
to be low for graphene membranes without CNTs but increased
by nearly two orders of magnitude for those with CNTs (Fig. 5).
Conversely, the pure-water permeability was found to not be
strongly affected by the existence of BCPs in graphene
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Fig. 6 Effect of load on the membrane thickness.
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membranes without CNTSs. It can be inferred from these results
that the addition of CNTs is a key strategy to improve the pure-
water permeability of graphene membranes; this is likely
caused by the fact that water transfer channels in the graphene
membrane that were intercalated by well-dispersed carbon
nanotubes are larger and shorter than those in a pure
membrane. The effect of CNTs on the structure of the graphene
membrane is shown in the inset of Fig. 5. Based on Darcy's law,
a larger pore size and shorter pathway in this membrane
decrease the transport resistance and increase the flux.

Effect of CNTs loadings on the performance was also studied
(Table S1). All membranes were prepared with a thickness of
approximately 600 nm. The concentration of dyes was 50 ppm.
It could be found that increasing the nanochannels of the rGO-
CNTs membrane by increasing the CNTs loadings can further
improve the pure water permeability, but simultaneously give
rise to the sacrifice of retention property if the lamellar
structures of the hybrid membrane are destroyed by too many
CNTs. The rGO-CNTs hybrid membrane with an optimised mass
ratio m(rGO):m(CNTs) of 2:1 shown high permeability without
sacrificing their retention properties.

A scratch test was also performed to analyze the strength
and scratch resistance of the rGO-CNTs hybrid membrane (Fig.
S8). The membrane showed a shorter scratch mark than the GO
and rGO membranes; the bond between the AAO substrate and
the rGO-CNTs hybrid membrane layer was thus sufficiently
robust, mitigating any stripping phenomenon. Conversely, the
membrane layer peeled off at the same displacement for the
rGO membrane without CNTs, indicating the well-dispersed 1D
CNTs could enhance the strength and scratch resistance of
graphene membranes.

3.4. Effect of membrane thickness on the graphene membranes.

rGO-CNTs hybrid membranes with different thicknesses were
created by controlling the total loading amount of graphene and
CNTs. Fig. 6 shows that the membrane thickness increases
linearly as the total loading amount of graphene and CNTs
increase. Additionally, the top layer thickness was found to be

This journal is © The Royal Society of Chemistry 2016

Page 6 of 9



Page 7 of 9

(a ) 351 = 4100

o feT——— 3

& 30f

2
- 495

= 25 F =
oy V]
E 20p ‘5—'————@ 5 o) o
o {0 2
> 15F o
= —o— Permeability 2
o =
© 10 —[O~— Retention 5
b) 485

E s

o]

o

0 : ; . . lgg
1 10 100 1000
Humic acid concentration/ppm
(b) 35+ ey 4100

= f;“‘j-—-_q]/[:"—‘;‘/ =t

s 30f

<
- 495

= 25 2
o - @
Eal 0045 oo 5]
& 190 2
2 el
2 10}  —0o—Permeability R
193 —0O— Retention 185

E 5|

@

o

0 L 1 1 L 80
0 20 40 60 80 100

Water recovery/%

Fig. 8 (a) Effect of humic acid concentration in the feed on the performance of the
rGO-CNT NF membranes. (b) Performance of the rGO-CNTs NF membranes at
removing humic acid.

uniform, and the boundary of the top layer and the AAO
substrate is easily identified.

The effect of membrane thickness on the permeability and
retention properties of rGO-CNTs hybrid membranes are shown
in Table 2. The rGO-CNTs hybrid membranes with the total
loading amount of carbon materials from 80 to 400 mg-m=2 are
denoted as GM80, GM160, GM240, GM320 and GMA400,
respectively. The pure-water flux is shown to decrease as the
membrane thickness increases. All membranes with different
thicknesses show good retention properties for direct red 80,
chlorazol fast pink and chlorazol black. However, membrane
GMB80 exhibits the least retention for titan yellow and methyl
orange; this result was likely due this membrane’s thinner
membrane thickness, which may increase the prevalence of
defects in the membrane. For methyl orange, the retention is
shown to be lower than the other dyes, which implies that
methyl orange has a smaller molecular weight and size than the
other dyes tested in this study. Overall, the optimized
membrane thickness was selected to be 600 nm to obtain rGO-
CNTs hybrid membranes with both a high flux and strong
retention properties.

3.5. Performance of graphene NF membranes.

The as-prepared rGO-CNTs hybrid NF membranes (GM160)
were used for drinking water purification. The average
roughness of rGO-CNTs hybrid NF membrane was about 25 nm.
It suggested that the surface of hybrid NF membrane was

This journal is © The Royal Society of Chemistry 2016
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smooth. The water contact angle of this hybrid NF membrane
was about 40 Qwhich indicated the surface was hydrophilic. In
addition to the dyes, the retentions of several modeled
pollutants, such as small organic matters, nanoparticles,
proteins and pesticides, in drinking water were also investigated.

Fulvic acid, which is a type of humic acid, is a primary organic
pollute in water and a major contributor to fouling of
membranes, particularly the organic polymeric membranes. 52
However, the removal of fulvic acid is difficult even via UF
membranes due to their low molecular weight (550+10 Da).53
Conversely, the rGO-CNTs hybrid NF membranes exhibit high
performances with regard to the rejection of fulvic acid (Fig. 7).
The feed is shown to be yellow in color, but the permeate is
clear and transparent. When the fulvic acid in the feed was
increased in concentration by 10 times, the solution turned dark
brown in color. These results clearly indicate that the humic acid
has been nearly completely rejected by the rGO-CNTs hybrid NF
membranes. Additionally, the comparison of the AAO substrate,
the rGO-CNTs hybrid NF membrane and the CNTs membrane
with regard to permeability and retention performance is
shown in Fig. S9. The AAO substrate shows a high permeability
of approximately 3800 and 2000 L-m-2-h-1-bar? for pure water
and humic acid solution, respectively, and a low retention for
humic acid. These results suggest that the retention properties
for humic acid can be attributed to the graphene-based top
layer; the AAO substrate simply acts as the support for the rGO-
CNTs hybrid membrane and does not contribute to the rejection
properties of the membrane. In addition, CNTs memrbane
prepared from well-dispersed CNTs also shows a high
permeability of approximately 1950 and 1100 L-m-2-h-1-bar- for
pure water and humic acid solution, respectively, and a low
retention for humic acid. It indicates that the pure CNTs
membrane has a larger pore size, which is out of the range of
NF.

The effect of the humic acid concentration in the feed on the
separation and retention properties for rGO-CNTs NF
membranes is shown in Fig. 8a. The retention and permeability
of the graphene NF membrane remain at stable and high levels
as the humic acid concentration in the feed increases, indicating

102 | Retention i
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Fig. 9 Performance of rGO-CNTs NF membranes for the retention of Au
nanoparticles, BSA and phoxim.
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that the rGO-CNTs NF membranes can effectively adapt to such
conditions without sacrificing their high performance.

Additionally, the continuous concentration process for
humic acid with an initial concentration of 50 ppm was
investigated. The effect of the water recovery ratio on the
performance of the rGO-CNTs NF membrane is shown in Fig. 8b.
As the water recovery ratio increased from 0% to 90%, both the
permeability and retention remained relatively unchanged. The
effect of the concentration rate on the humic acid
concentration in the feed was also investigated (Fig. S10); the
humic acid concentration in the feed is shown to relate linearly
with the concentration rate. Additionally, nearly all of the
rejected humic acid remained in the feed solution rather than
being adsorbed onto the membrane surface. There is thus clear
evidence that rGO-CNTs NF membranes exhibit good resistance
to the fouling of humic acid in water. It might be due to the
smooth and hydrophilic membrane surface.

This continuous concentration process was repeated nine
additional times. After each cycle, the NF membrane was
washed with pure water until its permeability for pure water
reached that of its new level (i.e., 30+1 L-m2-h-1-bar). Fig. S11
shows that the graphene NF membrane exhibits stable
performance for the retention of humic acid,
permeability and retention properties remain strong and stable.

and its

Au nanoparticles, BSA and phoxim were chosen as the
modeled nanoparticles, protein and pesticide in drinking water,
respectively. As shown in Fig. 9, the NF membrane shows good
retention and high flux for Au nanoparticles, BSA and phoxim;
the retention for Au nanoparticles, BSA and phoxim are as high
as 99.2%, 99.5% and 99.8%, respectively. Additionally, the
permeability of Au nanoparticles, BSA and phoxim increased up
to 22-30 L'-m2-hl-bar?, which are markedly larger than those
in the
literature.3% 54 The retention properties for sugars were also

for graphene NF membranes that are reported

investigated and are shown Fig. S12. The retention curve was
also calculated and is shown in Fig. 10; the retention is shown
to increase as the molecular weight of the sugar increases. The
MWCO was calculated to be equal to approximately 1 kDa,
which corresponds to a stocks radius of approximately 0.8 nm.
These high permeabilities and strong separation properties can

8 |Nanoscale, 2016, 00, 1-3

likely be attributed to the 3D mass transfer channels of
graphene NF membrane that are constructed by combining the
well-dispersed 1D carbon nanotubes and the single-atom-thick
2D graphene sheets.

The hybrid NF membranes were also applied to separate
ions from drinking water. The retentions of hybrid NF
membrane to four kinds of salt Na,SO4, NaCl, MgS0, and MgCl,
were tested at the concentration of 0.005 M under a pressure
of 3 bar. The permeabilities of different salt solutions were
similar and were as high as about 28 L-m=2-h'l-barl. A high
rejection of Na,SO4 was achieve at about 84%. As shown in Fig.
S13, retention of the divalent anion (SO4%") was higher than
those of the monovalent anion (ClI-). It could be explained by
Donnan effect, which is usually applied to explain the retention
mechanism for charged NF membranes.>* Such behaviour is
typical for negatively charged NF membranes. In other words,
The rGO-CNTs hybrid NF membranes are negatively charged
due to the carboxylic groups at the edges and holes of rGO
sheets. Moreover, the presence of counter-ions, which could
bind part of the surface charge, may weaken the repulsive fore,
resulting in a higher retention for sodium salts (Na,SO4 and NaCl)
than magnesium salts (MgSO, and MgCl;). As a result, a
retention (R) sequence of different salt solutions was obtained
as R(Na;S04) > R(NaCl) > R(MgS0g4) > R(MgCly).

Conclusions

Graphene NF membranes that were intercalated with Carbon
nanotubes were fabricated on porous ceramic microfiltration
membranes using a facile vacuum-assisted filtration method.
CNTs were dispersed effectively using F127 as a surfactant. The
well-dispersed 1D carbon nanotubes were placed inside of 2D
graphene sheets to form an uniform network. The good CNTs
dispersion markedly effected the performance of the rGO-CNTs
hybrid NF membranes. The optimized rGO-CNTs hybrid NF
membranes were tested with drinking water treatment and
exhibited high performances in terms of their retention
efficiencies (i.e., primarily above 99%) and their permeabilities
(i.e., as high as 20-30 L-m2-hl-bar?) for the retention of
nanoparticles, dyes, BSA, sugars and particularly humic acid.
The results of this study thus demonstrate that rGO-CNTs hybrid
NF membranes are promising for drinking water purification.
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