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Low-pressure loose nanofiltration membranes were facilely fabricated by intercalating CNTs into graphene oxide
(GO) laminates supported by cellulose acetate (CA) ultrafiltration substrates. The CNTs could loosen the GO
laminar film and enlarge the interlayer spacing of GO laminates, thus reducing the resistance of water flux and
salt permeation. Crosslinking bonds between GO layers were generated to create hydro-stable size-sieving
channel necks of the tortuous pathway for selective molecular permeation. It was found that the GO composite
membrane with 80 wt% of CNT content and 0.5 mg of GO loading exhibited the optimal separation performance
in the application of textile wastewater treatment. It had the highest pure water permeability of 26.3
L-m~2h !-bar ! and almost complete rejection to dyes (e.g. 98.7% for Congo red, 94.1% for Methyl blue) as well
as the lowest rejections to salts (e.g. 3.1% for NaCl, 6.3% for NaySO4) under a low transmembrane pressure of
1.0 bar. This work provides a feasible approach for designing GO-based membrane with improved dye/salt

separation performance.

1. Introduction

Nowadays, synthetic dyes have been widely used in textile, printing,
cosmetics, plastic and rubber products, etc. [1]. In conventional syn-
thesis process, dyes are chemically produced followed by abundant by-
products of inorganic salts (typically NaCl, Na;SO4). For example, acid
blue 9 (a sulfonic acid substituted aromatic derivative, AB9) is initially
synthesized by the condensation reaction in acid condition (e.g. HCI)
and subsequently neutralized by NaOH. The added NaOH could react
with HCl and the sulfonic acid group of AB9, producing NaCl and
NaySO4 mixed in the dye product [2,3]. Furthermore, the inorganic salts
also stem from the dye purification by means of the salting-out method
[4]. However, the residual salts in the dyes deteriorate the dyeability
and stability of the dye products [5]. Therefore, it is in urgent need to
seek an outstanding desalting method for obtaining high-quality and
strong-stability dye suitable for practical applications.

There are several methods for dye desalination including oxidation,
adsorption, coagulation/flocculation, etc. [3]. Oxidation is an energy-

consuming method, limiting its wide application [3]. Adsorption is a
popular and effective method for the salt removal from dyes, but the
difficulty in the adsorbent regeneration or reactivation drastically
lowers its adsorption performance [6]. In spite of the advantages of
simple operation and low cost, the coagulation/flocculation method has
difficulty in decolorizing the soluble dyes [7]. Compared with the
traditional methods, membrane separation has received great attention
in the removal of salinity in organic solution or wastewater due to the
advantages of simple operation, high separation efficiency, and low
energy consumption [8].

Among the membrane technologies, nanofiltration (NF) has been
successfully applied to dye purification owing to the high rejection to
low-molecular-weight (100-1000 Da) organic molecules, low operation
pressure, relatively low operating and maintenance costs [9]. While the
dense selective layer of common commercial NF membranes simulta-
neously rejects dyes and divalent salts (e.g. NagSO4) [4,10]. This
intrinsic drawback inevitably lowers the quality of the dye products and
limits the application of NF membranes to dye purification. In this
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regard, a small change in the structure of the selective layer of NF
membrane is believed to improve the salt passage ability. Accordingly,
loose NF membranes are emerging as a promising remedy for the dye/
salts separation [11,12]. However, since most loose NF membranes are
polymer composite membranes, several intrinsic deficiencies including
weak chemical stability and poor antifouling ability limit their perfor-
mance [13,14].

Recently, there has been a growing interest in the design of novel
membranes based on ultrathin 2D materials such as GO [15,16], MoS,
[17,18], MXene [19,20] and COF [20,21] nanosheets. Among these 2D
materials, GO has gained increasing attention in membrane develop-
ment due to its ultrathin thickness, hydrophilicity, strong mechanical
strength, and good chemical stability [22]. Particularly, GO nanosheets
contain plenty of oxygen-rich functional groups (hydroxyl, carboxyl,
and epoxy groups) on the basal plane and at the lateral edges [23],
which provide possible reactive sites for modification. The inherent
properties of GO are more favored for membrane synthesis than pristine
graphene. The thickness of layer-by-layer GO film is easily adjusted by
depositing a different quantity of GO nanosheets [24], thereby conve-
niently tailoring the membrane performance [25]. The recently reported
GO composite membranes with compact laminar structure exhibit
excellent performance of high water permeance and rejection of dye and
ions [26,27]. That is, pristine GO membrane with the effective channel
size of 7.6 A is permeable to water (i.e. 2.6 f\) [28], but impermeable to
some hydrated divalent ions (e.g. Ca2+, Mg2+, and SO%’) and dyes [29].
In order to achieve excellent dye/salt separation, the GO laminar layer
needs to be further modified. Therefore, it is necessary to achieve a
relatively loose GO laminar structure for enhancing the permeance of
both water and ions and maintaining high rejection to dyes.

Doping nanoparticles is an effective method to obtain loose GO
laminar film [30]. The enlarged interlayer spacing between GO nano-
sheets could enhance the membrane permeance to both water and salts
[31]. Poly(sodium-p-styrenesulfonate) modified halloysite nanotubes
were doped into the GO laminates to increase the interlayer spacing to
8.8 A, thereby achieving a higher permeability of 8.8 L-m ™ 2.h™!.bar™*
and effective separation of dyes and salts (i.e. the rejections follow 4.7%
for MgSOy4, 4.7% for MgCl,, 6.8% for NaCl, and 14.3% for Na;SO4, up to
97.9% for Reactive Black 5) [32]. Besides, GO/COF-1 nanocomposite
membranes were synthesized by in-situ growth of COF-1 on GO surface,
and the interlayer spacing of GO laminates increased to 10.3 A [33]. The
composite membrane showed excellent water permeation of 31
L-m’z-h’l-bar’l, high retention of water-soluble dyes (>99%) and
low rejection to salts (<12%) [33]. Carbon nanotubes (CNTs) as an
intercalation nanomaterial could enlarge the interlayer spacing of GO
laminates. Zhang et al. [34] embedded oxidized CNTs (OCNTs) into the
GO laminates via layer-by-layer self-assembly technique, producing the
alternating sandwich structure of GO and OCNT. The intercalated
OCNTs not only effectively increase the interlayer spacing to 17.7 A, but
also provide a new way for water transport. As the OCNT content in-
creases from 0 to 80%, the zeta potential of the membrane varies from
—18.7 to —49.2 mV. The negatively charged oxygen-containing groups
of OCNT contribute to enhancing the Donnan effect of the membrane
surface, which has negative effect on the rejection to ions. For the pur-
pose of dye desalination, although the intercalation of OCNT into GO
layers could facilitate water permeation, the ions would be retained in
the feed side due to the enhanced Donnan effect of the introduced
oxygen-containing functional groups on OCNT.

In order to enhance the membrane permeability to water and ions,
we reported a novel strategy to expand the interlayer spacing of the GO
laminates by intercalating non-oxidized CNTs into the GO laminates,
which does not introduce the Donnan effect on ion permeation. The
strategy not only expands the interlayer spacing of the GO laminates, but
also permits free ion permeation through the GO laminates. Meanwhile,
the expanded GO laminates were crosslinked by diamine molecules to
create the size-sieving channel necks for selective molecular perme-
ation. In this work, a series of CNT@GO composite membranes were
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fabricated by a facile pressurized filtration method. Cellulose acetate
(CA) ultrafiltration membrane was selected as the support matrix due to
its fruitful oxygen-containing groups for crosslinking the deposited GO
laminates. With rational design, the layer-by-layer GO film intercalated
by CNTs was obtained as schemed in Fig. 1. The expanded interlayer
spacing could benefit the permeation of water and ions. Additionally,
the size-sieving mechanism was proved for the dye/salt separation of the
CNT@GO composite membranes.

2. Materials and methods
2.1. Materials

Natural graphite powder was purchased from Sinopharm Chemical
Reagent Co., Ltd. Concentrated sulfuric acid (HoSO4, 98 wt%) was ob-
tained from Beijing Chemical Works. Sodium nitrate (NaNO3), sodium
sulfate (Na3SO4), sodium chloride (NaCl), hydrogen peroxide (H2053),
Methyl blue (MB), Methylene blue (MB2) were provided by Tianjin
Damao Chemical Reagent Factory. Meta-xylylenediamine (MXDA),
Congo red (CR) and Fuchsin basic (FB) were obtained from Shanghai
Aladdin. Carbon nanotubes (CNTs, ~15 nm) were purchased from
Shenzhen Hongdachang Evolution Co., Ltd. Cellulose acetate film was
purchased from Shanghai Xingya Purification Materials Factory.
Deionized (DI) water was used in the experiment.

2.2. Preparation of CNT/GO dispersions

Modified Hummers method [35] was employed to synthesize GO
nanosheets, which was subsequently purified by centrifugation at 8000
rpm for several times and dried at a temperature of 40 °C for 24 h. The
prepared GO nanosheets were subjected to ultrasonication in DI water
for 30 min for preparing a homogenous GO dispersion. The obtained GO
dispersion was diluted to 0.02 mg/ml. Then 100 mg of MXDA serving as
the crosslinking agent was added into 100 ml of the dilute GO disper-
sion. Simultaneously, a certain amount of CNTs were ultrasonically
dispersed in DI water for 5 min under ice-water bath conditions. The
obtained CNT dispersion was diluted to 0.02 mg/ml.

2.3. Preparation of CNT/GO composite membrane

Under ice-water bath conditions, the as-prepared GO dispersion
(0.02 mg/ml) and CNT dispersion (0.02 mg/ml) were mixed with the
CNT/GO weight ratio of 20, 40, 60, 80, 100 and 120% under ice-water
bath conditions, producing the GO laminates with different CNT

~
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Fig. 1. The schematic structure of the CNT@GO composite membrane, in
which the GO flakes are crosslinked by diamine molecules denoted by red
solid lines.
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contents. The CNT/GO weight ratio is defined as CNT content. Each
CNT/GO mixture was ultrasonically mixed for 10 min, obtaining ho-
mogenous dispersion. CA ultrafiltration membrane with the average
pore size of 0.1 pm was used as the supporting substrate for depositing
the CNT@GO laminates. The CA substrate membrane has a circular
shape with a diameter of 100 mm. The obtained CNT/GO dispersion was
filtrated through the CA substrate via pressurized filtration method at
room temperature, taking several hours to achieve the CNT@GO lami-
nates. After the deposition, the CNT@GO laminates were crosslinked by
MXDA in oven at 80 °C for one hour, producing the crosslinked
CNT@GO (c-CNT@GO) membrane. Additionally, the composite mem-
brane with pure GO laminates was also fabricated as the control sample.
It was proved that the intercalated CNTs can effectively facilitate the
permeation of water and ions, and maintain high rejection to dyes.

2.4. Material and composite membrane characterization

The morphology of the GO nanosheets and c-CNT@GO laminates
was examined by a field emission scanning electron microscope (FESEM,
Nova Nano SEM 450 from FEI, USA) and a transmission electron mi-
croscope (TEM, Tecnai G? F30 from FEI, USA). The molecular and
crystal structures of the sample were characterized by Raman spec-
trometer (Raman, InVia from Renishaw, UK), Fourier transform infrared
spectrometer (FTIR, Nicolet iN10 MX & iS10 from ThermoFisher, USA),
X-ray photoelectron spectroscopy (XPS, ESCALABTM 250Xi from
ThermoFisher, USA) and X-ray diffractometer (XRD, XRD-7000S from
Shimadzu, Japan). The d-spacing of membrane laminates was calculated
by the Bragg equation as follows:

2d-sin@ = n-A (€9)

which d is the d-spacing of the composite membrane, 6 is the diffraction
angle, n indicates diffraction series is 1, 4 is assigned to 0.154056 nm
which represents the wave-length of the Cu X-ray beam.

2.5. Membrane filtration performance

The filtration performance of the c-CNT@GO composite membranes
were characterized by testing the pure water permeability and the re-
jections to salts and dyes. The membranes were tested in a dead-end
filtration cell with the effective membrane area of 10.17 cm?. Prior to
data sampling, each membrane was pressurized by DI water under 2.5
bar for 0.5 h to maintain a steady state. After that, the pressure was
reduced to the operating pressure of 2.0 bar, producing a trans-
membrane pressure difference of 1.0 bar. Then, the pure water perme-
ability P,, (L-m~2h~1.bar™!) was firstly measured at room temperature
according to the following equation:

14

T AALAP 2

P,
where V (L) is the volume of permeate water through the membrane, A
(m?) is the effective area of the membrane, At (h) means the permeation
time, AP (bar) is the trans-membrane pressure.

To obtain the rejection properties of the c-CNT@GO composite
membranes, the feed container was filled with aqueous solutions of dyes
or salts. The rejection ratio (R) was estimated using the following
equation:

R=(1-52) x 100% ®)
G

where C, and Cyare the solute concentrations in the permeation and feed
sides, respectively. The dye concentrations were determined by a
UV-Vis spectrophotometer (UV-1700PC from Macy, China). The ion
concentrations were determined by measuring the electrical As dis-
cussed above, the intercalation of CNTs conductivity of the aqueous
solutions with a conductivity meter (DDS-307A from INESA, China). The
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dye solutions for test were prepared with the concentration of 0.1 g/L.

3. Results and discussion

Fig. 2(a) inset shows the TEM image of the prepared GO flakes with
pleated, single-layered sheet-like structure. The oxygen-containing
groups of GO were verified by FTIR spectroscopy as shown in Fig. 2a,
the absorption peaks of C—O stretching (~1050 cm™'), C—0—C
stretching (~1270 cm’l), C=C stretching (~1623 crn’l), C=0
stretching (~1726 cm_l), and —OH stretching (~3300 em™) are
clearly observed in the pristine GO laminates, which are very consistent
with the previous reports. Raman spectroscopy was also adopted to
characterize the structure of the GO flakes. As shown in Fig. 2b, the
Raman spectrum of GO exhibits a G band at 1596 cm™! owing to the in-
plane vibration of sp? carbon atom in graphite structure [36]. It also
shows a D band at 1380 cm™!, which indicates the presence of local
defects/disorders in the GO powder such as vacancies, grain boundaries,
bond-angle disorder, bond-length disorder, etc. [37]. The analysis of
Raman spectrum shows the Ip/I ratio of 1.38. The high Ip/I; ratio is
associated with the formation of new sp> carbons in the graphite lattice
[38], which increases the local defects/disorders of the GO flakes. The
Raman spectrum confirms the fabrication of high oxidized GO flakes.

The chemical structure of CNT@GO and c-CNT@GO was further
characterized by FTIR. As shown in Fig. 3, a new absorption peak is
observed at a wavenumber of 1580 cm ! in the c-CNT@GO membrane,
corresponding to the stretching vibration of O—C—NH bonds [39]. This
implies the success of the crosslinking reaction between GO and MXDA.
Besides, the characteristic intensity of epoxy and carboxyl was notably
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Fig. 2. Structure characterization of GO powder. (a) FTIR spectra with the inset
of TEM spectra; (b) Representative Raman spectra.
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Fig. 3. FTIR spectra of CNT@GO and c-CNT@GO composite membranes.

reduced in the c-CNT@GO membrane, and new bands appear at the
wavenumbers of 2925 and 2852 cm™, corresponding to the —CHy—
symmetric and asymmetric stretching of diamine molecules [40]. It
further confirms the formation of the C—N covalent bonds via the
condensation reaction between the amine groups of MXDA and the
oxygen-containing groups of GO [41].

Fig. 4 shows the XPS analysis of the oxygen-containing functional
groups of the c-CNT@GO composite membrane. As shown in Fig. 4(a),
the Cls and O1s peaks were both observed in the pristine GO, CNT@GO
and c-CNT@GO membranes. The pristine GO membrane exhibits the O/
C ratio of 36%, while the CNT@GO membrane has a lower O/C ratio of

Separation and Purification Technology 256 (2021) 117839

34%. It confirms that the CNTs are intercalated into the GO laminates,
creating enlarged 3D nanochannels for enhancing its permeability to
water. Besides, a new peak at 285.7 eV is observed in the c-CNT@GO
membrane, corresponding to the C—N bonds formed by the crosslinking
reaction. It further confirms the success of the crosslinking reactions
between nearby GO nanosheets for enhancing the structural stability.
After the crosslinking treatment, the O/C ratio of the CNT-intercalated
GO laminates decreases from 34 to 29% due to the consumption of the
oxygen-containing functional groups on the GO sheets in the cross-
linking reactions with the diamine molecules [29]. Fig. 4(b)-(d) shows
the deconvolution of the XPS Cls spectra of the pristine GO, CNT@GO
and c-CNT@GO composite membranes. Four characteristic peaks are
shown at the binding energies of around 284.3, 286.3, 287.2 and 288.4
eV, corresponding to C—C/C—C, C—0/C—0—C, C=0 and O—C=0,
respectively. As shown in Fig. 4(c), the intensity of the C-O-C peak is
significantly reduced, while a new peak appears at 285.7 eV due to the
formation of C-N bonds.

We observed the surface and cross-sectional morphology of the
composite membrane by SEM. Fig. 5(a) and (b) show the pristine GO
laminates with layered structure. It is shown in Fig. 5(c), (d) that the
CNTs are well intercalated into the GO layers. The support of the
intercalated CNTs will help maintain wide channel for water conduc-
tion. As shown in Fig. 6, the XRD patterns of the c-CNT@GO laminates
reveal an intense feature diffraction peak at 26 = 9.4°, corresponding to
the interlayer spacing of 10.9 A based on Eq. (1). It is known that the
pristine GO laminates usually have the interlayer spacing in the range of
6-9 A [42,43]. Therefore, the intercalation of CNTs could effectively
increase the interlayer spacing of the GO laminates.

The performance of the c-CNT@GO composite membrane is shown
in Fig. 7. Comparing with the pristine GO laminates, the c-CNT@GO
membranes obviously exhibit lower rejection to salts of NapSO4 and
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Fig. 4. XPS spectra with (a) wide scan of different materials and narrow scan for C1s peaks of (b) GO flakes, (¢) CNT@GO and (d) c-CNT@GO composite membranes.
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Fig. 5. Typical FESEM images: (a, b) Top-view and cross-section of pristine GO composite membrane; (c, d) Top-view and cross-section of c-CNT@GO compos-

ite membrane.

Intensity / a.u.

2 1 L

5 10 15
20(degree)

Fig. 6. XRD patterns of the GO laminates of the c¢-CNT@GO compos-
ite membrane.

NaCl. As CNTs were intercalated into the GO laminates, the rejections of
NaySO4 and NaCl both decrease from ca. 20% to 6.3 and 3.1%, respec-
tively. Importantly, the crosslinking bonds between GO flakes could still
maintain the narrow channel necks (Fig. 1) for rejecting the dye mole-
cules. It is shown that the CNT intercalation has little impact on the dye
rejection. The rejection of CR could maintain above 95% under various
CNT contents. Thus the c-CNT@GO composite membranes have almost
complete rejection to dye under different CNT contents. As the dye
filtration tests evolve, the water permeance of the composite membranes
exhibit a decreasing tendency within the initial period and then main-
tain stable, which is mainly due to the dye adsorption on the membrane
surface. As CNTs are carbonaceous nanomaterials, the hydrophobic ef-
fects and n—n bonds endow CNTs with favorable adsorption capacity of
dyes [44]. The partially exposed CNTs on the membrane surface could
produce surface dye aggregation, blocking the nanoscale channels and

20
° ° ° o 2 ° ° cr 7'

16 80
A _
o
" <
o 12 ] é
a 4 60 <
o L ] =
< N\ °/ 8
5] 9 )

8 o— - ]
§ / 40 o
£ °
)
Q 4F o 420

\g - 77:‘7<\ o o——o—=0 NaSO,
B 9 ° —9 9 NaCl
0 T T T T T T T T T T T T T T T 0
0 20 40 60 80 100 120 140
CNT content (%)

Fig. 7. Performance of c-:CNT@GO membranes with different CNT contents.

thus reduce the water permeability. Therefore, future efforts should be
paid on weakening the surface adsorption capacity of dyes by improving
the chemical properties of the surface of c-CNT@GO membranes.

Fig. 7 also shows that as the CNT content increases, the water per-
meance of the membranes show an initially increasing and subsequently
decreasing tendency. Under the CNT content of 80%, the composite
membrane presents the highest water permeance of 18.28
L-m~2h~L.bar L. The intercalation of CNT loosens the GO laminates and
greatly reduces the water flow resistance through the GO film. While
under high CNT content, the n-n interaction between CNTs leads to the
CNT aggregation in the GO laminates, which easily blocks the 2D
channels and decreases the water permeance. As a result, the CNT
content of 80% was determined in the preparation of the c-CNT@GO
composite membrane, which is named as c-CNT@GO(80%).

Fig. 8 shows the effect of the thickness of CNT@GO layer on the pure
water flux and rejections to dyes and salts. As shown in Fig. 8(a), the
water flux keeps decreasing tendency as the GO loading increases. It



L. Huang et al.

Permeance(L-m?*h™"-bar™)

0.5 0.6 0.7 0.8

GO loading (mg)

(b) EEECR EEvE [Naso, [EEINeC

100

80

40 1

Rejection (%)

20

0.4 0.5 0.6 0.7 0.8
GO Loading (mg)

Fig. 8. Performance of the c-CNT@GO composite membranes with the CNT
content of 80% as a function of GO loading. (a) Pure water flux; (b) rejections of
dyes and ions.

clearly indicates that thicker CNT@GO layer leads to higher resistance
to water permeation. In the interested range of GO loading, the flux
decreases by almost half from 31.85 to 15.60 L-m~2-h~-bar 1. As the
CNT@GO thickness increases, the rejections to CR and MB increases and
maintains above 95% under the GO loading of 0.5 mg, while the re-
jections to NaCl and NaySO4 gradually increase to 8.5 and 11.3%,
respectively. Accordingly, the c-CNT@GO composite membrane with
the CNT content of 80% and GO loading of 0.5 mg, named as c-CNT@GO
(80%, 0.5 mg), could achieve the dye/salt performance of a high water
flux of 26.3 L-m 2h 1-bar ! and almost complete rejection to CR and
MB (>94%) as well as very low salt retention of 3.1% for NaCl and 6.3%
for NaySO4 at a low operating pressure of 1 bar. The good-performance
membrane is believed to be applicable to dye desalination. Table 1
shows the comparisons of the c-CNT@GO(80%, 0.5 mg) membrane
performance with other loose NF membranes [9,14,45,46]. These results
demonstrate that the c-CNT@GO(80%, 0.5 mg) membrane exhibits high
dye rejection and salt penetration with relatively high water permeance.
As discussed above, the intercalation of CNTs effectively loosens the GO
laminates and the diamine crosslinkers helps to maintain the narrow
necks along the permeating pathway, enhancing the permeance of water
and salts and maintaining high dye rejection.

Fig. 9 summaries the dye rejections of the c-CNT@GO(80%, 0.5 mg)
membranes varying with the molecular weight of dye. The dye rejection
approximately follows the order of the molecular weight of dye. The
relatively higher-molecular-weight dyes, such as CR (M, = 697) and MB
(M,y, = 800), show higher rejections of 98.7% and 94.1%, respectively;
while the lower-molecular-weight dyes, such as FB (M,, = 301) and MB2
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Table 1
Comparison of the performance of the NF membranes.
Membrane Pure water flux Dye Salt Ref.
(L'm~2h Ybar 1) rejection rejection
(%) (%)
GO/NH,- 78.0 CR: 94.0 NaCl: 15 [45]
FE304
PAN/GO 33.0 MB: 100 NacCl: 10.9 [14]
AR: 99.8
LDHs/PEI 19.86 MB: 97.9 NaCl: 3 [47]
AF: 97.5
EGC/PEI 19.0 CR: 99.0 NaySOy4: 4.1 [9]
MoS,- 18.05 RB5: 98.2 NaySOy4: 2.2 [48]
PSBMA RG19: 99.3 NaCl: 1.1
PDA-FeCly/ 17.5 CR: 99.0 NaCl: 5.6 [49]
H20, RB2: 98.2
TFC 16.8 BB: >99.7 NaySOy4: [46]
11.6
NaCl: 3.4
¢c-CNTs@GO 26.3 CR: 98.7 NaySOy4: 6.3 This
MB: 94.1 NaCl: 3.1 work
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Fig. 9. Dye rejections of c-CNT@GO(80%, 0.5 mg) membrane as a function of
molecular weight of dye. The right panel shows the image of the feed solution
and collected filtrate.

(M, = 320), only exhibit the rejections of 43.2% and 41.9%, respec-
tively; and a moderate rejection (e.g. 77.8%) is observed for RB (M, =
479) with the molecular weight between them. It was reported that CR
molecules tended to aggregate in aqueous solutions via n-n stacking
interactions [45,46]. As a result, the GO composite membrane shows
more efficient rejection to CR due to the larger size of the dye aggre-
gates. According to the dependence of dye rejection on molecular size, it
is suggested that the fabricated membranes have the size-sieving ability
to purify the dyes from aqueous solutions.

4. Conclusion

A loose GO composite membrane was designed and facilely fabri-
cated by co-deposition of graphene oxide (GO) and carbon nanotube
(CNT) onto CA ultrafiltration substrate. Diamine molecules were used to
stabilize the loosely stacked GO laminates in aqueous solutions and
maintain the size-sieving channel necks via the crosslinking reaction
between adjacent GO nanosheets. The characterization of the c-
CNT@GO composite membrane by SEM, XPS, and XRD showed that the
loosely stacked GO laminates were well constructed. The effect of CNT/
GO ratio on the separation performance of membrane was studied. It
was discovered that the intercalation of CNTs could loosen the GO



L. Huang et al.

laminar film, thus enlarging the interlayer spacing of GO sheets and
reducing the resistance of water flux and salt permeation. When the CNT
content was 80%, the c-CNT@GO composite membrane exhibited the
optimized dye/salt separation performance under a low operating
pressure of 1.0 bar, where the pure water permeability was 26.3
L-m’z-h’l-bar’l, the rejections of CR and MB were 98.7 and 94.1%, and
retentions of NaCl and Na;SO4 were only 3.1 and 6.3%. This illustrates
that the novel membranes designed in this paper have potential for the
separation of dye/salt mixtures in textile wastewater.
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