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ABSTRACT: Chitin nanocrystals modified by dopamine (D-ChNCs)/
graphene oxide (GO) composite membranes were successfully prepared with
the assistance of vacuum filtration. D-ChNCs/GO was analyzed by Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermog-
ravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), and
transmission electron microscopy (TEM). Atomic force microscopy (AFM)
and scanning electron microscopy (SEM) were used to characterize the surface
morphology of the membrane. The hydrophilicity of membrane is dependent
on the content of the hydrophilic D-ChNCs, which shows a sharp increase of
pure water flux from 8.8 of pure GO to 135.6 L·m−2·h−1. The rejection ratio of
methylene blue (MB) and Congo red (CR) is as high as 99.3 and 98.3%,
respectively. In addition, the oil rejection ratio of the membrane is above
97.5%, exhibiting good oleophobicity. The recycle experiment also
demonstrates acceptable recyclability and proper regeneration for practical
application. In total, D-ChNCs/GO composite membranes with excellent hydrophilicity, good oleophobicity, and anti-dye and
anti-oil fouling have great potential in wastewater treatment.
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■ INTRODUCTION

With the development of global industry, water pollution has
become one of the serious problems over the world in recent
decades. Polluted water usually includes various dyes, insoluble
oil, and metal ions, which damage drinking water and public
health.1 Nanoadsorbents have been widely exploited as
wastewater treatment materials, such as carbon nanotubes,2

cellulose nanocrystals,3 halloysite nanotubes,4 and graphene
oxide nanosheets.5 Due to their nanoscale, high specific area
surface, active surface, and good mechanical property,
nanoadsorbents could selectively separate organic dyes, metal
ions, and oil from water.2

Graphene oxide (GO) nanosheets are composed of two-
dimensional sp2-hybridized carbon, with plentiful functional
oxygen groups (hydroxyl, epoxy, carbonyl, and carboxyl) on
their surfaces.6 GO has aroused great interests in recent years
for its excellent properties of large specific surface area, easily
modification, high adsorption performance, good water-
dispersion ability, and biocompatibility.7,8 GO has been
extensively used in chemical sensors,9 energy storage and
conversion,10 and biosensors.11 In recent years, GO-based
membranes have been exploited as adsorbents of dyes, metal
ions, and oil, which can be used in the applications of water
purification and wastewater treatment systems.12,13 However,
GO prepared by the Hummers method exhibits a narrow layer
spacing of 0.68 nm between adjacent GO nanosheets,14 which
hinders rapid and selective permeation of water and other ions.

Intercalating nanoscaled guest into GO nanosheets is expected
to be the main choice to increase the layer spacing. For
instance, GO nanosheets were self-assembled with palygorskite
nanorods via vacuum-assisted filtration, which enlarged
transfer channels of lamellated GO nanosheets, exhibiting a
superior permeated flux of 1867 L·m−2·h−1.15 Halloysite
nanotubes modified by dopamine were also intercalated into
layered GO sheets, resulting in a high water permeability (218
L·m−2·h−1), good dye rejection, and excellent anti-oil-fouling
property.16 GO nanofiltration membrane intercalated by
carbon nanotubes showed a high water flux (56.5 L·m−2·
h−1), good separation efficiency of organic dyes and salt ions,
and excellent antifouling performance for sodium alginate and
humic acid.17

Chitin, the most abundant polysaccharide in nature next to
cellulose, can be easily extracted from shellfish, fungi, and
insects.18 Chitin nanocrystals (ChNCs) obtained by removing
the amorphous domains of chitin, have attracted enormous
interests because of their unique needlelike morphology, high
aspect ratios, high specific surface area, high longitudinal
moduli and plenty of surface functional groups.19 ChNCs have
been extensively studied as a nanofiller to reinforce polymer
matrixes in the applications of tissue engineering, wound-
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dressing membrane, sensors, and packing.20,21 To the best of
our knowledge, no literature has stressed the potential of
ChNCs for selective permeation in wastewater treatment.
However, cellulose nanocrystals have been reported in the field
of wastewater separation. For example, cellulose nanocrystals/
palygorskite nanorod membranes were fabricated for multi-
functional oil/water emulsion separation, showing a high water
flux, good oil rejection, and excellent reusability.22 Assembled
by vacuum filtration, fibrous cellulose nanocrystal membranes
exhibited good properties of superhydrophilicity and under-
water superoleophobicity.23 Attributed to high porosity of
96.3−97.2%, cellulose nanocrystal aerogel was also used as oil/
water separation materials, exhibiting absorption capacity of
water, ethanol, toluene, and dodecane.24 Therefore, ChNCs
are expected with great potential as nanomaterials for
wastewater separation.
Synergistically intercalating needlelike ChNCs into GO

laminate structures is an effective strategy as a multifunctional
organic dyes adsorbent and oil/water separation. First, the
spacing of adjacent GO nanosheets could be enlarged upon the
intercalation of ChNCs, which results in the formation of
nanochannels for water molecules. Second, attributed to a large
number of hydrophilic groups on its surface such as hydroxyl,
N-acetyl, and amino groups, ChNCs could greatly enhance the
hydrophilicity of GO composite.19 Constructing a hierarchical
nanostructure with ChNCs and interlayered GO nanosheets is
beneficial to form a passageway to separate water molecules
and oil.
In this work, ChNCs were first modified by dopamine to

enhance its hydrophilicity. ChNCs modified by dopamine (D-
ChNCs) were then intercalated into stacked GO nanosheets
via vacuum-assisted filtration self-assembly. A series of
characterizations of the composite membranes were carried
out to analyze the chemical composition, crystal structure,
thermal behavior, and morphologies. The water flux and
hydrophilicity of GO composite membranes were tailored by
the content of D-ChNCs. The separation ability and
antifouling property were further evaluated against methylene
blue (MB), Congo red (CR), and different oil/water mixtures.
The free-standing D-ChNCs/GO composite membrane
exhibits good wettability, oleophobicity, high separation
efficiency, and good reusability, showing potential applications
in dye-polluted oil/water separation.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Chitin was obtained from Wuhan

Hezhong Biochemical Manufacturing Co., Ltd., China. Dopamine
hydrochloride (purity of ∼98%) was supplied by Shanghai Aladdin
Co., Ltd., China. Tris-HCl buffer solution was purchased from Beijing
Solarbio Science & Technology Co., Ltd., China. Graphene oxide
(GO) dispersion (10 mg/mL) was provided by Knano Graphene
Technology Co., Ltd., China. Cellulose acetate membranes (CAMs)
(with a diameter of 4 cm and average pore size of 0.45 μm) were
provided by Branch billion Lung Experimental Equipment Co. Ltd.,
Tianjin, China. Molecular weight cutoff (MWCO) of CAM was
19 000 Da. Water was purified by a Milli-Q water system (resistivity
>18.2 MΩ/cm). All other chemicals were analytical-grade.
Preparation of ChNCs and ChNCs Modified by Dopamine

(D-ChNCs). ChNCs were prepared from chitin according to a typical
acid hydrolysis method.25 First, 20 g of chitin and 3 mol/L HCl were
heated at 104 °C for 3 h under vigorously stirring. Then, the mixture
was collected and washed by centrifugation with ultrapure water, and
this process was repeated three times. Finally, the suspension was
dialyzed in flowing water and ChNC powder was collected by a
SCIENTZ-12ND vacuum freeze-dryer (Ningbo Scientz Biotechnol-

ogy Co., Ltd., China). D-ChNCs were prepared by a following
synthesis process, and 100 mg of obtained ChNCs and 200 mg of
dopamine hydrochloride were dispersed into 20 mL of Tris-HCl
buffer solution by an ultrasonic cell disruptor (JY99-IIDN, Ningbo
Scientz Biotechnology Co., Ltd., China) for 10 min. The pH of
mixture was adjusted to 8.5 and then magnetically stirred for 12 h.
Finally, the mixture was collected and washed by centrifugation with
ultrapure water, and this process was repeated three times. D-ChNC
precipitates were then diluted to 50 mL of suspension.

Preparation of D-ChNCs/GO Composite Membranes. As-
prepared D-ChNC suspension (1.8 mg/mL, 10 mL) was homoge-
neously diluted to 200 mL by ultrasonication. Uniform GO dispersion
(0.1 mg/mL) was also prepared by ultrasound. GO dispersion (10
mL) was mixed with different D-ChNC suspensions (10, 20, 30, and
40 mL). The different contents of D-ChNCs and GO mixture were
then filtered on the CAMs by vacuum filtration (ILMVAC GmbH,
Germany) (2 mbar). M0, M1, M2, M3, and M4 are represented as
pure GO suspensions and different volume ratios of GO and D-
ChNC solution (1:1, 1:2, 1:3, and 1:4). The synthesis process of D-
ChNCs and D-ChNCs/GO composite membranes is schematically
illustrated in Figure 1.

Preparation of the Oil/Water Emulsions. Sunflower seed oil/
water emulsion (10 g/L) was stirred with 0.2 g/L sodium dodecyl
sulfate (emulsifier) for 6 h. Similarly, vacuum pump oil/water and
dimethyl silicone oil/water emulsion were prepared. The oil
concentration was measured by an ultraviolet spectrophotometer
based on Beer’s law (a substance’s concentration and its absorbance
were directly proportional).

Characterization. The X-ray diffraction (XRD) patterns of CAM,
ChNCs, D-ChNCs, GO, and D-ChNCs/GO were obtained on an X-
ray diffractometer (MiniFlex-600, Rigaku Corporation, Japan) with a
scanning speed of 10°/min ranging from 3 to 60°. Fourier transform
infrared spectroscopy (FTIR) spectra of CAM, ChNCs, D-ChNCs,
GO, and different contents of D-ChNCs/GO composite membranes
were characterized by a Thermo FTIR instrument (Nicolet iS50,
Thermo Fisher Scientific Ltd., USA) from 4000 to 500 cm−1. The
thermal stabilities of GO, ChNCs, D-ChNCs, and D-ChNCs/GO
were analyzed by a TGA instrument (Mettler Toledo, Switzerland)
from 50 to 500 °C at a heating rate of 10 °C/min under a N2
atmosphere. The elemental composition and the atoms of C, O, and
N of pure GO membrane and D-ChNCs/GO composite membrane
were detected with an X-ray photoelectron spectroscopy (XPS)
instrument (ESCALAB250Xi, Thermo Fisher Scientific Ltd., USA).
The morphology of ChNCs, D-ChNCs, and D-ChNCs/GO was
analyzed by a transmission electron microscopy (TEM) (JEM-2100F,
JEOL Ltd., Japan). The concentration of ChNCs, D-ChNCs, and D-
ChNCs/GO for TEM test was 0.05, 0.01, and 0.01 wt %, respectively.
The surface morphology of pure GO membrane,composite
membranes, CAM, and elemental mapping of C, O, and N in the

Figure 1. Schematic showing the preparation process of D-ChNCs
and D-ChNCs/GO composite membranes.
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D-ChNCs/GO composite membrane were conducted by a scanning
electron microscopy (SEM) (Ultra 55 SEM instrument, ZEISS,
Germany) at a voltage of 5 kV. Atomic force microscopy (AFM)
(Bioscope Catylyst Nanoscope-V, Broker Instruments Ltd., USA) was
used to test the surface roughnesses of membranes with a scanning
area of 10 μm × 10 μm. The zeta potentials of CAM, GO membrane,
and M4 were characterized by a solid surface zeta potential analyzer
(SurPASS 3, Austria).
Water Contact Angle Measurement and Pure Water Flux of

Composite Membranes. The surface hydrophilicity and wettability
of the composite membranes were determined by a contact angle
instrument (DSA100, Kruss Ltd., Germany) with a liquid droplet
volume of 5.0 μL at room temperature. The pure water flux (L·m−2·
h−1) of composite membranes was determined by the following
formula

V
A t

pure water flux =
× (1)

where V, A, and t, are the volume of permeated water (L), effective
membrane area (m2), and permeation time (h), respectively. All the
measurements were reliably obtained by testing at least three samples.

Dye Separation Performance of Composite Membranes.
First, 20 mg/L MB and 20 mg/L CR were permeated by vacuum
filtration on M0, M1, M2, M3, and M4, respectively. The permeation
times of dye solution were recorded. Meanwhile, dye loadings with 10
g/L NaCl solution were also filtered on M4. The concentration of
feed solution and permeation solution was determined using an
ultraviolet spectrophotometer (UV-2550, Shimadzu Instrument Ltd.,
China). The maximum absorbance wavelengths of MB and CR were
at 664 and 488 nm, respectively. The rejection ratio of MB and CR
was calculated using the formula

C

C
rejection ratio 1 100%p

f

i
k
jjjjj

y
{
zzzzz= − ×

(2)

where Cf and Cp are the concentration of feed solution and
permeation solution (mg/L), respectively.

Figure 2. Appearance of M0 (a) and M3 (b and c); 3D AFM images of M0 (d) and M3 (e); FTIR spectra (f), XRD patterns (g), TGA (h), and
differential thermogravimetry (i) of GO, ChNCs, D-ChNCs, and D-ChNCs/GO composite.
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Underwater-Oil Contact Angle Measurement. Underwater-oil
contact angle of composite membrane was measured by the contact
angle instrument (DSA100, Kruss Ltd., Germany) with a needle
diameter of 0.5 mm. The measurements were reliably obtained by
testing at least three parallel samples.
Oil/Water Separation Performance of Composite Mem-

branes. As-prepared sunflower seed oil-, dimethyl silicone oil-, and
vacuum pump oil-in-water emulsion (10 g/L) were filtered on
different membranes. The concentration of feed solution and
permeation solution was determined by an ultraviolet spectropho-
tometer.
Reusable and Antifouling Property Evaluation. Antifouling

experiment was used to evaluate anti-oil/-dye fouling of membrane
and recycling property. Then, 10 mL of feed solution was filtrated on
the composite membrane. The dye and oil droplets were washed by
ethanol solution and ultrapure water for 10 min, respectively. Five
rounds antifouling test were carried out continuously.

■ RESULTS AND DISCUSSION

Characterization of Composite Membrane. The GO
membrane and D-ChNCs/GO membrane both show a
smooth and flat appearance in Figure 2a,b, which is due to
the GO sheet being stacked layer-by-layer during vacuum
filtration self-assembly. The composite membrane is thin and
absolutely free-standing in a dry state (Figure 2c). The stability
and the mechanical properties of the membrane are significant
for their practical application. However, the mechanical
experiment of the D-ChNCs/GO composite membrane is
difficult to test due to their fragility. The 3D surface
morphology of membranes was analyzed using AFM in Figure
2d,e. The 3D image of pure GO membrane exhibits nanoscale
wrinkles like low-lying up and down hills, while the surface
morphology of D-ChNCs/GO composite membrane displays
numerous sharp mountain peaks. As needlelike D-ChNCs are
intercalated into hierarchical GO nanosheets, the surface
roughness of composite membrane obviously increases

compared to M0. The enhancement of membrane roughness
could enlarge the surface area of membrane, which results in
more oil droplets absorbed on the membrane surface.26

Moreover, the larger surface roughness could improve
underwater oleophobicity of membrane interfaces.15 The result
is also confirmed in the following oleophobicity test. The zeta
potential of CAM and GO membrane is −29.92 and −59.19
mV, while the zeta potential of D-ChNCs/GO membrane is
−14.97 mV due to the introduction of positively charged
ChNCs. The FTIR spectra of GO, ChNCs, D-ChNCs, and D-
ChNCs/GO with different contents of D-ChNCs are shown in
Figure 2f. The characteristic peaks of GO at 3435, 1731, 1629,
and 1402 cm−1 are assigned to O−H stretching vibration, C
O stretching vibration, CC stretching of the phenol ring,
and carboxyl C−O, respectively.27,28 For unmodified ChNCs,
the adsorption bands are at 3461 cm−1 (O−H stretching),
3260 cm−1 (N−H stretching), 1664 cm−1 (amide I), and 1556
cm−1 (amide II), respectively.29 D-ChNCs exhibit a broader
adsorption peak at around 3400 and 3260 cm−1 related to the
stretching vibrations of O−H and N−H, suggesting the
enhancement of surface hydrophilicity by the modification of
polydopamine (PDA) layers that were polymerized by
dopamine with catechol and amine groups at pH 8.5.30 The
composites show an increased adsorption peak at 3400 cm−1

due to the addition of hydrophilic D-ChNCs. In addition, a
sharp peak emerges at 1402 cm−1 of carboxyl C−O for GO
nanosheets, which demonstrates that composites are composed
of both D-ChNCs and GO nanosheets. Figure 2g shows the
XRD patterns of GO, ChNCs, D-ChNCs, and D-ChNCs/GO.
The diffraction peak of GO appears at 2θ = 11.3° which is
associated with the characteristic peak (001 plane) of interlayer
GO nanosheets.31 The diffraction peaks of ChNCs appear at
9.6° (020 plane), 19.6° (110 plane), and 26.7° (013 plane).32

The diffraction peaks of D-ChNCs are similar to those in

Figure 3. XPS survey spectra for GO (a), D-ChNCs/GO (c); C 1s spectra for GO (b), D-ChNCs/GO (d).
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ChNC pattern, suggesting that PDA does not change
crystalline structure of ChNCs. D-ChNCs/GO shows broader
diffraction peaks at 2θ = 9−13° and 15−45°, which are
attributed to the presence of D-ChNCs and GO. D-ChNCs are
considered to be intercalated into the layered GO nanosheets.
Figure 2h,i show the thermal degradation behavior of GO,
ChNCs, D-ChNCs, and D-ChNCs/GO. All the samples begin
to lose weight below 100 °C because of moisture loss. A sharp
weight loss of the GO nanosheets appears at 190−243 °C as a
result of chemical decomposition of the oxygenated functional
groups.33 The maximum decomposition temperature of D-
ChNCs increases to 383 from 343 °C of ChNCs, suggesting
that the surface-grafted PDA layer could improve the thermal
stability of ChNCs. D-ChNCs/GO exhibits two maximum
decomposition peak temperatures of 191 and 368 °C, which is
consistence with the characteristic degradation peaks of GO
and D-ChNCs.
To further study the chemical structure, the XPS spectra of

GO and D-ChNCs/GO were characterized (Figure 3). The
peaks in the spectrum of GO at around 285 and 535 eV
correspond to the 1s orbital electrons of carbon and oxygen,
respectively (Figure 3a). However, an increased N 1s peak at
around 402 eV is found in the spectrum of D-ChNCs/GO
(Figure 3c). The C 1s peak of GO can be divided into four
peaks at 284.5 eV (C−C), 286.6 eV (C−O), 287.2 eV (C
O), and 288.4 eV (O−CO) (Figure 3b).34 However, the C
1s peak of D-ChNCs/GO can be divided into five peaks at
284.6, 285.4, 286.6, 287.2, and 288.4 eV, corresponding to C−

C, C−N, C−O, CO, and O−CO bands, respectively
(Figure 3d). For the D-ChNCs/GO sample, the new peak of
C−N is attributed to the −NHCO− functional groups in the
ChNC chains and a PDA layer rich in amine groups and imine
groups.35,36 The elemental composition of GO (the inset table
in Figure 3a) is C (64.92%) and O (33.40%), while the
elemental composition of D-ChNCs/GO (the inset table in
Figure 3c) is C (53.23%), O (31.25%), and N (15.52%). The
XPS result of the composite membrane further demonstrates
the presence of ChNCs in the layer structure of GO
membrane.
The morphology of ChNCs, D-ChNCs, and D-ChNCs/GO

was characterized by TEM (Figure 4). The morphology of
ChNCs shows a uniform needlelike nanostructure with a
length and a width range of 100−500 and 15−30 nm,
respectively (Figure 4a,b). ChNCs exhibit a high aspect ratio
of 3−15. As a result of electrostatic repulsion between the
positively charged chitin molecules, ChNCs are evenly
distributed in aqueous suspension after ultrasonication treat-
ment.37 The outer surfaces of ChNCs are uniformly covered
with black PDA particles via polymerization reaction (Figure
4c,d), illustrating the successful synthesis of D-ChNCs.
Meanwhile, D-ChNCs display some aggregates as ChNCs
can be cross-linked by PDA. As displayed in Figure 4e,f, GO is
structured with two-dimensional nanoscale sheets stacking
with strong π−π band.38 The images also reveal the presence
of large GO sheets adhered to needlelike D-ChNCs via
hydrogen bond interaction among the surface hydroxyl groups

Figure 4. TEM images of ChNCs (a, b), D-ChNCs (c, d), and D-ChNCs/GO (e, f).
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of GO and D-ChNCs,39 which indicates the successful
combination of D-ChNCs and GO nanosheets. Combinations
with the different morphologies of D-ChNCs and GO
nanosheets are beneficial to the formation of hierarchical
nanostructures to selectively transport water molecule and
ions.40

The surface morphologies of GO and composite membranes
are shown in Figure 5a. M0 sample is stacked by GO
nanosheets layer-by-layer, showing a smooth and neat surface
with wrinkled corrugations. In case of the composite
membranes, rigid D-ChNCs are observed to evenly embed
in the interlayer of GO nanosheets. The surface morphology of
composite membranes is rougher and the stacked wrinkles of
GO are overlapped by nanorods with the enhancing
intercalation of D-ChNCs. The composite membrane is nearly
dense without visible pore. This result is also consistent with
the roughness measurement of 3D AFM above. The
intercalation of D-ChNCs could rationally control the layered
structures of GO and provide a tunable nanochannel structure
for water molecules flux. The elemental distribution of C, O,
and N on the surface of M4 is displayed in EDS elemental
mapping (Figure 5b). The N element is derived from ChNCs
and PDA. C, O, and N elements are well-distributed on the
surface of composite membrane, which demonstrates that
ingredients are uniformly dispersed and interpenetrated
forming 3D nanostructure.

As a supporting membrane, the physicochemical properties
and surface morphology of CAM is significant for D-ChNCs/
GO membrane in the application of dye and oil separation. IR
and XRD spectra, SEM, and water contact angle of CAM
analyses have been carried out. As shown as in Figure S1a, the
adsorption bands of base membrane are at 3490 cm−1 (O−H
shrinking vibration), 1695 cm−1 (CO stretching), and 900
cm−1 (C−O vibration), respectively.41,42 A broad peak at 21.3°
in XRD pattern (Figure S1b) corresponds to the cellulose
acetate matrix.43 It can be observed from SEM (Figure S1c)
that the base membrane exhibits porous structure with the
pore size of 0.44−2.20 μm. Furthermore, the base membrane
has a water contact angle of 66.0° ± 2.8 (Figure S1d).

Contact Angle and Pure Water Flux. To evaluate the
wettability of membranes, both contact angle and pure water
flux were measured (Figure 6). With the increasing content of
D-ChNCs in GO membrane, the water contact angles
gradually decrease from 58.7 to 44.9°, indicating a better
hydrophilicity of the composite membrane. A higher hydro-
philicity of D-ChNCs/GO membrane contributes to plentiful
hydrophilic groups derived from surface ChNC molecular
chains (hydroxyl, N-acetyl, and amino groups) and PDA
(phenolic hydroxyl groups and imino groups).36 A large
number of hydrophilic groups could enhance the ability of
hydration on the composite membrane surface.15 The result of
contact angle is also corresponded with pure water flux. The

Figure 5. SEM images of different membranes (a); EDS elemental mapping of M4 surface (b).
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pure water flux of membrane dramatically increases from 8.8 L·
m−2·h−1 for M0 to 135.6 L·m−2·h−1 for M4. The uniform
intercalation of needlelike D-ChNCs enhances the interlayer
distance of adjacent GO sheets, forming a nanochannel
structure for water molecules. In addition, high wettability
could facilitate the interaction with water and membrane
interfaces due to plenty of hydrophilic groups on the
membranes. Therefore, different contents of D-ChNCs could

be effective to manipulate the tunnel structure of GO via the
vacuum filtration method.

Dyes Removal Experiments. MB and CR were selected
as a model of cationic and anionic dye-contaminated
wastewater, respectively. As displayed in Figure 7a,d, the
rejection ratio of MB and CR on the CAM is 12.3 and 8.7%,
respectively. In contrast, the removal efficiency of dye is highly
enhanced upon the introduction of GO and D-ChNCs. It is
clear that the rejection ratios of MB are all above 98.0% on the
composite membranes (M0 (99.8%), M1 (98.0%), M2
(99.6%), M3 (99.9%), and M4 (99.3%)), while the rejection
ratios of CR on the M0, M1, M2, M3, and M4 are 89.5, 98.2,
98.3, 95.0, and 97.8%, respectively. This result is also
consistent with UV−vis absorption experiments result of
permeated solution (Figure 7c,f). Compared with the sample
of feed solution, no absorption peak can be identified in the
wavelength of 664 nm (MB) and 488 nm (CR) on the M0,
M1, M2, M3, and M4. However, the dye solution samples after
filtration on the CAM show much higher absorbance.
Moreover, the permeated solution of MB and CR after
filtration on the composite membrane displays transparent in
inset photographs after permeation. The separation efficiency
of MB and CR is then evaluated by dye flux (Figure 7b,e). Due

Figure 6. Contact angle and pure water flux of different membranes.

Figure 7. Dye removal performance of different composite membranes: MB (a) and CR (d) rejection ratio; MB (b) and CR (e) flux; UV−vis
absorption experiments of MB (c) and CR (f).
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to the oxygen-containing functional groups, GO surface with
negative charge could be effective in adsorbing positively
charged organic molecules (MB).44 Meanwhile, ChNCs with
positive charge due to protonated amino groups could interact
with anionic dye (CR).45 Besides, PDA with catechol groups
and ethylamino groups could facilitate the adsorption of MB
and CR. It is reported that GO and ChNCs with high surface
area also play a major part in separation behavior.46,47 The dye
flux of M0 for MB and CR is extremely poor, which is
attributed to that the tightly packed GO nanosheets block the
transport of water molecules. Upon the incorporation of D-
ChNCs, the dye flux gradually increases from 5.5 to 75.9 L·
m−2·h−1 (MB) and 7.2 to 109.2 L·m−2·h−1 (CR). These results
suggest that a pathway architecture in the D-ChNCs/GO
composite membrane contributes to higher dye flux. The dye
fluxes in Figure 7 are lower than the pure water fluxes shown in
Figure 6. This can be understood by the dye molecules being
stackable on the surfaces of the membrane during the filtration
process, which possibly blockes some of the holes for water
molecules. This also resultes in concentration polarization that
increases filtration obstruction.40

To further evaluate the removal performance, the separation
experiment of a mixture of dyes (MB and CR, 50% v/v) was
carried out on the M4 (Figure 8). The separation process of
MB and CR mixture is shown in Figure 8a. It is obvious that
the collected permeation dye solution is clear and transparent.

As shown in the inset photograph in Figure 8a, MB and CR
molecules are absorbed by an as-prepared composite
membrane via construction of a hierarchical structure of GO
sheets intercalated by D-ChNCs. There is no absorption peak
emerging at the wavelengths of 664 nm for MB and 488 nm for
CR in the samples of M0 and M4, whereas the CAM exhibits
weak adsorption effect toward MB (Figure 8b). The rejection
ratio of MB and CR on the M4 is much higher than that of
M0, which is due to the interaction with intercalated D-
ChNCs and organic dye molecules (Figure 8c). Especially, the
MB and CR rejection ratios of CAM could reach 38.1 and
78.6%, which is much higher than that in the separation of MB
and CR adsorption experiments above. The dye deposition is
formed due to the electrostatic attraction with cationic MB and
anionic CR, which advances the capacity of dye separation of
the membrane.48 The dye adsorption behavior analysis has
been done at salt concentration of 10 g/L (Figure S2). It is
found that the rejection ratio of dye in the presence of NaCl is
as high as that of pure dye. However, the flux slightly decreases
compared to that of pure dye, as a result of the obstruction of
salt ions for water molecules during the filtration. However, the
dyes could be also effectively separated from salt solution with
high rejection. It is reported that a high or low pH induces a
slightly lowered permeated flux as a result of changes in the
chemico-physical structures of GO nanosheets.15 In contrast,
elevated temperature increases dye adsorption capacity due to

Figure 8. Separation process of MB and CR mixture (50% v/v) (a); UV−vis absorption experiment of the dye mixture (b); MB and CR rejection
ratio of CAM, M0, and M4 (c).

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.9b02619
ACS Sustainable Chem. Eng. 2019, 7, 13379−13390

13386

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b02619/suppl_file/sc9b02619_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.9b02619


the enhancement of binding interactions between the dyes and
membranes, and the dye adsorption process is an endothermic
and spontaneous process.40

Oil/Water Separation. As shown in Figure 9a, the
underwater−oil contact angle of M4 is measured as 145.7°
(dichloroethane), 137.0° (sunflower seed oil), 142.1° (petro-
leum ether), 123.0° (vacuum pump oil), and 131.5° (dimethyl
silicone oil). The underwater−oil droplets on the membrane
were also photographed. The underwater−oil contact angle
over 90° shows the good oleophobicity of composite
membrane. Two factors affect underwater−oil contact angle.
On one hand, the coarse nanostructure of membrane surface is
major factor of oleophobic property. It is reported that a higher
surface roughness could facilitate oil-repellency for mem-
branes.49 On the other hand, the formation of hydration
structure can hinder the oil droplets from contacting with the
surface of membrane.15 The oil rejection ratios and fluxes were
characterized in Figure 9b. The rejection ratios of different oil
are all above 97.5% on the M4, showing the excellent oil
separation of as-prepared membranes. Moreover, the oil flux
reaches above 39.0 L·m−2·h−1, which is lower than the flux of
dye removal. This result clearly attributes that the passageways
on the membrane are partly blocked by the accumulation of oil
droplets, which affects the permeation of water molecules. The
microscopy photographs of oil/water mixture before and after
filtration are displayed in Figure 9c,d. The feed solution
exhibits a milk-white turbid state and the oil droplets are well-
dispersed by surfactant. In contrast, the filtrated solution is
absolutely clear and there is no oil droplet observed in
microscopy image. All the results indicate that composite

membrane exhibits good oleophobicity and excellent oil/water
separation performance.

Recyclable and Antifouling Performance of Mem-
brane. The proper recyclability of membrane is a significant
factor for practical application. The CR and sunflower seed oil
in water solution were used to evaluate the recyclable and
antifouling performance. The membrane was first washed using
absolute ethanol and ultrapure water after being fouled each
time. As shown in Figure 10a, with an increase in the number
of cycles, the rejection ratio for oil in water solution declines a
bit, but it is still higher than 97.2% after 5 cycles. The
separation efficiency of CR retains 96.4% after 4 cycles, but it
gradually drops down to 91.6% after 5 cycles. Meanwhile, the
anti-dye- and anti-oil-fouling processes are displayed in Figure
10b,c. The recyclability and antifouling property of membrane
involves a synergistic effect of internal laminated structure,
electrostatic interaction, and surface functional groups. There-
fore, it is believed that D-ChNCs/GO membrane could have
acceptable reusability and proper regeneration for practical
application due to its special interlayered structure and surface
chemical composition.

Comparison with Other Materials. The separation
efficiency and permeated flux of several materials are compared
in Figure 11. The rejection ratio of all kinds of membranes can
reach over 95.3%, but the permeated flux varies different kinds
of membranes. The membranes of calcium alginate/sodium
alginate (CaAlg/NaAlg),50 polyamide/graphene oxide (PA/
GO),51 and deoxygenated graphene oxide (DGO)52 show high
rejection ratios, but they exhibit much lower permeated fluxes
which may restrict their actual application in wastewater

Figure 9. Underwater-oil contact angle (a) and oil rejection and flux (b) of M4; microscope photographs of oil/water mixture before (c) and after
(d) filtration.
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treatment. The membranes of reduced graphene oxide/
halloysite nanotubes/polydopamine (RGO/HNTs/PDA),40

reduced graphene oxide/graphitic carbon nitride sheet
membrane (RGO/PDA/g-C3N4),

53 and TiO2/sulfonated
graphene oxide/Ag nanoparticle (TiO2/SGO/AgNP)

54 pos-

sess excellent rejection ratios of above 99.0% but with
moderate permeated fluxes. Particularly, the other membranes
show not only high rejection ratios but also high permeated
fluxes including hyperbranched polyethylenimine/solvated
reduced graphene oxide (HPEI/S-rGO-18),55 graphene-
isophorone diisocyanate (GO-IPDI),56 modified nanosilica/
polysulfone (PSF),57 and polydopamine/polyethylenimine
(PDA/PEI).58 The prepared D-ChNCs/GO membrane in
the present work also possesses a high rejection ratio (97.8%)
and a high permeated flux (109.2 L·m−2·h−1). The separation
performance of D-ChNCs/GO membrane is comparable with
PDA/PEI composite. In summary, the D-ChNCs/GO
composite membrane exhibits proper permeated flux, high
rejection ratios of dye and oil/water solution, and good
regeneration performance. Therefore, this membrane is
believed to be a promising material in wastewater treatment.

■ CONCLUSION

A free-standing D-ChNCs/GO composite membrane was
successfully prepared via a vacuum filtration self-assembly
method. Needlelike D-ChNCs are evenly intercalated into
interlayered GO nanosheets, greatly enhancing the distance of
GO layer. The tunable channel structure of ChNCs and the
surface modification by PDA synergistically facilitate surface
hydrophilicity, water permeability, and dye and oil/water
solution separation efficiency. The pure water flux of M4 is
135.6 L·m−2·h−1, whereas that of M0 is only 8.8 L·m−2·h−1.
The dyes rejection ratio of M4 could reach as high as 99.3% for
MB and 97.8% for CR. D-ChNCs/GO composite membrane
exhibits good oleophobicity with an oil rejection ratio of above
97.5%. Meanwhile, this membrane exhibits acceptable
recyclability and proper regeneration for practical application
with its special water transport pathways structure. All these
results indicate that the D-ChNCs/GO composite membrane
has potential applications in wastewater treatment.
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