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Graphene oxide (GO) with one-atom-thick exhibit remarkable molecule sieving properties, but its low
permeance flux renders it difficult to be applied in practice as a high-permeance separation membrane.
In this study, we design complex membrane from covalently crosslinked GO, polydopamine (PDA), and
3-aminopropytriethoxysilane (APTES) as building blocks to fabricate the high-permeance GO-based mem-
brane via the vacuum filtration method. A branched crosslinking product (PDA/APTES) working as a clamp
grasped the hydrophilic functional groups (hydroxyl, epoxy, carboxyl) on GO for improving the GO mem-
brane flux. The interlayer structure of the GO membrane was optimized according to the crosslinker con-
centration, reaction time, initial pH, and temperature for RGO/PDA/APTES (RGPA) in this study. At the
optimized reaction conditions including the crosslinker concentration of 1.4mL/L, the temperature of 80
°C, the time of 16 h, and the initial pH of 8.5 for RGPA mixture, the interlayer gallery of RGPA membrane
was effectively tunes, endowing high flux ranging from 11.98 L m~2 h~! to 1823.97 L m~2 h~'. Besides,
the RGPA membrane ensured the high rejections to dye solutions such as methylene blue (MB) (>99%)
and congo red (CR) (>90%). Meanwhile, the superior reusable performance of the RGPA membrane was
achieved, together with the rejections for MB and CR to 96.32% and 93.1% after 4 cycles, respectively.
Also, the RGPA membrane possessed superior anti-fouling performances for bovine serum albumin (BSA)
aqueous solution and excellent stabilities in harsh conditions (pH 3, 7 and 11). Grafting the crosslinker
onto GO nanosheets exhibits the distinct advantages of achieving the high flux, high rejections to dyes,
and superior reusable performance of membranes, posing a great application potential for membrane

separation technology in wastewater treatment.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Water ecological environment problems have gained much
attention with the development of society and industry. The
common treatment approach for wastewater mainly focuses on
the membrane technology, catalysis, and biology technologies to
achieve the separation and degradation of wastewater [1-5]. Here,
membrane separation technology has been widely used due to
its merits such as high-efficiency and low capital costs. A great
number of recent investigations focus on the assembly of two-
dimensional (2D) membrane materials to the effective transport of
liquid, gases, ions, and other species [6]. Graphene oxide (GO), a
typical 2D material, has many breakthrough research and appli-
cations in electronics, catalysis, and energy storage because of its
large surface area and exceptional mechanical, optical, and ther-
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mal properties. Based on its unique 2D nanosheets structure, GO is
considered as one of the most favorable candidates to be fabricated
as the laminate membrane, whose interlayer galleries are a funda-
mental platform to provide special molecular transport. Graphene
oxide membranes have been explored for their superior molecular
transport and separation properties in wastewater treatment ap-
plications [7-9]. While, the GO membranes have been confronted
with issues such as low water permeance, which need to be fur-
ther worked out [10].

Many attempts have been applied to ameliorate the flux and
selective separation performances of GO based membranes. For
example, some efforts such as tailoring the interlayer galleries
[11,12], intercalating the nanomaterial [13,14], and preparation the
nano-porous [15] on the GO nanosheets have been put forward
to address the above issues. An effective and straightforward ap-
proach to enhance the flux aims at creating the pores on the GO
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nanosheets. Kim et al. adopted the potassium hydroxide activa-
tion of graphite to prepare a kind of impenetrable and confined
GO membranes. The fabricated GO films exhibited an enhanced
pure water flux (PWF) of 37 L m~2 h~! bar~!, which reached six
times higher than that of the regular GO membrane [15]. However,
the preparation process of nanoporous graphene via the Scotch
tape method or chemical vapor deposition (CVD) requires very ex-
tremely strict control, which is restricting its extensive applica-
tions [16]. Incorporating the intercalation material has also proven
to be an acceptable approach to enhance permeance. According to
our previous study, Ui0-66, acting as an intercalation material, en-
dowed the modified PDA/RGO/UiO-66 membrane with the PWF of
16714 L m~2 h~1, being an increase of 256.91% over that of the
original PDA/RGO membrane [17]. Similarly, Zeng et al. designed
the membrane integrated with hybrid GO, UiO-66-NH,, and poly-
acrylic acid (PAA). The PWF value of GO/UiO-66-NH,/PAA was 100
L m~2 h~!, which led to 6.6 times flux comparing to that of the
pure GO membrane [18]. Nevertheless, an increase in permeance
in the previous research was much lower than expected because
the excess intercalation materials might block the molecular trans-
port passages [17,19]. Another GO membrane modification method
is the cross-linking modification method, containing a function of
cross-linker to adjust the interlayer gallery of GO nanosheets. Val-
izadeh et al. utilized the heterobifunctional crosslinker role for g-
alanine to fabricate the GO nanosheets. The modified GO mem-
brane provided a PWF value of 732 L m~2 h~! with a superior
removal efficiency for Penicillin-G procaine [20]. Lu et al. designed
the modified GO membrane by increasing the interlayer space of
GO nanosheets by grafting the poly (ethylene imine), which exhib-
ited the flux up to 450.2 L m~2 h~! bar~!, being 20 times higher
than that of the original GO membrane [21]. Hence, a strategy to
fabricate the GO nanosheets via the role of cross-linker has been
deemed as an effective approach and method to tune the inter-
layer galleries of GO nanosheets.

Recently, the membranes fabricated by the mussel-inspired
method via the covalent crosslink approach have been extensively
discussed [22,23]. Among the mussel materials, dopamine, as a
kind of natural melanin, is equipped with numerous notable prop-
erties such as chemical reactivity, electrical conductivity, adhesive,
metal ions redox activities, and biocompatible and biodegrade [24].
A prominent feature of PDA consists in its special physical and
chemical structure that embodies several functional groups, which
act as primary actives (catechol, amine, and imine) for further
modifications [24]. With such benefits, PDA is feasible for applica-
tions across the chemical, physical, and material science. In recent
studies, polydopamine has been used in the surface modification
of materials due to its special adhesion properties [17,25]. The ad-
hesive property, redox activity, and chemical reactivity of PDA pave
a versatile way and provide a secondary reaction platform for the
construction of composite material with specific functionality. In
general, amine groups and carboxylic groups are ideal cross-linker
to covalently integrate with GO nanosheets [26,27]. However, the
GO membranes modified by the individual polydopamine exhib-
ited poor effects on the enhancement of permeance [13,17]. Hence,
to prompt the permeance of the GO based membrane, an expec-
tion to chemically fabricate the PDA via binding with a secondary
functionalized monomer is optional. Typically, the -NH, and -OH
functional groups on PDA could work as the active sites and re-
act with secondary functionalized monomers. APTES, as a class of
conventional silane coupling agents, is composed of abundant hy-
droxyl, siloxane, silanol, and amine groups [28], which are counted
on integrating with GO and PDA via the role of chemical bonds.
Gu et al. designed anchoring the graphene oxide quantum dots
on the APTES functionalized alumina membrane to prepare the
composite membrane, which exhibited improvement hydrophilicity
and permeability [29]. Ma et al. synthesized the halloysite material
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modified by APTES, which acted as the intercalation material for
GO membrane, showing satisfactory stability and water permeabil-
ity (159.40 L m~2 h~1) [30]. Hence, APTES is an ideal candidate
to act as a crosslinker. Many previous studies [31,32] related to
the anti-corrosion and surface modification performances on PDA
and APTES have focused on the secondary functionalized monomer
modification on PDA to elevate the permeance of the GO mem-
brane. Hence, the way via the secondary functionalized monomer
modification on PDA/GO is a possibly pathway to adjust the inter-
layer gallery for GO membrane and enhance the flux of the GO
membrane.

In this study, the grafting of the crosslinker APTES to bond
with PDA was designed. Several active sites supplied by PDA/APTES
composites provided opportunities to react with GO. By the sec-
ondary functionalized monomer modification on PDA, the inter-
layer gallery of GO composites was significantly tuned. The hy-
brid RGPA composites were assembled into a stacked RGPA mem-
brane via the vacuum filtration on the commercial cellulose acetate
membrane (CAM). The as-prepared RGPA composite and RGPA
membrane were characterized. Furthermore, the preparation con-
ditions of the RGPA mixture such as the dosage of APTES, reac-
tion temperature, time, and initial pH were optimized to explore
their influences on the separation and permeance performance for
the membrane. Typically, the reaction and synthesis mechanism
among GO, PDA, and APTES was explored. Meanwhile, the pH of
dye solution, the effects of filtration amount, and the concentration
of dye solution on the membranes’ separation performances were
also discussed. Finally, the reusable experiments of the membrane
were also carried out.

Here, the details of reagents and materials were shown in
Text S1 (Supporting information). The details of preparation of
RGO/PDA/APTES composite were shown in Text S2 (Supporting in-
formation). As for the synthesis of RGPA membrane, the prepa-
ration of the RGPA membrane was carried out by the dead-end
equipment, which was equipped with a vacuum pump and fil-
ter cup (YuHua Equipment Factory, Gongyi, China) (depicted in
Fig. S1 in Supporting information). Specifically, the synthesized
4mL of the RGPA mixture was diluted to 100 mL with DI water.
Then, 25mL of dispersion was filtrated on the cellulose acetate
membrane (a diameter of 5cm x 5cm and average pore sizes of
0.22pm) at 0.09 MPa. A specific preparation procedure of the mod-
ified membrane was shown in Fig. 1.

Moreover, the characterization of materials and membrane fil-
tration performance methods were shown in Texts S3 and S4 (Sup-
porting information).

The FT-IR spectrums for PDA, GO, RGP, RGA, and RGPA were
measured to explore the functional groups of samples, as shown in
Fig. 2a. In the FT-IR spectra of PDA, the N-H (3300 cm™!) stretch-
ing, C=N (1629 cm~!) bond stretching, and C-N (1396 cm~!) [33-
35] stretching peaks were visible, which illustrated that the poly-
merization reaction of dopamine occurred in the RGPA mixture at
a temperature of 80 °C, and pH of 8.5 [24]. For the FT-IR spectrums
of GO, the typical absorption bands included the O-H at 3429
cm~!, C-H at 2889 cm~!, C=0 at 1724 cm~!, C=C at 1618 cm!,
C—OH at 1409 cm~!, C-0 at 1225 cm~! (epoxy) and C-O (alkoxy)
at 1048 cm~! [13,20,36-38]. The spectrum of RGA showed intense
peaks for Si—0-C and Si—0-Si at 1103 cm~! and 1027 cm~!, in-
dicating the successful grafting for APTES on GO [39,40]. For the
spectrum of RGPA, some similar characteristics such as N-H, C-0,
Si—0-Si, C-N, and C=N were also observed, verifying the binding
of PDA and APTES with GO. The abatement of the intense peak
for GO at 1724 cm~! corresponding to C=0 on carboxyl and the
appearance of —CONH at 1583 cm~! were due to the reaction be-
tween —COOH on GO and amide functional groups on DA or APTES
[39,41,42]. The XRD patterns of GO, RGA, RGP, and RGPA were also
analyzed to verify the crystal structure, interlayer structure, and re-
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Fig. 1. Preparation procedure of the RGPA membrane.
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Fig. 2. (a) FTIR spectra of PDA, GO, RGP, RGA and RGPA. (b) XRD patterns of GO, RGP, RGA and RGPA samples. (c) XPS survey spectra for GO, RGA, RGP and RGPA. (d) C 1s

spectra in XPS for GO, RGA, RGP and RGPA. (e) N 1s spectra in XPS for RGA, RGP and

duction effect of GO-based materials. Fig. 2b demonstrates that the
pure GO with a diffraction angle at 260=10.67° corresponded to the
D-spacing for 0.83 nm according to the Bragg equation, in agree-
ment with our previous studies [13]. When GO was mixed with
APTES, PDA, and PDA/APTES composites, the characteristic diffrac-
tion angle at 260=10.67° was disappearance. Meanwhile, the typ-

RGPA. (f) O 1s spectra in XPS for GO, RGP, RGA and RGPA.

ical diffraction angles of RGA, RGP, and RGPA near 260=24° man-
ifest the successful reduction of GO (RGO) via chemicals and re-
vealed the RGPA membrane was loosely stacked [43]. In addition,
the XRD patterns were also a straightforward approach to reflect
the swelling effect of membrane. As seen in the Fig. S4 (Supporting
information), the diffraction angle for RGPA membrane in wet state
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demonstrated the similar state compared to the dry RGPA. More-
over, the Raman spectra were used to detect the structure proper-
ties of GO and RGPA (Fig. S5 in Supporting information). Here, the
intensity ratio of D-band (Ip) and G-band (Ig) reveals the extent
of disorder for graphene oxide including sp® defects and sp? hy-
bridized. In this work, the GO and RGPA materials occupied two
peaks at 1320 cm~! (D band) and 1580 cm~! (G band), corre-
sponding to the Ip /I for 1.009 and 1.046, respectively. The increase
of Ip:Ig values illustrated the enhanced graphitization (the conver-
sion from sp? to sp3), and the increase of disorder extent and de-
fect of RGPA because of the functionality and reduction of GO [44-
46]. Moreover, the BET specific surface area for GO and RGPA com-
posite is 192.3682 m2/g and 10.5760 m?2/g, respectively. It could be
seen that the reduction process decreased the BET surface area of
GO. This is consistent with previous investigation [47,48]. Based on
the TUPAC classifications of physisorption isotherms and associated
hysteresis loops, the GO and RGPA materials corresponds to type
I and type III isotherms (Fig. S6 in Supporting information). These
results revealed that the GO material was composed of micropores
and the RGPA material contained the relative weak adsorption ef-
fect between adsorbent and adsorbate [49].

The surface elemental compositions of GO, RGA, RGP, and RGPA
were examined by XPS analysis (Figs. 2c-f). Table S1 (Supporting
information) summarizes the proportion corresponding to the C,
N, O and Si elements in all samples. As shown in Fig. 2¢, the wide
survey spectrums of GO, RGA, RGP and RGPA samples exhibited
the presence of C and O atoms. The N atoms emerged in RGA,
RGP, and RGPA composites, respectively. Si atoms were detected
in RGA and RGPA samples. The XPS C 1s emission of GO (Fig. 2d)
can be Gaussian deconvoluted into five peaks, assigning to the C-
C (284.5eV), C-OH (285.05eV), C-0-C (286.7eV), C=0 (287.4¢eV),
and O=C-OH (288.5eV), respectively [36]. The C 1s high-resolution
spectra of RGP and RGA can also be fitted into C-Si (283.98 eV), C-
N (285.3eV), and C=N (285.75eV) besides the above peaks [13,34],
verifying the occurrence of the cross-linking reaction [19]. The C-N
peaks stemmed from APTES or PDA, and the C=N peak was from
the self-polymerization of dopamine. Particularly, the peaks for C-
0-C and C-OH in modified GO materials decreased in strength
compared to pure GO due to the cross-linking reaction between
GO and PDA&APTES [50,51]. Moreover, the C/O ratio shown in Ta-
ble S1 increased in RGA, RGP, and RGPA due to the loss of oxygen
during the crosslink reaction [52]. The main peaks of centering at
398.3eV, 400.05eV, and 401.6eV in the N 1s region of XPS spec-
tra (Fig. 2e) were attributed to C=N, R;-NH-R;, and R-NH,, re-
spectively [17,53]. With the modification by PDA&APTES for RGPA
membrane, the content of R-NH, decreased, that of the R;-NH-
R, increased, and that of C=N nearly keeps stable. This demon-
strated that the cross-linking reaction between -NH, on APTES
and PDA was via the Michael-type addition pathway [24]. Fig. 2f
shows the Gaussian curve-fitting peak of O 1s for GO, RGA, RGP
and RGPA. Specifically, the curve-fitting peak of O 1s could be fit-
ted into O-C=0 (531.4eV), C-OH (532.5eV), C-0-C (533.1eV), and
C=0 (532eV) for pure GO. When modified by PDA and APTES, the
peak intensity of O 1s on RGPA material decreased significantly,
which might be caused by the cross-linking effect of GO. Over-
all, the presence of typical bands of PDA, APTES, and GO in the
RGPA samples indicated that the composites were fabricated as de-
signed. The curve-fitting results for C, N and O elements in XPS
spectra confirmed the cross-linking interactions among GO, PDA,
and APTES.

The surface morphology and cross-section images of GO, RGA,
RGP, and RGPA were characterized by SEM. The pure GO for the
surface morphology in Fig. 3a showed the majority of resembling
twist wrinkled corrugations, which was formed by the hydrogen
bond interactions among the hydrophilic functional groups on the
GO [6]. The degree of wrinkling of the GO membrane is allevi-
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ated after modification by PDA or APTES (Figs. 3b and c). It is
probably caused by two reasons. First, the GO was reduced by
PDA or APTES together with the decrease of hydrophilic oxygen-
containing functional groups. Hence, the interaction effect between
the basal plane and edges of GO membrane tended to be abate-
ment. Second, the probable hydrogen bond, electrostatic, and -7
interactions between APTES or PDA chemicals and GO membrane
could occupy more active sites and hence restrain the wrinkled
tendency of GO membrane. The aggregated wrinkled corrugations
are obvious via the fabrication of PDA and APTES composites (Fig.
3d). It demonstrated that the cross-linking interactions between
the —-COOH, C-OH, C-0 (epoxy) on the edge and basal planes of
GO, and -NH,, -OH functional groups on PDA/APTES composites
might expand the corrugations extents. The AFM characterizations
were used to verify this phenomenon. The Ry (66.498 nm) and R,
(55.854nm) values of GO are lower than that of RGPA membrane
(Rs: 160.087 nm; R,: 125.874nm) (Fig. S7 in Supporting informa-
tion), which indicates the enhancement of roughness for modified
GO membrane. Furthermore, the wrinkled corrugations of the GO
membrane were almost homogeneously distributed, whereas the
RGPA membrane demonstrated incoherent corrugations. For the
cross-section images of modified GO membrane, the accumulation
state of the membrane had an obvious discrepancy. The pure GO
membrane demonstrated a tight stacked state with a thickness of
254.7nm (Fig. 3e). With the modification of PDA or APTES, the
thickness of the membrane has greatly increased from 254.7 nm
to 1.369um for GO and RGPA membrane (Figs. 3f-h). On the one
hand, we speculated the enhancement of thickness for membranes
might be due to the increase of interlayer space. According to our
XRD results as mentioned above, there was no obvious decrease of
diffraction angle when they were from 5° to 65° for RGP, RGA, and
RGPA samples. Hence, the XRD characterizations of small diffrac-
tion angle for RGP and RGPA were carried out. It could be seen
(Fig. S8 in Supporting information) that there were no diffraction
peaks at 20 from 1° to 10° for both samples. Therefore, it is un-
suitable to explain this phenomenon via the increase of interlayer
space based on the results calculated by the XRD patterns. On the
other hand, it was conjected that this was due to the irregular
stacking of the reduced GO membrane through the cross-linking
fabrication of GO, PDA and APTES. Particularly, optical microscope
was used to detect the stacking state, distribution, and light trans-
mittancy extent of modified GO membrane on CA substrate. Some
phenomenon could be observed from Fig. S9 (Supporting informa-
tion) that the single light was bright and dazzling. The pure GO
membrane demonstrated the lighttight and brown membrane. Af-
ter modified by PDA, some dark spots were noticed on the light-
tight RGP membrane, due to the decrease of oxygen-containing
functional groups and the increase of the agglomeration of reduced
graphene oxide. After modified by APTES, some undistributed flake
agglomerates were observed on the surface of lighttight RGA mem-
brane because of cross-linking and reduced effects of APTES. How-
ever, the obvious phenomenon with chunk agglomerates were seen
for RGPA membrane. This was due to that the cross-linking prod-
uct between PDA and APTES grasped the GO and reduced the GO
membrane. Hence, we could conclude that the increase of mem-
brane thickness was attributed to the drastic restore of graphene
oxide, which brought down the dispersion of GO in aqueous solu-
tions, brought out the agglomeration RGO membrane, and further
caused the irregular stacking of RGO membrane.

The EDS mapping of the RGPA membrane is characterized to
explore the distribution of elements, as shown in Figs. 3i-m. Some
elements such as C, N, O, and Si were distributed on the surface
of the membrane. This is consistent with the XPS analysis that the
primary elements are C, N, O, and Si in the RGPA composite.

No studies have been conducted to determine the complicated
formation mechanism of PDA and APTES oligomers. In this study,



W. Tu, Y. Liu, M. Chen et al.

Chinese Chemical Letters 34 (2023) 107322

Fig. 3. SEM morphologies of (a) GO, (b) RGA, (c) RGP and (d) RGPA. Cross-section morphology of (e) GO, (f) RGA, (g) RGP and (h) RGPA. (i-m) EDS mapping of RGPA

membrane.

the proposed structure of RGPA was postulated based on the char-
acterization results and previous research. Specifically, the prob-
able interactions between dopamine and APTES mainly concen-
trate on the hydrolysis of APTES, self-polymerization of dopamine,
condensation, and Michael’s addition reactions between APTES
and dopamine (Fig. S10 in Supporting information). First, for the
APTES in the mixture, the alkoxy on the APTES could be hy-
drolyzed into silanol, which could further proceed with the con-
densation reaction (1) [34,54]. It was verified by the FTIR results
that functional groups such as Si-O-Si, and Si-OH were charac-
terized on the RGPA. Second, for the dopamine in the mixture, it
occurs a series of polymerization reactions such as oxidation, re-
arrangement, Michael addition. For example, under alkaline con-
ditions, dopamine is oxidized to dopamine quinone followed by
the cyclization reaction to the yield of leucodopaminechrome. Sub-
sequently, leucodopaminechrome undergoes oxidation and rear-
rangement reactions to form the 5,6-dihydroxyindole (DHI). The
products continue to undergo the branch reaction at the posi-
tions of 2, 3, 4 and 7 to the formation of the oligomerization
products (reaction (2)) [24,35]. The observed emergence of C-N
and C=N bonds in the FTIR of PDA, RGP, and RGPA samples, and
the appearance of peaks corresponding to C-N and C=N bonds
in the XPS spectrum approved the formation of oligomerization
products. Third, according to the previous study, the Schiff base
and Michael addition reactions usually occurred between PDA and
APTES [25,34,35]. Based on the hydrolysis of APTES and polymer-
ization reactions of dopamine, the dopamine quinone can also re-
act with the free amine in APTES to form the monomeric unit via
the Michael addition (3) [55]. This can be explained by the N 1s
high-resolution spectrum of RGP and RGPA. Since the Schiff base
reactions of RGP and RGPA might lead to the variation of peak in-
tensity for C=N bonds. While the Michael addition pathway could
not form the C=N bonds. In this study, the peak intensity of C=N
remains stable, which revealed Michael’s addition is dominating.
Furthermore, it is noted that the condensation reaction between
APTES and catechol in dopamine or polydopamine molecule also
forms the pentacoordinate silicon complexes (reaction (4)) [56].
According to the above results, it was speculated that a similar
network polymer structure was formed via the secondary cross-
linking reaction between APTES and polydopamine. These func-
tional groups such as amino, hydroxyl on polymers could further

crosslink with GO as a function of hydrogen or electrostatic inter-
action. The binding ration of composite was verified by TG mea-
surements for RGP and RGPA composites [57-59]. It can be seen
from Fig. S11 (Supporting information) that when the temperature
ranges from 200 °C to 500 °C, an obvious discrepancy of residual
mass for RGP and RGPA composite are observed. In this stage, the
residual mass for RGP and RGPA composite were 83% and 86.6%,
respectively, suggesting that 3.6% APTES was binding with RGP
composite.

The observation of a reduction in peak intensity of C-O-C, C=0
and COOH emissions for RGA, RGP and RGPA in C 1s spectrums of
XPS demonstrated the cross-linking effects in the reaction mixture.
Specifically, a typical absorption band of ~-CONH at 1583 cm~! for
the RGP sample revealed the probable interactions (i.e., amidation
reaction) between -NH, on PDA and -COOH on GO [20]. Further-
more, the peak intensity and related content of epoxy groups in
the C 1s and O 1s emission of RGPA material demonstrated a sig-
nificant decrease in Figs. 2d, f and Table S1. This may due to the
reaction between an epoxy ring on GO and a primary amine on
PDA/APTES [60].

Wettability and permeance of the membrane are key factors to
evaluate membrane properties. The pure water permeance for GO
laminated membrane was related to its hydrophilicity, nanochan-
nels, and inner wrinkle and defects [61]. The measurement of wa-
ter contact angle is a pathway to evaluate the hydrophilicity and
hydrophobicity of membranes. A WCA value below 90° indicates
that the surface is hydrophilic, while that above 90° is that the
surface is hydrophobic [18]. The WCA values of GO, RGP, RGA, and
RGPA (M2) were examined in this study (Fig. S12a in Supporting
information). The results showed that the WCA value of pure GO
was 43.9°, which demonstrated the hydrophilic property of the
GO membrane [62,63]. As modified by PDA, the WCA values for
RGP membrane increased to 72.4°, being attributed to the reducing
of oxygen-containing functional groups. While, when it was com-
bined with APTES, PDA and GO composite, the WCA value of mem-
brane decreased to 56.1° because of the addition of hydrophilic
functional groups on APTES (-OH, Si-O, and -NH, groups). How-
ever, the hydrophilicity for RGPA membrane was a little bit decline
in comparison to GO membrane. On the one hand, this might be
ascribed to the cross-linking reaction of GO with APTES and PDA,
and hence cause a decrease of hydrophilic oxygen-containing func-
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Fig. 4. The influences of (a) APTES concentration, (b) reaction temperature, (c) reaction time, and (d) reaction pH for RGPA mixture on the permeability performance of pure

water flux.

tional groups on GO. On the other hand, it could be due to the
increase of surface roughness and the formation of pores on the
RGPA membrane [64]. In addition, the water permeance is posi-
tively related to the water flow channel, and inner wrinkle and
defects for GO based laminated membranes, which is evaluated
by the PWF values of membranes [65]. Here, GO, RGP, and RGPA
(0.8 mL/L) composite were homogeneously dispersion. On the con-
trary, the cross-linker with high concentration induced the seri-
ous crosslink interaction for RGA and RGPA (1.4mL/L). The PWF
values corresponding to GO, RGP, RGA (1.4 mL/L), RGPA (0.8 mL/L-
M1), RGPA (1.2mL/L), and RGPA (1.4mL/L-M2) membranes were
796 Lm 2 h-', 1896 Lm 2 h™ !, 6124 L m2 h~!, 7499 L m2
h=1,316.67 L m~2 h~1, and 1823.97 L m~2 h~1, respectively (Fig.
S12b in Supporting information). The PWF of the RGPA membrane
(M1 and M2) was greatly improved due to the irregular stack-
ing and more defects in the laminated membrane. While, the wa-
ter permeance for RGA (6124 L m~2 h~!) and RGPA (1823.97 L
m~2 h~1) demonstrated the obvious differences at the similar CA
values (similar wettability for water). Hence, these results indi-
cated the water flow nanochannel, membrane roughness, and hy-
drophilic played crucial roles in the transport of molecular through
the GO-based membrane in this study [66].

The separation property of the membrane is related to the inner
structure of RGPA materials, which is affected by the preparation
conditions such as cross-linker concentration, reaction time, tem-
perature, and initial pH. The single factor alternative method was
used to optimize preparation conditions. First, various concentra-
tions of APTES (0.4, 0.6, 0.8, 1, 1.2, 1.4, and 1.6 mL/L) were tested for
optimization at the temperature of 80 °C, the reaction time of 16 h
and the initial pH of 8.5. The RGPA membrane modified by 1.6 mL/L
of APTES exhibited 198 times enhancement of PWF than that mod-
ified by the 0.4mL/L of APTES (Fig. 4a). It could be the results of
the following two reasons: One reason could be that as an increase
of APTES dosage, the PDA/APTES occupied more active sites to
crosslink with GO via the edge and basal planes, increasing the in-
terlayer space and improving the pure water flux, which has been
verified by SEM analysis. The other reason could be that the trans-
port pathway of molecular in the GO membrane was mainly based
on the slip flow theory, which indicated the molecular transport

was along with the non-oxidized and nearly frictionless surface [6].
As mentioned above in the XPS analysis, the content of oxygen-
containing functional groups on GO were decreased through the
cross-linking reaction of PDA and APTES. Therefore, the interaction
effects between GO membrane and water molecular were reduced
which facilitated the flow of water in the interlayer. Thirdly, as Fig.
S9 demonstrated, some inner defects which prompted the water
permeability were observed on the membrane surface.

Furthermore, MB and CR solutions of 50 mg/L were further used
to explore their retention performances (Figs. S13a and b in Sup-
porting information). The flux variations of MB and CR were sim-
ilar to the pure water flux. All the membranes exhibited supe-
rior rejections for MB solutions with a 98% removal efficiency.
When the concentration of APTES is lower than 1.4mL/L, the CR
rejections for the RGPA membrane were higher than 98%. How-
ever, when it was higher than 1.4mL/L, the CR rejections for the
RGPA membrane were lower than 90%. The rejection mechanism
of dye molecules for the RGPA membrane is a function of physi-
cal sieving, electrostatic, hydrogen bond, and -7 interactions [18].
An enhancement of interlayer space prompts the transport speed
of molecular in the interlayer gallery of RGPA membrane while
decreasing the contact opportunity during the filtration process.
However, a sufficiently large enough space played an adverse role
in the retention of dye molecular based on the physical sieving ef-
fects. To further discuss the effects of reaction factors and improve
the separation permeance of the RGPA membrane, the APTES con-
centration of 1.4 mL/L was selected for the subsequent optimal ex-
periments to explore the key influence factors during the prepara-
tion process.

The effect of preparation temperature (20 °C, 40 °C, 60 °C, 80
°C, and 100 °C) was also explored at the condition of 1.4 mL/L of
APTES, 16h and pH 8.5. The RGPA membrane prepared from the
mixture heating at 80 °C has a 72.92% higher pure water flux than
that of the membrane heating at 20 °C (Fig. 4b).

The rejection efficiencies of MB were stable and above 98% un-
der the reaction 20 °C to 80 °C, while the rejection efficiencies of
CR increased from 66.23% to 90.18% as the temperature increased
from 20 °C to 80 °C (Figs. S13c and d in Supporting information),
which may be caused by the lower cross-linking extent of RGPA
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mixture heating at 20 °C [67]. Furthermore, the self-polymerization
of DA and the increase of PDA layers could be accelerated by in-
creasing the reaction temperature [68]. Due to the rejections and
permeance of RGPA membranes, the preparation temperature of 80
°C was selected for further optimal experiments.

The effects of reaction time (2, 4, 8, 12, 16, and 20h) for the
RGPA mixture were examined for optimization at the condition of
1.4mL/L of APTES, 80 °C, and pH 8.5. The PWF value of the RGPA
membrane for different preparation times was explored. Generally,
the increase of reaction time is not favorable to the permeance of
pure water. It was observed from Fig. 4c that the PWF values of
the RGPA membrane reduced from 5686.99 L m~2 h~1 to 1852.58
L m~2 h~! corresponding to the reaction time increasing from 2h
to 16 h.

At the same conditions, the separation performances of MB and
CR solutions were discussed. The rejection performances of MB so-
lutions were above 99%, whereas the CR ranged from 73.48% to
92.2% with the reaction time from 2h to 20h. During the prepa-
ration process, the color of the RGPA solution at 2h turned from
brown to black-brown. It is possibly caused by reaction time that
is inadequate for the formation of cross-linking products. The RGPA
solution is a mixture of GO, DA, and APTES, which act as a poor
role in the rejections of CR molecules due to the electrostatic re-
pulsion. Meanwhile, the fluxes gradually declined from 3927.89 L
m~2 h~! to 1244.02 L m~2 h~! for MB, and from 3895.26 L m—2
h=1 to 1577.87 L m~2 h~! for CR, respectively (Figs. S13e and f in
Supporting information). This result may be due to the filter cake
on the membrane surface and the blocked interlayer channels that
hinder the permeation of dye solutions [69]. Here, based on the re-
jections and permeance of RGPA membranes, the preparation time
of 16 h was chosen as the preparation time to optimize the reac-
tion.

Besides the dosage of APTES, and the reaction temperature and
time, initial pHs (7.5, 8, 8.5, 9, 9.5, and 10) of reaction aqueous so-
lutions are also important to impact the crosslink extent of RGPA.
The different pH environments of aqueous solutions could activate
different binding sites of polydopamine, which exhibited several
kinds of polydopamine structure with quinone groups [24]. As the
RGPA reaction pH increased from 8 to 8.5, then to 10, the PWF
values of the RGPA membrane increased from 644.77 L m=2 h~!
to 1823.97 L m~2 h~! and then decreased to 53.72 L m~2 h~!
(Fig. 4d). There are two possible reasons for that phenomenon.
First, the dopamine was rapidly oxidized to form PDA (indole-5,6-
quinone) at a higher pH through the ring-closure reactions [35].
Second, it is because that the initial pH influenced the hydrolysis
and condensation process of APTES. Here, the conductivity value
of the RGPA mixture is a significant factor to reflect the hydroly-
sis extent of APTES. The conductivity values corresponding to the
pH values of 8, 8.5, and 9.5 were 1242 ps/cm, 1396 ps/cm, and
1612 ps/cm, respectively. The APTES after hydrolysis can alter the
conductivity property of RGPA aqueous solutions. The Si-O-CH;
on APTES could be hydrolyzed to Si-OH partly in the RGPA aque-
ous solutions. In general, the conductivity is directly proportional
to the contents of Si-OH. However, the Si-O-Si functional groups
are usually formed via the condensation reaction of Si-OH func-
tional groups on APTES. Therefore, the conductivity and stability of
aqueous solutions decreased. Hence, with the increase of reaction
pH, the condensation reaction was suppressed. Moreover, the re-
sult of the fit to the Si 2p spectra for RGPA composites synthesized
at pH 7.5 and 9.5 environments was shown in Fig. S14 (Support-
ing information). Here, the data were fitted to two primary peaks,
which were associated with 03-Si-C and HO3-Si-C at 102.4eV and
102.9 eV, respectively [35]. The relative proportion of HO5-Si-C in-
creased from 18.42% to 38.06% as pH increases from 7.5 to 9.5.
This observation is consistent with that of conductivity analysis
that the more basic reaction condition is conducive to keep stable
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for the Si-OH groups and inhibits the condensation effect among
them. The zeta potential and water angle measurements were also
used to explore the pH effects on the preparation of RGPA com-
posites. It can be seen in Fig. S15 (Supporting information) that
with increase of preparation pH, the zeta potential for RGPA de-
creased. Meanwhile, as seen in Fig. S16 (Supporting information),
the water contact angle of RGPA membrane decreased from 64.9°
to 52.8° with the reaction pH value increasing from 7.5 to 9.5. All
of these results might be ascribed to that at higher pH conditions,
more Si—-OH content increase the surface wettability (increase the
hydrophilicity) and reduce the surface charge values. Hence, the
cross-linking extent might be suppressed to some extent at higher
pH reaction environment.

For the separation of MB and CR solutions (Figs. S13g and h in
Supporting information), there is a discrepancy between MB and
CR removal efficiencies. When the solution pH was at 8, the re-
jections of MB and CR solutions were 98.39% and 95.70%, respec-
tively. Whereas the rejection of CR decreased to 90.18% as the pH
increased to 8.5. It might be related to that the deprotonation role
of phenolic on dopamine exhibited the negatively charged property
at pH 8.5 [70]. Hence, the electrostatic repulsion effect between
the anion CR solution and negatively RGPA composites restrained
their interactions, which exhibited the decrease of CR rejection.
With further increase of pH values, the fluxes of MB and CR had
the same tendency with PWF values, that is, the fluxes demon-
strated a great decrease. In contrast, the rejections of CR increased
to 99.40% at a pH of 10. The observed increase in rejection for CR
may be due to the decrease of flux, which favors the intercepting
of the pollutants via the physical sieving effect. Here, based on the
rejections and permeance of RGPA membranes, the pH of 8.5 was
chosen for the optimized reaction.

Based on the optimization results of preparation conditions on
the permeance and separation performances for RGPA membranes,
the reaction conditions such as reaction cross-linker dosage, initial
reaction pH, time, and temperature have significant effects on the
structure formation and membrane arrangement manner. Among
them, the cross-linker dosage acts as the crucial roles on the con-
struction of membrane transport pathways. Hence, further experi-
ments were based on the adjustment of cross-linker dosage to dis-
cuss the concrete membrane performances. Here, the reaction con-
dition including 0.8 mL/L and 1.4 mL/L of APTES, the temperature
of 80 °C, the time of 16h, and the initial reaction pH of 8.5 for
RGPA mixture, were selected for further experiments, respectively.
The RGPA (0.8 mL/L) and RGPA (1.4mL/L) composites filtrated on
the CA membrane were defined as M1 and M2 membranes.

Moreover, membrane separation performance was related to
the pollutant characteristic and the inner properties of membrane.
To evaluate the membrane separation performance, the effect of
dye pH, dye concentration, and the amount of filtration volumes
on the separation performance of RGPA membrane were discussed.
Moreover, the reusability, anti-fouling, and stability for RGPA mem-
brane were also studied. The specific content was depicted as Text
S5 (Supporting information).

All of these results revealed that RGPA membrane possessed a
superior separation performance on the pollutants via tuning the
interlayer nanochannel and nanostructure by crosslinker dosage.
Based on the above investigations, we could conclude that the
RGPA membrane with low cross-linking concentration was en-
dowed the relatively high permeance and selectivity. The sieving
effect was obvious at this condition. While, the high cross-linking
concentration achieved high permeance and selectivity for MB, and
relative weak selectivity for CR aqueous solutions. This drawback
could be ameliorated by tuning the reaction pH, increasing the vol-
ume of casting solutions, and adjusting the pH of pollutants. All in
all, in this work, we have put forward a controllable strategy to
fabricate the inner structure of GO membrane to achieve the pu-
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rification and effective separation of anionic and cationic dye pol-
lutants.

As a type of superior membrane separation material, it is an es-
sential procedure to clarify the separation mechanism of the RGPA
membrane during the filtration process. In general, the separation
mechanism includes physical sieving, electrostatic interaction, hy-
drogen bond, and m-7 interaction effects [18,30,46,71]. First, the
nanochannels assembled by the stacked GO membrane can inter-
cept dye molecules during the filtration process, verified by the
previous research [11,18,19]. Second, electrostatic interaction af-
fects the separation performance because of the charge differences
between membrane surface and dye aqueous solutions. Based on
the results of zeta potential value (Fig. S17b in Supporting in-
formation), the RGPA composite is negatively charged in the pH
range of 2-11. While our target pollutants such as MB and CR
aqueous solutions are cationic and anionic materials, respectively.
Thus, the electrostatic attraction interaction between RGPA mate-
rial and MB molecules promotes the electrostatic adsorption of
cationic dye molecules. This is consistent with previous investiga-
tions [11,46,71-73]. Meanwhile the removal of CR was due to the
electrostatic repulsion between CR and RGPA composites. Third,
the structures of MB and CR molecules are composed of benzene
ring, amino, and sulfur functional groups (Fig. S27 in Supporting
information). In terms of the structure characteristics for both dyes,
the m-m and hydrogen bond effects might be also responsible for
the separation of dye molecules during the filtration process. For
the separation of MB molecules, the phenothiazines can also have
interaction via the m-m interactions between MB and RGPA. CR
is a disazo dye with a large conjugated system, which can form
the - interactions via the benzene rings between the dyes and
RGPA composites [74]. The FT-IR characterizations of RGPA com-
posites before and after adsorption for MB and CR aqueous solu-
tions at the pHs of 3, 5, 7, 9 and 11 verified the results. The C=C
stretching peaks at 1618 cm~! for both adsorbed materials shifting
or demonstrating the abatement of peak intensity were also ver-
ified the m-m interactions between the dye molecules and RGPA
composites (Figs. S28a and b in Supporting information) [75]. Fi-
nally, the hydrogen bond effect may occur between the hydroxyl,
amino on RGPA composite and an azo double bond, N atoms, and
S atoms on both dye molecules. Here, RGPA acted as the H-donor
and the amino or sulfonic groups of dye molecules worked as the
H-accepter [76-78]. The hydrogen effect between RGPA and dye
molecules was also verified by previous research [75,79,80].

Hence, based on the previous investigations and our experi-
ment results, it can be concluded that physical sieving, electro-
static interaction, 7-7, and hydrogen bond were the separation
mechanisms of MB and CR molecules for RGPA membrane. Differ-
ently, the physical sieving effect for RGPA membrane with higher
crosslinker dosage was weaker than that of RGPA membrane with
lower crosslinker dosage (lower water permeance). The membrane
separation mechanism was depicted in Fig. S29 (Supporting infor-
mation).

Fig. S30 (Supporting information) summarized the literature re-
view of other modification GO membranes. Generally, the RGPA
membrane possessed superior separation and permeance perfor-
mances. The pure water flux of the RGPA membrane was 1823.97
L m~2 h~1, which was far more than the pure water flux of other
GO-based membranes [19,20,81-86]. Furthermore, the superior re-
moval rates above 90% (CR) for RGPA membrane on dye aque-
ous solutions were also achieved. Hence, the RPGA membrane de-
veloped in this study showed great potentials for applications as
membrane separation material in practical wastewater treatment.

In summary, covalent crosslink is a straightforward method to
modify the interlayer gallery of GO membrane. In this study, a
feasible fabrication approach to secondary covalent crosslink of
GO membrane was carried out via the role of PDA and APTES
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to enhance its permeance and separation performances. The in-
terlayer structure of RGPA was explored based on the optimiza-
tion of the reaction conditions such as crosslinker concentration,
reaction time, pH, and temperature. According to the optimiza-
tion and characterization results, C-OH, C-O-C, and -COOH on the
GO membrane served as the main active sites to interact with
amide and hydroxyl on the network of PDA/APTES composite. The
PDA/APTES grafting on GO membrane increases the surface rough-
ness and promotes water permeance. A pure water flux of the
RGPA membrane possessed high flux ranging from 11.98 L m~2
h-1 to 1823.97 L m~2 h~1. The removal efficiencies of RGPA for
MB and CR molecules were 99.17% and 90.18%, respectively. The
separation mechanism for both dyes was ascribed to the physical
sieving, electrostatic interaction, hydrogen bond, and -7 interac-
tion effects. Moreover, the RGPA membrane demonstrated a great
reusable performance, whose removal efficiency was still above
96.32% and 93.1% after 4 cycles for MB and CR aqueous solutions,
respectively. Moreover, the M1 membrane exhibited superior anti-
fouling properties with 75.98% of flux recovery ratio on BSA aque-
ous solution. Based on the above research, a cross-linking modifi-
cation RGPA membrane with high permeance and excellent sep-
aration performances was developed. Therefore, the novel cova-
lent cross-linking RGO/PDA/APTES membranes developed in this
study offer great potentials for applications in wastewater treat-
ment, salt/dye separation, water desalination, etc.
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