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3D hierarchical aquaporin-like
nanoporous graphene membrane with
engineered tripartite nanochannels for
efficient oil/water separation
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The aqueous system is being polluted by the untreated direct discharge of industrial oily wastewater
into the ecosystem. Due to its low cost, energy economy, and sustainability, the advancedmembrane
filtration method is regarded as one of the best methods for treating oily wastewater. Its exceptional
atomic thicknessandsuperior amphiphilic propertiesof grapheneoxide (GO) nanosheetmake it oneof
the finest 2D constituents for creatingmembranes with high permeability. Nevertheless, the interlayer
d-spacing of multi-stacked GO membranes is crucial since it is responsible for the permeability/
selectivity trade-off. To efficiently separate oil-in-water emulsion using an in-situ polymerization
technique, we developed an aquaporin-like 3D hierarchical multi-functionalized nanoporous
graphene (NPG) membrane with tripartite nanochannels. The extraordinary, prepared membrane
displayed both ultra-water-permeability of 2490 Lm−2 h−1.bar along with superior selectivity.
Consequently, the permeance of the aquaporin-like 3D hierarchical multi-functionalized NPG
membrane achieves a higher flux than the GO membrane, while the oil rejection reaches ~97%.

The intensifying industrial activity and the high population growth resulted
in the global growth of urbanization, putting pressure on clean water
demands and leading to substantial common freshwater supply shortages.
Wastewater contaminatedwith oil, normally produced by several industrial
sectors, has become a serious daily environmental issue. Oil/water nano-
emulsions (stabilized by surfactants), with droplet sizes 20–200 nm, are
generally producedbydifferent industries, i.e., cosmetics, oil refineries, food,
and pharmaceutical1,2. These nano-emulsions led to several health and
environmental issues due to their high stability and conveyance in the
environment3, causing serious eco-toxicity because of the surfactants’
powerful biological reactivity4,5.

The oil/water nano-emulsion separation process is still challenging
because of the co-occurrence of small surfactantmolecules alongwithnano-
oil droplets6. The conventional technologies (i.e., gravity separation, skim-
ming, airflotation, and centrifugation) are still not functional in the efficient
removal of surfactant/emulsified oil from the nano-emulsion7. Based on the
size exclusion principle, the membrane is one of the most encouraging

technologies to tackle the challenge of nano-emulsion separation, with
recent studies showing significant progress regarding separation efficiency8.
One example of these achievements is the study conductedby Solomonet al.
in which a hydrophobicmembrane was employed in the separation process
of water-in-oil nano-emulsion, supporting the passage of oil and repulsion
of water by the membrane9. However, hydrophobic membranes possess
some challenges regarding the low flux of the viscous oil (Hagen–Poiseuille
equation), and oil fouling due to the membrane hydrophobicity10,11. These
challenges gave the advantage to alternative research directions to employ
hydrophilic membranes for the oil-in-water separation.

On its border and basal plane, graphene oxide (GO) comprises a sig-
nificant amount of oxygenic reactive groups. It also possesses unique fea-
tures, i.e., an accessible interface, great surface area, and ultrafast shuttling
properties12–15. It was earlier discovered in 2007 that paper-like GO-based
membranes had selectivity potential. Water can travel through the GO-
based membranes’wrinkled interlayer space and sheets with nanochannels
all over them, while other molecules larger than the distance between
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adjacent GO nanosheets are effectively blocked16. Additionally, the hydro-
philic properties of GO make it possible to fabricate membranes for the
separation of oil-in-water emulsions. Accordingly, several GO-coated
membranes have been fabricated for this purpose, i.e., sulfonated GO/TiO2

spheres17, GO/Al2O3 microfiltration (MF)18, and GO ultrafiltration (UF)
membranes, showing efficient separation capacity. Nevertheless, the
instability of GO membranes fabricated using porous MF support was
reported owing to the weak interaction with the supporting surface,
resulting in the development of crinkles and detachment from the surface19.
To overcome this challenge, different types of polymeric materials func-
tionalized with carbon-based nanomaterials were reported to enhance the
stability of fabricated membranes20,21.

The interlayer spacing is amongst the most crucial regulating features
withhigh separationperformanceGO-basedmembranes and is essential for
the interpolation of ions, nanomaterials, or molecules among adjacent GO
nanosheets. This parameter is critical in the determination of the separation
capacity of GO-based membranes, permitting the passage of some species
and rejecting others22. The challenging part of this approach is the degree of
accuracy to establish water-stable interlayer spacing. Another obstacle is
overcoming the resistance associated with high mass shuttling, where
molecules traveling through a graphene (Gr)-based membrane should find
away around the encompassednanosheets, resulting in lengthy transferring
channels, therefore reducing the membrane permeance.

The biological cellmembrane,which ismade upof proteins, lipids, and
hydrophilic polymers, functions as a wall separating the interior of the cell
from its external world, providing security and regulating the flow of
molecules and ions out and into the cell23. Aquaporin proteins are the core
component of the cellmembrane, functioning as regulating channels for the
flow of water, ions, and various solutes due to their hydrophobic nature.
Moreover, the scarcity ofwater binding sites in aquaporins accelerateswater
transport, and the availability of ion binding sites and steric effects

contribute towards the efficient transport control of ions and solutes24. In
addition, the steric barrier and the development of a surface layer of
repulsive hydration on the cell membrane are some of the processes by
which the brush-shaped hydrophilic polymers of the cell membrane can act
as a shield.

Herein, we engineered a facile approach to fabricate an aquaporin-like
3D hierarchical multi-functionalized nanoporous graphene (NPG) mem-
brane with tripartite nanochannels using an in-situ polymerization/
vacuum-assisted strategy. Because of the reduced length of the mass pas-
sageways, which results in elevated permeance, and the existence of
expansive/constricted interlayer nanochannels, which ensure exceptional
selectivity, the distributed pores in NPG nanosheets gave direct nano-
channels. The created membrane outperformed the permeance/rejection
trade-off conflict to successfully purify surfactant stabilized oil/water
emulsion.

Results and discussion
Synthesis and characterizations of GO and NPG nanosheets
WhileNPGnanosheetswereproducedusing anoxidative etching technique
using a combined H2O2 and NH3 solution, GO nanosheets were produced
through chemical oxidation along with graphite exfoliation (Fig. 1). To
control the porosity of the GO nanosheets, the unstable oxidized sp3 por-
tions were etched during the first hour of the reaction25,26. The TEM
morphologies of GO and NPG are illustrated in Fig. 2a, in which the
synthesis of nanosheetswas confirmed by the presence ofwrinkledGOwith
lateral sizes ranging from 0.5–1 µm. Furthermore, nanopores were visua-
lized on the NPG nanosheets using the high-resolution TEM (HR-TEM)
with a minimum pore size of 11.3 ± 0.4 and a maximum of 20 ± 3 nm after
utilizing the 60min etching time (Fig. 2c).

Moreover, the occurrence of single-layer GO along with NPG
nanosheets was verified by examining their topographies via AFM. The GO

Fig. 1 | Preparation procedures. Illustrative diagram showing the preparation of NPG nanosheets and membranes, in which a explains the method to synthesize NPG
nanosheets using vacuum filtration technology, and b illustrates an actual photo of fabricated membranes.
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nanosheets were confirmed to be non-porous with a thickness of 1.25 nm
(Fig. 2b). The nanosheets’ lateral size was noticed to be uniform and in the
range of 500–1000 nm. Oppositely, the NPG nanosheets were observed to
have a small pore size (11–20 nm) and a thickness of 0.8 nm (Fig. 2d).
Because of the existence of –COC, –OH, and C =O groups, the GO
nanosheets exhibited a negative zeta potential (−45.2 ± 0.9mV)27. Prior to
etching, the net charge of the NPG shifted to −2.3 ± 0.2 mV, which is
regarded as additional proof of the fractional reduction of NPGbymeans of
NH3 (Fig. 3).

FTIR spectra displayed the distinctive functional groups related to GO
(Fig. 3), showingO–H stretching peaks (3750–3000 cm−1), asymmetric and
symmetric C–H stretching peaks (3000 and 2850 cm−1), and C =O
stretching peaks (1747 cm−1). Additionally, the peak at 1250 cm−1 indicates

the presence of the O–C–O stretch, and the O–H bend was indicated at
1025 cm−1. NPG nanosheets showed identical peaks and functional groups
in the same range, except for the decrease noted in the intensity of the peak
in the range of 3750–3000 cm−1, which indicated the occurrence of partial
reduction.

The OH ratio was significantly diminished compared to that of pure
GO.The amino fractions are attached to theNPGsheets under the alkalinity
of NH3 through the SN2 nucleophilic dislocation interaction of the GO’s
functional groups of epoxy with NH3

28,29. The C–H stretching peak’s
weakness was also seen in the NPG spectrum, and this can be attributed to
the fact that NPG is made mainly by ordered chemical etching, which
creates holes, followed by partial reduction30. The results stated above
confirmed that the GO was successfully synthesized and oxidized, and the
NPG nanosheets were successfully etched. The obtained FTIR spectrum of
the synthesized nanomaterials is in agreement with previous studies31–35.

Fabrication of the 3D hierarchical NPG-pTDX membranes
The preparation method used to fabricate the aquaporin-like 3D hier-
archical NPG-pTDX membranes included chemically etching the GO
nanosheets, multi-functionalizing the NPG nanosheets, preparing the GO,
NPG, and NPG-pTDX membranes using a common vacuum filtration
technique, and post-treating the NPG-pTDX membranes with tris buffer
solution (Fig. 1a). DA is a type of biologically adaptive chemical that has
functional groups binding catechol and primary amines. DA was able to in
situ polymerize and assemble spontaneously in an alkaline environment to
create a polydopamine (pDA) layer that was able to adhere to all types of
substrates through covalent and non-covalent reactions36–39 in contrast to
some other polymer composite materials. Additionally, at alkaline pH

Fig. 2 | Morphological and topographical analyses
of nanomaterials. Surface examinations of GO and
NPG, where a represents the TEM image of pre-
pared GO nanosheets, b exemplifies the AFM image
of GO nanosheets, with their height profile, c shows
the TEM image of the synthesized NPG nanosheets,
and d demonstrates the AFM visualization of NPG
nanosheets, including their pores and height
profiles.

Fig. 3 | FTIR surface chemical analysis of nanomaterials. FTIR spectra of GO and
NPG membranes.
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conditions, in-situ self-polymerization can also deposit polyphenols like
(TA) on the surfaces of substrates40. Throughout the adjusted synthesis
method, TA and DA were mixed with NPG (0.02mgmL−1) in tris buffer
without adjustment of pH to control the in-situ self-polymerization of
different phenolic groups. Throughhydrogenbonding andπ-π stacking, the
protonated TA and DA adhered to the oxygen functional groups of NPG.
Themixturewas stirred to obtain a uniform spreadingofTAandDAwithin
theNPGnanosheets andwas subsequently filteredwith various loadings on
the top of the support. Multi-functionalized NPG nanosheets with the
loading of 71 µg cm−2 homogeneously covered the porous support without
leaving any flaws (Fig. 1b). The fabricated membrane was coded as NPG-
pTDX, obtained after the completion of the in-situ self-polymerization with
tris buffer (pH8.5) differentmembraneswith various loadings (NPG-pTD1,
NPG-pTD2, and NPG-pTD3). The in-situ development of multi-
functionalized polyphenolic nanoparticles can be achieved on the surface
as well as through the interlayer d-spacing of theNPGnanosheets using TA
and DA as phenolic precursors. The prepared membranes showed the
brown and gray colors of GO and NPG control membranes, respectively
(Fig. 1b), while the different partially reduced membranes (NPG-pTD1,
NPG-pTD2, and NPG-pTD3) displayed a brown color gradually getting
darker in proportion to loading.

Characterizations of the 3D hierarchical NPG-pTDXmembranes
ATR-FTIR tests were carried out to define the chemical functional groups
on the surface of the preparedmembranes. The FTIR spectra of the support
andNPG-pTD1,NPG-pTD2, andNPG-pTD3membranes are presented in
Fig. 4a, b. The FTIR spectra of three intense bands observed in the case of the
nitrocellulose mixed ester membrane (support), which is attributed to
various nitrate group vibrations. These peaks appeared at wavelengths 840,
1280, and 1660 cm−1, corresponding to the valence NO stretching, sym-
metric NO2 stretching, and antisymmetric NO2 stretching, respectively

41.
Moreover, the typical peaks at 1800 and 1000 cm−1 correspond to the

carbonyl C =O and O–C–O groups of the ester, while the existence of the
C–H stretching peak was detected between 2850 and 3000 cm−1 42.

The in situ self-polymerization of TAandDA-basedNPGmembranes,
including N–H and O–H groups can be observed in the FTIR spectrum
presented in Fig. 4a, b. Relative to support, the FT-IR spectra ofNPG-pTD1,
NPG-pTD2, and NPG-pTD3 membranes have similar peaks besides the
huge augmentation of O–H stretching vibrations at 3430 cm−1 as the
loading of used pTD-NPG increased and shiftingC =Ogroup to 1710 cm−1

and the existence of a new peak of CON-H shown in the range of
1600–1650 cm−1. This confirms the hydrogen bonding and π–π stacking
formation between the protonated pTA and NPG, in addition to the crea-
tion of covalent bonds among pDA and oxygen functional groups of NPG
nanosheets, which is beneficial to graft NPG nanosheets onto the surface of
support for the successful fabrication of the stable 3D hierarchical NPG-
pTDX membranes43,44.

Figure 5 displays the prepared membranes’ hydrophilicity profile.
Water contact angles (WCAs) of 35.5° and 45.8° for GO and NPG mem-
branes, respectively, are attributed to the occurrence of more hydrophilic
oxygen-reactive groups in the former. The NPG membrane displayed less
hydrophilicity due to the major changes in its morphological feature, along
with a partial reduction of NPG nanosheets. The wettability profiles of the
NPG-pTD1, NPG-pTD2, and NPG-pTD3 membranes were interestingly
enhanced as the concentrationof utilizedNPG-pTD increased, compared to
GO and NPG membranes. The results confirm the successful creation of
hydrophilic 3D hierarchical NPG-pTDx-based membranes, with more
hydrophilic –NH, C =O and –OH functional groups on the fabricated
membranes’ surface.

The SEMwas used to visualize the surface morphology of the support,
NPG, and the aquaporin-like 3D hierarchical NPG-pTDX membranes. As
shown in Fig. 6, the successful preparation of the NPG and the aquaporin-
like 3D hierarchical NPG-pTDX membranes was confirmed. The vacuum
filtration technique achieved the full coverage ofmicroporous support using

Fig. 4 | FTIR surface chemical analysis of mem-
branes. a The FTIR spectra of different fabricated
membranes and b their magnified distinctive peaks.
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various loadings of NPG and NPG-pTD nanosheets. The SEM images of
NPG and NPG-pTD1 membranes displayed a wrinkled surface due to the
interlayer interactions between the NPG or NPG-pTD nanosheets during
the fabrication process45. The higher loadings of used NPG-pTD in NPG-
pTD2 and NPG-pTD3 membranes resulted in the formation of self-
assembled 3D hierarchical nanoparticles on the surface via the in-plane
interactions. Furthermore, the higher magnification of captured SEM

images of the fabricated NPG-pTD2 and NPG-pTD3 membranes proved
the formation of self-assembled 3D hierarchical nanoparticles through the
in-situ self-polymerization approach, in which the nanoparticles a size
between 5 and 7 nm. Unlike, the higher magnification SEM images of the
NPG and NPG-pTD1 membranes showed the nonexistence of 3D hier-
archical nanoparticles.

The cross-sectional visualizationof the support verified the absenceof a
dense top layer, while the NPG, NPG-pTD1, NPG-pTD2, and NPG-pTD3
membranes displayed a dense layer with different thicknesses of 211, 386,
535, and 611 nm, respectively, according to the loading increase of utilized
NPG-pTD nanosheets (Fig. 7). The SEM images verified that there was no
negative impact on the creation of an identical laminar layer on the top of
membranes through the in situ growth of self-assembled 3D hierarchical
NPG-pTD1. Additionally, according to the AFM analysis, a single NPG
nano-layer measured 0.8 nm in width (Fig. 2). Accordingly, the cross-
sectional SEM images ofNPGandNPG-pTD1 showed that therewere~265
and ~485 nano-layers, respectively. Although using the same loading of
NPGandM-NPG, the thickness of theNPG-pTD1membrane increased by
1.8 times compared to the NPG membrane, which is ascribed to the suc-
cessful in-situ growth of self-assembled 3Dhierarchical pTD1nanoparticles
among the nanosheets of NPG. Additionally, the EDS mapping of the
fabricated membranes’ surfaces was completed to analyze the elemental
compositions as presented in Fig. 6. The EDS mapping confirmed the
occurrence of C, O, and N in all membranes. The distribution and intensity
of this O and N enhanced in NPG-pTD1, NPG-pTD2, and NPG-pTD3
membranes, which can be attributed to the successful intercalationwithDA
and TA.

Fig. 6 | Morphological structure and elemental analyses. SEM images of support and prepared membranes and their EDS surface elemental mapping.

Fig. 5 | Surface wettability analyses. Contact angle profiles of fabricated mem-
branes. Error bars represent the standard deviation for five measurements.
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The fabrication approach encompasses two phases: initially, the
adherence of DA and TA molecules within the NPG nanosheets via π–π
stacking, along with hydrogen bonding; hence, the protonated TA and DA
can attach to the oxygen functional groups of NPG. In the second stage, a
complete in situ polymerization reaction results in the growth of self-
assembled 3D hierarchical NPG-pTD after treatment with an adjusted tris
buffer solution. This unique morphological structure of prepared mem-
branes enhanced the d-spacing from 0.8 to 0.95 nm due to the formation of
aquaporin-like channels. The membrane’s efficiency, in terms of selectivity
and flux, is controlled by the d-spacing among the NPG and M-NPG
nanosheets; in this study, aquaporin-like engineered channels with alter-
native arrangements were able to achieve both excellent permeability and

high selectivity (Fig. 8). The XRD pattern of all NPG, NPG-pTD1, and
NPG-pTD2 membranes included d-spacing of 0.8, 0.79, and 0.75 nm
according to Bragg’s law30, while the NPG-pTD3 membrane exhibited a
wider d-spacing of 0.95 nm and tight one of 0.69 nm, which can be attrib-
uted to the presence of attached self-assembled 3D hierarchical NPG-pTD
after treatment with adjusted tris buffer solution (Fig. 8). The output is
consistent with the results of the SEM cross-sectional and surface analyses.

3D hierarchical NPG-pTDXmembranes: performance
assessment
The performance of GO, NPG, and the 3D hierarchical NPG-pTDX
membranes was assessed via vacuum filtration using water emulsions with

Fig. 7 | Morphological analyses. The SEM cross-
sectional images of synthesized membranes.
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surfactant-stabilized oil (Fig. 9). The fabricated GO membrane exhibited
74% oil in water separation, compared to theNPGmembrane has only 50%
removal capacity. The permeability performance of GO and NPG mem-
braneswas almost 313 and870 Lm−2 h−1 bar, respectively. Thepermeability
of the GO membrane can be ascribed to the attraction of water to the
hydrophilic oxygen reactive groups region of GO nanosheets passing
quickly through the hydrophobic graphitic region with almost no
resistance16. While the key mechanism of the GOmembrane’s selectivity is
ascribed to d-spacing among the stacked nanosheets, which is tighter than
the size of the oil nano-emulsion46, the swelling issue of GO nanosheets
could be the reason for less rejection efficiency.

The NPG membrane was integrated with nanohole arrays (~11 to
~20 nm) and distributed through the nanosheet exterior (Fig. 2). The
rejection capacity of the NPG membrane was less than that of the GO
membrane.Nevertheless, thewaterpenetrability across theNPGmembrane
is almost 2.8 times that of the GO membrane, which is ascribed to the
combination between direct nanochannels via nanoholes distributed in the
nanosheets, along with the d-spacing nanochannels among stacked
nanosheets. The d-spacing nanochannels in the nanosheets of 2D mem-
branes are important as they control the separation and permeability effi-
ciencies. However, the 2D membranes suffer from permeability/selectivity
trade-off challenges. To address this bottleneck, we engineered the 3D
hierarchical aquaporin-like NPG-pTDX membranes with tripartite nano-
channels comprising expansive-compact alternative d-spacing nanochan-
nels intercalated with pTD nanoparticles plus the nanochannels of NPG
nanosheets.

The oil removal abilities of the NPG-pTD1, NPG-pTD2, and NPG-
pTD3 membranes were 73, 84, and 97%, while the permeabilities profile
interestingly increases with almost values of 1000, 1244, and 2490 Lm−2 h−1

bar, correspondingly (Fig. 9). The results confirmed the increment of the
permeabilityofmembranesas the loadingof thehydrophilic pTD increased,
which is in agreement with contact angle analysis (Fig. 5). The aquaporin-
like NPG-pTD3 membrane had a superior oil removal and ultra-high
permeability relative to the other membranes with more than 8 times the
permeability of the GO membrane, which is ascribed to the growth of the
hydrophilic 3D hierarchical pTD among the NPG nanosheets as shown in
Figs. 6 and 10. The mechanism of efficient oil removal can be elucidated
through the development of a thin water-solid interface layer on the surface
of the NPG-pTD3membrane, which works perfectly to block oil adhesion.
The highly uniform self-assembly distribution of the hydrophilic 3D pTD
amid the NPG nanosheets through in-situ polymerization reactions

generates wide hydrophilic d-spacing regions alternative with tight hydro-
phobic graphitic regions, which can be considered a key role in oil/water
separation (Fig. 10). Table 1 compares NPG-pTDmembrane with themost
recent research on oil-water separation membranes12,13,47–51. The outcomes
demonstrated that, without sacrificing rejection capacity, the NPG-pTD
membrane reported the highest flux, which is 2–27 times greater than the
state-of-the-art membranes in the literature. This result demonstrates the
distinctive structure of the aquaporin-like NPG-pTD membrane with tri-
partite nanochannels, allowing the development of an ultra-permeable
membrane for oil–water separation and overcoming the trade-off between
permeability and selectivity.

The reusability evaluation of NPG-pTD3
One significant factor that contributes to membrane durability in practical
applications is reusability. The aquaporin-like NPG-pTD3 membrane
exhibited superior oil removal and ultra-high permeability in this study
compared to the other membranes, so it was chosen to be evaluated to
separate oil-in-water emulsions under vacuum filtration for four cycles.
Following each emulsion filtration operation, the membrane surface was
washed with deionized water. The results are displayed in Fig. 11, and it can
be observed that the flux decreased gradually as the filtering cycle increased,
while the overall oil removal remained almost similar. The NPG-pTD3
demonstrated good stability and reusability during the extended filtration
process.

The outcome verifies that the 3D hierarchical aquaporin-like NPG-
pTDXmembraneswith tripartite nanochannels were successfully prepared,
enabling high performance and overcoming the flux/selectivity trade-off.
Interestingly, theNPG-pTD3membrane showed ultra-high permeability of
2490 Lm−2 h−1 bar, along with high oil rejection of more than 96%. The
practical in situ polymerizationmethod allowed the formation of expansive/
compact alternative d-spacing nanochannels to tailor the chemical and
physical structure of the prepared membranes. These engineered mem-
branes feature a one-of-a-kind pattern of an aquaporin-like multi-

Fig. 8 | Crystallographic structure. XRD analysis of fabricated membranes.

Fig. 9 | Performance profiles of fabricated membranes. Flux and removal capacity
of the fabricated membranes for oil/water emulsion. Error bars represent the stan-
dard deviation for three experiments.
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functionalized NPG that has tremendous potential for treating oily waste-
water from different industries.

Methods
Materials
All chemicals were obtained fromSigma-AldrichTM: graphite powder with a
size of 10mesh, phosphoric acid (H3PO4, 85%), sulfuric acid (H2SO4, 96%),
hydrochloric acid (HCl, 36%), ethanol (95%), H2O2 (35%), potassium
permanganate (KMnO4, 99%), ammonium hydroxide solution (NH4OH),
sodium hydroxide, tris buffer, dopamine hydrochloride (DA, C8H11NO2 ·
HCl, 98%) and tannic acid (TA, C76H52O46). Advantec provided the 0.22
micron, 47mmdiameter nitrocellulosemixed esterMF support used in this
study, and widely available vegetable oil was also used. A purification device
wasused toprovide thedeionized (DI)water (MilliporeMilli-QPlus 185–15
MΩ cm at 25 °C).

GO nanosheets synthesis
The preparation of GO nanosheets was carried out using the simplified
method of Hummer from graphite flakes52. In brief, the flakes, along with
KMnO4 (1:6), were cautiously added to the H2SO4/H3PO4 solution (1:9) in
an ice bath to keep the exothermic reaction under control. Complete oxi-
dation was accomplished by stirring the mixture for 72 h at 35 °C before it
was placed once more in an ice bath. Afterward, the mixed solution was
steadily diluted with two amounts of DI water: 250mL at <35 °C and
500mL. H2O2 solution (35%) was cautiously added to stop the reaction by
removing the unreacted KMnO4. The supernatant was removed after

filtering the produced solution. To achieve a pHof 6.8, the gatheredGOwas
washed with HCl solution and DI water. By ultrasonically distributing the
GO yield in DI water, it was then kept.

Fabrication of NPG-modified nanosheets
NPGwas prepared from the synthesizedGOdispersion (~2mgmL−1). The
H2O2 and NH4OHmixture was gradually introduced to the GO dispersion
(5:5:1). To finish the etching process; the mixture solution was then kept in
an oil bath (55 °C) with magnetic stirring at 30 rpm for 1 h. The etched GO
solution was subjected to centrifugation at 12,000 rpm (90min) to separate
the leftover reactants and products, and the supernatant was discarded. To
produce a single-layered, uniformly sizedNPG, the resulting dispersionwas
centrifuged again at 3000 rpm for 10min to remove unexfoliated and
noticeably largeNPGsheets. Thedilutedprecipitatewith tris bufferwas then
ultrasonicated after the addition of DA and TA. In order to facilitate the
attachment of DA and TA on NPG nanosheets with a final ratio of 50: 50:
0.5, respectively, the combination was then stirred for 20min at room
temperature.

Synthesis of membranes
Utilizing GO andNPG (71 µg cm−2) along with various concentrations (71,
142, and212 µg cm−2) of themultifunctionalNPGsolution on the surface of
microfiltration support, the fabrication of membranes was done using the
vacuum filtration technique (Fig. 1). Since the membranes were NPG-
pTDX-coded, the character “X” stands for the various loadings. The support
was soaked inDIwater prior to the deposition process. The amount ofNPG
or multifunctional NPG in the solution and the coating area were used to
calculate the coating layer thickness. Finally, 10mL tris buffer solution
(10mM, pH 8.5) was filtrated through the fabricated membranes (NPG-
pTD1, NPG-pTD2, and NPG-pTD3), which were then dried at 70 °C
overnight.

Characterization of synthesized nanosheets and membranes
Anatomic forcemicroscope (AFMBrukerDimension IconwithScanAsyst,
Bruker, Germany) was used to measure the thickness of the GO and NPG
nanosheets in tapping mode. The dispersed solutions of GO or HG were
applied to a mica substrate from Ted Pella, Inc. in Redding, California, and
allowed to air dry53. The high-resolution images of the GO and HG
nanosheets were captured by transmission electron microscopy (TEM,
Titan, ThermoFisher Scientific, 300 kV).High-resolution scanning electron
microscopy (SEM)was also used to examine themanufacturedmembranes’
surfaces and cross-sectional morphologies (FEI Nova NanoSEM 650). The
sample preparation for SEM included the deposition of a 5 nm gold-
palladium coating layer on all membrane samples to avoid charging and
improve imaging quality. Additionally, samples were frozen and quickly
fractured as part of the freeze–fracture method, which was used to prepare
samples for cross-sectional analysis. All the prepared samples were posi-
tioned in the SEM stubs using adhesive carbon tape54.

Fig. 10 | Mechanism of the performance enhancement. Descriptive illustration to
unwrap the design concept of the aquaporin-like 3D hierarchical NPG-pTDX
membrane. aGraphic diagramportrays the unique feature of the aquaporin channel.

b SEM image of the aquaporin-like 3D hierarchical NPG-pTD membrane.
c Schematic figure to reveal the design of tripartite nanochannels.

Table 1 | Comparison of the performance profile of NPG-pTD
membrane for oil-water separation with other work in the
literature

Membrane composite Oil rejection (%) Flux (LMH) Ref.

N-oxide zwitterionic
polymer

99 1121 51

PSF/MWCNTs-OH 90 118 50

PEI/PHMB-CuO 97 193 49

Polyacrylic acid/PVDF 90 300 48

Free-standing SBG 97 625 12

PBI/GO 99.9 91 13

Titanate nanofi-
bers/SiO2

99.5 1600 47

NPG-pTD 97 2490 This work

PSF polysulfone, PEI polyethylenimine, dPHMB polyhexamethylene biguanide, eCuO copper
oxide, fPVDF polyvinylidene fluoride, gSBG sodium-bentonite-fabricated graphene, hPBI poly-
benzimidazole, iGO graphene oxide, jSiO2 silicon dioxide, kNPG nanoporous graphene, lpTD poly
tannic acid/dopamine.
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Energy dispersive X-ray (EDS) spectroscopy was used to trace the
elements present in the synthesized membranes. Several acceleration vol-
tageswereused.Additionally,ATR-FT-IR spectroscopy (BrukerVertex80 v
spectrometer, wavelength = 400–4000 cm−1 and precision = 4 cm−1) was
used to examine the surface functional groups of the membranes. All
samples were scanned 64 times55. The X-ray diffraction (XRD) analysis was
performedusingCuKα radiation (λ = 0.154 nm, PANalytical Empyrean) to
evaluate the manufactured membranes as well. All measurements were
made using an angular (2θ) range of 5° to 70° while the XRD was run at
40 kV tension and 35mA current. The Zetasizer 7.13 (Malvern Panalytical
InstrumentsLtd.)wasused to analyze the surface charge of thenanomaterial
in DI water (0.1mgmL−1) at a pH of 6.4 ± 0.2. Water contact angle (WCA,
Krüss GmbH’s Drop Shape Analyzer, DSA), which uses the sessile drop
technique to deposit water droplets on the top of the manufactured mem-
branes at room temperature, was employed to determine the hydrophilicity
nature of themembranes. The test was conducted five seconds before water
droplets (5 μL)were deposited on themembrane surface, and the average of
five measurements was then computed.

Performance analysis of the manufactured membranes
A dead-end vacuum filtration system (area = 14.5 cm2 under pressure
(0.8 bar) and 200mL feed solution) was employed at room temperature to
test the permeance and surfactant stabilized oil/water emulsion separation
capability of the manufactured membranes. The SDS surfactant and oil
(1000 ppm) were initially added into DI water consecutively with a mass
ratio of 0.15 (surfactant/oil) under mechanical blending. To achieve the
initial emulsification, the combination was then sonicated in a Branson
ultrasonic bath for two hours at a power level of 70 Watts. To intensify the
emulsification, this emulsion was exposed to tip sonication (Vibra CellTM)
at 750 Watts for 15min.

Prior to filtration experiments, themembranes were soaked in the feed
solutions. The permeance measurement started by stabilizing the obtained
values under one bar, followed by recording the values every 10min at 0.8
bars. A UV–vis spectrophotometer was used to determine the oil con-
centration (Shimadzu, Japan). The average of threemeasurements was used
to create all the statistics, according to Eqs. (1) and (2), the permeance (J,
L m−2 h−1 bar−1) in addition to rejection (R%) were determined, respec-
tively.

J ¼ V
AΔtP

ð1Þ

R ¼ 1� Cp
Cf

× 100% ð2Þ

where P (0.8 bar) is the applied pressure, Δt (h) is the permeate duration,V
(L) is the volume of permeatedwater,A (m2) is the effectivemembrane area,

Cp and Cf refer to the concentrations of the permeate and feed solutions,
correspondingly.

Data availability
The data analyzed during this study are available from the corresponding
author upon request.
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