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Antifouling graphene oxide membranes for
oil-water separation via hydrophobic chain
engineering

Chao Yang 1, Mengying Long 1, Cuiting Ding1, Runnan Zhang 1,2,3,
Shiyu Zhang4, Jinqiu Yuan 1, Keda Zhi1, Zhuoyu Yin1, Yu Zheng1, Yawei Liu 5 ,
Hong Wu 1,2,3,6 & Zhongyi Jiang 1,2,3,4

Engineering surface chemistry to precisely control interfacial interactions is
crucial for fabricating superior antifouling coatings and separation mem-
branes. Here, we present a hydrophobic chain engineering strategy to regulate
membrane surface at a molecular scale. Hydrophilic phytic acid and hydro-
phobic perfluorocarboxylic acids are sequentially assembled on a graphene
oxide membrane to form an amphiphilic surface. The surface energy is
reduced by the introduction of the perfluoroalkyl chains while the surface
hydration can be tuned by changing the hydrophobic chain length, thus
synergistically optimizing both fouling-resistance and fouling-release proper-
ties. It is found that the surface hydration capacity changes nonlinearly as the
perfluoroalkyl chain length increases fromC4 toC10, reaching the highest at C6

as a result of the more uniform water orientation as demonstrated by mole-
cular dynamics simulations. The as-prepared membrane exhibits superior
antifouling efficacy (flux decline ratio <10%, flux recovery ratio ~100%) even at
high permeance (~620 Lm−2 h−1 bar−1) for oil-water separation.

Massive oilywastewater is continuously beinggeneratedwith the rapid
development of industry, especially in petrochemicals, machining,
textile, and food industries1,2. For example, global produced water
production is estimated to be around 250 million barrels per day3.
Given the discharge standards of most nations for the oil content of
effluents (<40mg/L), there raises a great demand for advanced treat-
ment of oily wastewater4. Membrane technology has unique advan-
tages in dealing with oily wastewater for its high separation efficiency
and low energy cost, especially for the disposal of the highly stable oil-
water emulsion with a droplet size smaller than 20μm5,6. The major
obstacle for the membrane separation technique to overcome is the
fouling issue. The spreadable oil droplets are susceptible to coalesce

and spread on membrane surfaces, which results in severe membrane
fouling, lower separation efficiency, and higher operational costs7,8.
Two-dimensional graphene oxide (GO)-based membranes show great
promise in wastewater treatment for their high flux9–12. However, at
high flux, the intensified concentration polarization effect will lead to
more oil droplets at the surface and induce stronger interaction of the
membrane surface with oil droplets13. Tailoring membrane surfaces to
mitigate the severe fouling at high flux is thus a critical challenge for
developing membranes for oil-water separation14,15.

Minimizing the interfacial interactions of surface to pollutants is
the key to enhancing antifouling property7,16. A recent promising
strategy is constructing amphiphilic surfaces that incorporate
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hydrophobic materials (typically fluorinated) onto hydrophilic sur-
faces to simultaneously realize fouling resistance and release, which
has been demonstrated to be effective in numerous fields, including
medical devices, marine antifouling, and membrane separation17–22.
The steric and energetic barrier of hydration layers induced by the
hydrophilic domains resists the spread of pollutants23–26, while the low
surface energy of the hydrophobic domains facilitates the release of
pollutants27–29. Although the amphiphilic antifouling surfaces have
been widely reported, achieving the synergic optimization of fouling-
resistance and fouling-release properties is still challenging30. Gen-
erally, nonpolarhydrophobic domains used to enhance fouling-release
ability usually reduce the surface hydration, which thermodynamically
promotes the spread of pollutants and thus deteriorates the fouling-
resistance ability31,32. To introduce hydrophobic domains while main-
taining the surface hydration capacity, surface chemistry needs to be
engineered to elaborately regulate the interfacial interactions between
surfaces and pollutants33. Previous work attempted to perform the
regulation mostly by adjusting the hydrophobicity, amount, and dis-
tribution of hydrophobic domains33–36. So far, few studies have
achieved the optimization of the interfacial interaction by interfering
with the surface hydration of the amphiphilic surfaces. Additionally,

the underlying molecular-level influence of hydrophobic domains on
the hydration capacity of amphiphilic surfaces is still elusive.

Herein, we constructed an amphiphilic GO membrane and pro-
posed a hydrophobic chain engineering strategy to regulate the
interfacial interactions of the surface with oil droplets, thus achieving
ultralow fouling at high flux. We sequentially assembled hydrophilic
phytic acid (PA) and hydrophobic perfluorocarboxylic acids on a GO
membrane to form an amphiphilic surface with a continuous hydro-
philic domain anddiscrete hydrophobic domains. For the construction
of PA on membrane surfaces, assembly strategies based on hydrogen
bonds and coordination are recently proposed37–39. Coordination-
driven metal-bridging assembly, in our study, is employed to perform
the controllable assembly of PA and perfluoroalkyl chains. The surface
energy is reduced by introducing the perfluoroalkyl chains, while
concomitantly, the surface hydration can be tuned by changing the
length of the hydrophobic chains, thus achieving the synergetic
enhancement in both fouling-release and fouling-resistance proper-
ties. We systematically analyzed the wetting behavior of the proposed
membrane to illustrate the effect of the length of perfluoroalkyl chains
on interfacial interactions and correlated them with antifouling prop-
erties. Further, molecular dynamics simulation, together with experi-

Fig. 1 | Preparation and structures of the membranes. a Schematic diagram of
the fabrication of the F-hGO membranes. HFBA, PFHA, PFOA, and NFDA are hep-
tafluorobutyric acid, perfluorohexanoic acid, pentadecafluorooctanoic acid, and
nonadecafluorodecanoic acid, respectively. b FTIR spectra of the GO, hGO, and

F-hGO membranes. c XPS spectra of the hGO and F-hGO membranes. d The cal-
culated F to P ratio of the F-hGO membranes determined by the peak area on XPS
spectra. Source data are provided as a Source Data file.
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ments, were employed to elucidate the evolution of the hydration
structure on the proposed amphiphilic membrane. Finally, we applied
the membrane in the filtration of oily wastewater and demonstrated
the enhancement in the antifouling capacity during the separation
process.

Results
Regulation of the surface chemical structure of the F-hGO
membranes
PA possessing six phosphate groups with high hydration energy and
perfluorocarboxylic acid with ultralow surface energy were selected as
the hydrophilic and hydrophobic components, respectively, and the
amphiphilic surfaces were prepared on GO membranes via
coordination-driven metal-bridging assembly. We chose per-
fluorocarboxylic acids with different numbers of carbon atoms,
namely, 4, 6, 8, and 10, to adjust the length of the hydrophobic chains
and changed the concentration of Fe3+ on the surface to control the
density of the perfluorocarboxylic acids, hence achieving the
molecular-scale regulation of the surface chemistry. Specifically, as
described in Fig. 1, during the fabrication, the Fe3+-PA complexes grew
on GO nanosheets via coordination, and a superhydrophilic GO
membrane (hGO) was formed by vacuum-assisted self-assembly. The
presence of the characteristic peaks of phosphate bond (1001 and
1067 cm−1) in the Fourier transform infrared (FTIR) spectrum of the
hGO membrane (Fig. 1b), together with the appearance of the phos-
phate peaks (132.7 and 133.6 eV) in the X-ray photoelectron spectro-
scopy (XPS) spectrum of the hGO membrane (Fig. 1c and
Supplementary Fig. 3a), illustrates the introduction of Fe3+–PA com-
plexon theGOmembrane37,38. Fe3+ acts asbridges and incorporates the
hGO membrane surface with the carboxylic acid of the per-
fluorocarboxylic acids, thus anchoring the perfluorocarboxylic acids
and forming the amphiphilic surfaces. The C–F bond can be detected
in the XPS spectra (688.2 eV, Fig. 2c and Supplementary Fig. 3b) of the
F-hGO membranes, which demonstrates the incorporation of per-
fluoroalkyl chains on the hGO membrane40.

The variation in the length of perfluorocarboxylic acids is sup-
posed to exert a negligible effect on the coordination process, which
can be proved quantitatively by the area ratio of the F peak to the P
peak in theXPS spectraof the F-hGOmembranes. Thepeakareas of the
P element are almost consistent in the four cases (Supplementary
Fig. 3a), suggesting the detection of the P element is not significantly
affected by the chain length, which illustrates the validity of the F/P
ratio to characterize the F content. As shown in Fig. 1d, the F content
continuously ascends with the chain length, and its variation is almost
in line with the molar ratio of the F atoms in the introduced per-
fluorocarboxylic acids, implying the distribution density of the coor-
dinated perfluorocarboxylic acids on the four surfaces is almost
similar. Further, we observed the F6-hGOmembranewithout substrate
under transmission electron microscopy. The energy-dispersive X-ray
spectroscopy mapping image reveals that the perfluorocarboxylic
acids are evenly distributed on the membrane surface (Supplemen-
tary Fig. 4).

Wetting behavior
The wetting behavior of the membranes was studied to assess the
effect of the length of perfluoroalkyl chains on the interfacial interac-
tions. Generally, a low intermolecular interaction and a small contact
area lead to low adhesion and thus help the removal of oil droplets
(Fig. 2a)27,41. Modulating the length of perfluoroalkyl chains, we
observed that the apparent water contact angle monotonously
increases with the chain length (Fig. 2b). The decline in apparent sur-
face energy ðγ0SV Þ caused by the increased F content accounts for the
increase in water contact angle (Fig. 2c). The decreasing γ0SV , especially
the dispersion componentðγ0dSV Þ, indicates that the Van der Waals
interaction between the surface and the environment descends with
the prolongation of hydrophobic chains. On the other hand, the
reduced surface energy thermodynamically promotes the spreadof oil
droplets on surfaces42. In our case, the underwater oil contact angle
reduces, but it still exhibits underwater superoleophobicity (Fig. 2d). It
is worth noting that the underwater oil contact angle is not linearly

Fig. 2 |Wettingbehavior of themembranes. a Schematic diagram of the removal
of oil droplets from a solid surface. b Water contact angles, c apparent surface
energy ðγ0SV Þ, d underwater oil contact angles and normalized contact areas of the
GO, hGO, and F-hGOmembranes. The areas are normalized by the contact area of
the hGO membrane. e Dependence of the underwater oil contact angle of the

membranes on the apparent surface energy. fUnderwater oil adhesive force on the
hGO and F-hGO membranes. The oil is hexadecane. All error bars in this figure
represent standard deviations for three measurements. Source data are provided
as a Source Data file.
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Fig. 3 | Hydration structures on the surfaces. a–d Water density (blue line), F
density (red line), and cosα (gray line) along the direction perpendicular to the
proposed surfaces and the corresponding schematic diagram of the hydration
structure of the proposed surfaces. α is defined as the angle between ~u (the
opposite vector of the water dipole) and~z (the normal vector of the surface).

e Water amount in the hydration layer of the proposed surfaces. f Probability dis-
tributions of the orientation of the water in the hydration layer of the proposed
surfaces. Solid and dashed lines are the distributions for regions I and II, respec-
tively. Source data are provided as a Source Data file.
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related to the chain length but show an inverted-U tendency. The F6-
hGO membrane displays the highest underwater oil contact angle
(165.7°) and smallest contact area compared to those of other F-hGO
membranes.We further analyzed the relationship between the γ0SV and
the underwater oil contact angle and calculated the corresponding
theoretical values according toYoung’s equation in solid–liquid–liquid
systems and Wenzel’s equation43,44.

cosθOW =
γSW � γSO

γOW
ð1Þ

cosθ0OW = rcosθOW ð2Þ

where θOW and θ′OW are the underwater oil contact angles on the
smooth and rough surfaces, respectively. γSW , γSO, and γOW , are the
interfacial tension of the surface/water, surface/ hexadecane, and
hexadecane/water, respectively. r is the roughness factor of the sur-
faces, which was obtained from the AFM test (Supplementary Fig. 5).
The result is presented in Fig. 2e and Supplementary Table 1. We
noticed that the experimental values are all higher than the calculated
values. This deviation can be observed in many works, which is mainly
because surface hydration changes the interfacial interactions of the
system45,46. More importantly, we find that the curve shape deviates
from the calculated one in which the underwater oil contact angle
continuously decreases with the surface energy. The F6-hGO mem-
brane with lower surface energy shows higher underwater oleopho-
bicity compared to that of the F4-hGO membrane. This unexpected
result suggests that the surface hydration is sensitive to the chain
length, which allows us to control the surface hydration when intro-
ducing perfluoroalkyl chains to simultaneously achieve both a low
contact angle and a low intermolecular interaction. To illustrate the
universality of the phenomenon, we also tested the underwater oil
contact angles with tetrachloromethane and n-hexane, and similar
results were obtained (Supplementary Fig. 6).

Adhesive force, as shown in Fig. 2f, was further measured by AFM
to quantitatively probe the oil-membrane interaction between the
amphiphilic membranes and oil droplets. As expected, due to the
lower surface energy and the smaller oil contact area, the adhesive
force of the F6-hGOmembrane (0.54μN) drops nearly 50% compared
with that of the F4-hGO membrane (1.01μN). When the number of
carbon atoms in the perfluoroalkyl chains exceeds 6, extending the
perfluoroalkyl chains can further reduce the surface energy, but the
excessively increased contact area substantially rises interfacial inter-
actions. For instance, in terms of the F10-hGO membrane, the surface
energy decreased by ~15%, while the contact area increased by more
than 60% compared with those of the F6-hGO membrane, eventually
leading to a 1.20μN adhesive force.

Hydration capacity
Our experiments presented an unexpected phenomenon that the
underwater oil contact angle of the proposed membrane surface
shows a nonmonotonic relationship with the length of perfluoroalkyl
chains. This endows the amphiphilic membrane with the medium-
length perfluoroalkyl chains (C6) with the lowest contact area, thereby
obtaining the lowest underwater oil adhesive force. Surface hydration
has been proven to be associated with underwater oil-wetting
behaviors47. More and more studies pointed out that the side groups
or functional groups within the size range of the hydration layers
(subnanometer to few nanometers) can control the hydration struc-
ture, hence affecting interfacial behavior and antifouling
performances24,48. Inspired by these, we suppose that perfluoroalkyl
chains with different lengths alter the hydration structure of the sur-
face, hence regulating the distribution density and cohesive strength
of the water adsorbed on surfaces.

To confirm our hypothesis, molecular dynamics simulations were
performed to elucidate the evolution of the hydrationon the proposed
amphiphilic surfaces. The perfluoroalkyl chains, due to their nonpolar
nature, is not prone to attach to the polar superhydrophilic surfaces in
the water49. Therefore, the perfluoroalkyl chains were set as stretching
outward to the aqueous phase in our model. Figure 3a–d display the
plots of the water density along the direction perpendicular to the
surfaces. Due to the coulombic interaction between the super-
hydrophilic substrate and water molecules50, an interfacial water layer
(<~0.6 nm in our case) with a density higher than that of the bulkwater
is formed on all the surfaces. It can be found that the sharpness of the
peak of the interfacial water layer first decreases and then increases
with the length of the perfluoroalkyl chain, suggesting the structure of
the hydration layer displays a varying tendency of first decreasing and
then increasing. The hydration layer induced on the F6-hGO surface
possesses wider and more uniform density distribution. Some studies
proved that moderately interfering with the hydration layer can
increase the amount of interfacial water, thus achieving a stronger
hydration capacity51.We alsoobserved a change in thewater amount in
the hydration layer, that is, the value first increases and then decreases
with the perfluoroalkyl chain length (Fig. 3e). The variation in hydra-
tion capacity is considered to be related to the interfacial hydration
structure induced by the perfluoroalkyl chains with different lengths,
which will be discussed in detail later. Further, differential scanning
calorimetry was used to monitor the crystallization temperature and
crystallization enthalpy ofwater (~10mg) on themembrane surfaces to
evaluate the amount of interfacial water (Supplementary Figs. 7, 8). All
the two values follow the order of F4-hGO > F8-hGO > F6-hGO, illus-
trating the amount of interfacial water in the order of F6-hGO> F8-hGO
> F4-hGO, which is well consistent with the simulation results. It is
believed that more water pinning on surfaces provides a stronger
steric and energetic barrier24. These results explain the unexpected
nonlinear relationship between the perfluoroalkyl chain length and the
underwater oil contact angle.

We defined α as the angle between ~u (the opposite vector of the
water dipole) and~z (the normal vector of the surface) to estimate the
spatial orientation of interfacial water to explore the underlying
molecular-level details for the variation in the water amount of the
hydration layer. We divide the hydration layers into two regions and
compare the probability distributions of cosα in the two regions
(Fig. 3f). It can be seen thatmost of thewater bears the distributions of
cosα centered ~−1, implyingwatermainly favor orientingwith twoO–H
bonds directed downwards towards the surface in our models. With
the presence of perfluoroalkyl chains, the orientation of the water
molecules is perturbed due to the electrostatically dominated inter-
actions between the water and the perfluoroalkyl chains52. This elec-
trostatic interaction is sensitive to chain length and position, which
was adequately discussed in detail in the previous work52. In our study,
the water orientation distribution in regions I and II is more similar in
the case of F6-hGO, which implies a more uniform hydration structure
on the surface. The uniformity in hydration structure offers more
available water interaction sites and thus reaches a larger amount of
interfacial water and higher hydration capacity50. This nonlinear
dependence of the hydration capacity to the perfluoroalkyl chain
length reveals that an appropriate chain length exists for similar
amphiphilic surfaces to exhibit the strongest hydration capacity.

Antifouling efficacy
Based on the regulation of interfacial interactions by the length of
perfluoroalkyl chains, we tried to explore its effect on the antifouling
efficacy. Hexadecane-in-water emulsion (average size = 291.1 nm, Sup-
plementary Fig. 9) was selected as the target separation system to
evaluate antifouling performances. All membranes bear high oil
repellency (Rejection >98%, Supplementary Fig. 10) at high permeance
(~620 Lm−2 h−1 bar−1). The oil concentration of the filtrates is less than
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20 ppm (Supplementary Fig. 11), which meets the discharge standard
of most nations4. The fluxes varying with time during filtration and the
corresponding indices are illustrated in Fig. 4a, b. The antifouling
capability quantized by DRt first decreases and then increases with the
chain length, which is consistent with variation in adhesive force
(Fig. 2f). It can be significantly reduced by more than 50% by the
hydrophobic chain engineering. Additionally, we investigated the
effect of the density of the perfluoroalkyl chains on the antifouling
properties to explore the optimal chemical composition of the pro-
posed amphiphilic membrane surface (Supplementary Fig. 12). Our
results indicate that the amphiphilic membrane with medium-length
perfluoroalkyl chains (C6) prepared at the immersed FeCl3 solution
concentration of 0.6mM possesses the lowest DRt (6.8%) and the
highest FRR (99.8%). Its DRt is dramatically reduced by nearly 90 and
80%, respectively, and its FRR is improved by 1.4 and 1.1 times,
respectively, relative to those of the GO membrane (DRt = 60.0 %,
FRR = 73.3%) and the hGO membrane (DRt = 31.8 %, FRR = 88.6%).

Compared with the currently reported GO-based membranes
and polymeric membranes for oil-water separation, the F6-hGO
membrane shows superior antifouling performance (Fig. 4c, d and
Supplementary Tables 2, 3). DRt of our membrane is far lower than
that of the reportedmembranes, with the index generally of 40–60%.
More importantly, as shown in Fig. 4d, most membranes achieve
ultralow DRt at low initial fluxes. While the F6-hGO membrane can
maintain its ultralow fouling tendency even at a relatively high initial
flux of ~310 Lm−2 h−1. This value exceeds most oil-water separation
membranes, which confirms their robustness in resisting oil fouling
and their advantage over state-of-the-artmembranes. In addition, the
membrane exhibits a comparable pure water flux as the initial one
after multiple cycles of fouling with oils and cleaning with water
(Fig. 4e). For the challenge of scaling, no significant flux decline was
observed after operating the gypsum scaling experiment for 6 h
(Supplementary Fig. 13). Besides, the F6-hGO membrane shows a
promising opportunity in the antifouling treatment of various

emulsions with high rejection (>98%, Supplementary Fig. 14) and low
DRt (<10%, Fig. 4f).

The introduction and optimization of multiple antifouling
mechanisms on the membrane surface account for excellent anti-
fouling properties. The hydration barrier and steric repulsion of the
hydrophilic PA coating resist the spread of oil droplets, making the oil
contact the membrane surface with a small area53. The perfluoroalkyl
chains with low surface energy endow the membrane surface with
nonstick properties and fouling-release behavior27. Most importantly,
in our case, the interfacial interactions of the proposed amphiphilic
surface are regulated by the perfluoroalkyl chain length. There is an
optimal chain length, namely C6, to endow the surfaceswith the lowest
oil adhesion. At this length, the interfacial water is oriented more
uniformly, thereby forming a hydration layer with more water. This
enables the surface to maintain the hydration capacity when introdu-
cing the perfluoroalkyl chains, thereby synergistically optimizing
fouling resistance and release properties. Consequently, the proposed
F6-hGO membrane harvests ultralow adhesion with oil droplets,
allowing oil droplets to easily peel from themembrane surface instead
of forming a filter cake layer and thus resulting in enhanced antifouling
efficacy.

Discussion
In summary, we constructed an amphiphilic surface by sequentially
assembling hydrophilic PA andhydrophobic perfluoroalkyl chains on a
graphene oxidemembrane and achievedmolecular-scale regulation of
its chemical structure and interfacial interactions by adjusting the
density and length of the perfluoroalkyl chains. Our study demon-
strates that the perfluoroalkyl chain length is one of the key factors
affecting the antifouling ability, because it can tune the surface
hydration structure, thus synergistically optimizing both fouling-
resistance and fouling-release properties. We observed that the
hydration capacity varies nonlinearly with the perfluoroalkyl chain
length andproved that themedium-lengthperfluoroalkyl chains (C6) is

Fig. 4 | Antifouling performances of the membranes. a Time-dependent nor-
malized fluxes of the GO, hGO, and F-hGOmembranes during antifouling tests. The
used oily wastewater is a hexadecane-in-water emulsion. b Antifouling indexes of
the GO, hGO, and F-hGOmembranes. cComparison of antifouling performances of
the F6-hGOmembrane and the reportedmembranes for oil-water separation. dDRt

and initial flux of the F6-hGO and the reportedmembranes for oil-water separation.
eCyclingperformances of the F6-hGOmembrane for the separation ofhexadecane-
in-water emulsion. f Normalized flux of the F6-hGO membrane varied with the
processing time for the separation of different oil-in-water emulsions. Source data
are provided as a Source Data file.
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optimal by providing a more uniform orientation of the interfacial
water to hydrate more water on the surface. This hydrophobic chain
engineering reduces the adhesive force of oil droplets by over 50%,
thus achieving superior antifouling capability (DRt: <10%, FRR: ~100%)
at even high permeance (~620 Lm−2 h−1 bar−1). Our work provides gui-
dance for the regulation of surface interactions. We anticipate that the
microscopic understanding of interfacial interaction is also instructive
to interfacial engineering in oil recovery, biomedicine, and
nanofluidics.

Methods
Materials and chemicals
GO nanosheets were purchased from Nanjing XFNANOMaterials Tech
Co., Ltd. Polyacrylonitrile (PAN) membranes were provided from
Lanjing Membrane Engineering Co. PA, iron chloride hexahydrate
(FeCl3·6H2O), sodium dodecyl sulfonate, tetrachloromethane, n-hex-
ane, and hexadecane were supplied from Tianjin heowns Biochemical
Technology Co., Ltd. HFBA, PFHA, PFOA, NFDA, and diiodomethane
were obtained from Shanghai Macklin Biochemical Co., Ltd. Vacuum
pump oil was provided by Special Oil Factory. Corn oil was bought
from COFCO Fulinmen Co., Ltd.

Preparation of the hGO membrane
Fe3+–PA complex was grown on GO nanosheets via the metal-organic
coordination37. Typically, as described in Fig. 1a, 0.50mg GO nanosh-
eets and 49.50mg PA were uniformly dispersed in 25mL deionized
water. After shaking at 150 rpm and 25 °C for 10min, 5mL 0.20mM
FeCl3 aqueous solution was added into the mixed solution of GO and
PA and then shaken for 10min to fabricate Fe3+–PA@GO nanosheets.
Subsequently, 1800μL of the above-resulting Fe3+–PA@GOnanosheet
solution was ultrasonically dispersed in 100mL of water. The hGO
membrane was prepared via filtrating the Fe3+–PA@GO dispersion
onto the PAN membranes.

Preparation of the F-hGO membranes
F-hGOmembraneswere fabricatedby sequentially assembling Fe3+ and
perfluorocarboxylic acids on the hGOmembrane38. As shown in Fig. 1a,
the hGO membrane was first immersed into 30mL 0.60mM FeCl3
aqueous solution and shaken for 10min at 100 rpmand25 °C, followed
by washing with water. Afterward, the resultingmembranes were sunk
into the 30mL ethanol solution of perfluorocarboxylic acids and sha-
ken at 100 rpm and 25 °C for 10min. The F-hGO membranes were
obtained after washing with ethanol. The subscript of the membrane
name indicates the number of C atoms in the molecular chain of per-
fluorocarboxylic acids, that is, F4-hGO, F6-hGO, F8-hGO, and F10-hGO
represent the membranes assembled by HFBA, PFHA, PFOA, and
NFDA, respectively. The concentrationof the immersed FeCl3 solution,
namely, 0.20, 0.40, 0.60, and 0.80mM, was adjusted to control the
density of the perfluorocarboxylic acids. The concentration of per-
fluorocarboxylic acids solution was set to an excessive concentration
(2.00mM) to achieve the adequate coordination of per-
fluorocarboxylic acids with Fe3+, according to the influence of the
concentration of perfluorocarboxylic acids on the surface properties
quantified by the water contact angle (Supplementary Fig. 1).

Molecular dynamics simulation
Molecular dynamics simulations with a simple model system were
used to investigate the interfacial water on F-hGO membranes with
perfluoroalkyl chains of different lengths. Supplementary Fig. 2 shows
a typical box used in our simulations. There are 1000 water molecules
on the substrate. The substrate is made up of a group of randomly
arranged atoms with a density of 0.005 nm−3 (i.e., there are 259 sub-
strate atoms in the simulation box). The substrate is negatively
charged with the total charges Q = −10 e where e is the charge of an
electron (we checked that this type of substrate is superhydrophilic).

Na+ ions are added in the system to neutralize the system. 12 per-
fluorocarboxylic acid chains are anchored on the substrate with the C
atom of the –COOH groups fixed at the top of the surface (i.e., at
z =0.5 nm in Supplementary Fig. 2). The perfluorocarboxylic acids are
arranged in a hexagonal lattice with the distance between them
d = 1 nm. The cases anchored by the perfluorocarboxylic acids of
HFBA, PFHA, PFOA, andNFDA are named F4-hGO, F6-hGO, F8-hGO, and
F10-hGO, respectively.

The SPC/E model was applied to the water molecules54. The
SHAKE algorithm was used to maintain the rigidity of the water. The
forcefield for the perfluoroalkyl chainsweregenerated by LigParGen55.
Themodel for Na+ ions was from ref. 56. The substrate atomwas set to
be the same as the O atom of H2O (except for the charges). Non-
bonding pairwise interaction was given by

U =4ϵij
σij

rij

 !12

� σij

rij

 !6
2
4

3
5+

qiqj

4πϵ0rij
ð3Þ

where ϵij and σij are the energy and distance parameters, respectively,
rij is the distancebetween atoms i and j, qi and qj are the atomic charge
of atoms i and j, ϵ0 is the vacuum permittivity. The Lennard-Jones (LJ)
potentials were cut and shifted at 1.0 nm. The arithmetic mixing rule
was applied for LJ potentials between different species. The electro-
static interaction was also cut at 1:0nm and the particle−particle
particle−mesh (PPPM) with an accuracy of 10−4 was employed to
calculate the long-range electrostatic interactions.

All simulations were carried out using the parallel molecular
dynamics software package LAMMPS57. Periodic boundary conditions
were imposed in all threedirections. The velocity-Verlet algorithmwith
a time step of 1 fs was used to integrate the equation of motion, and a
Nosé–Hoover thermostat with a time constant of 100 fs was used to
maintain the temperature of the fluid at T =300K. During all simula-
tions, all atoms of the substrates and the C atom of the –COOH groups
were frozen at their initial positions. Each simulation was run for 2 ns
for equilibrating and another 10 ns for producing.

Characterization
Characterization used in this work are provided in detail in the Sup-
plementary Methods.

Data availability
All data supporting the findings of this study are available within the
article and the Supplementary Information file, or available from the
corresponding authors upon request. Source data are provided with
this paper.

References
1. Wang, B., Liang, W., Guo, Z. & Liu, W. Biomimetic super-lyophobic

and super-lyophilic materials applied for oil/water separation: a
new strategy beyond nature. Chem. Soc. Rev. 44, 336–361 (2015).

2. Kota, A. K., Kwon, G., Choi, W., Mabry, J. M. & Tuteja, A. Hygro-
responsive membranes for effective oil-water separation. Nat.
Commun. 3, 1025 (2012).

3. Fakhru’l-Razi, A. et al. Review of technologies for oil and gas pro-
duced water treatment. J. Hazard Mater. 170, 530–551 (2009).

4. Tanudjaja, H. J., Hejase, C. A., Tarabara, V. V., Fane, A. G. & Chew, J.
W. Membrane-based separation for oily wastewater: a practical
perspective. Water Res. 156, 347–365 (2019).

5. Yang, C. et al. Fabrication of a PPS microporous membrane for
efficient water-in-oil emulsion separation. Langmuir 34,
10580–10590 (2018).

6. Tao, M., Xue, L., Liu, F. & Jiang, L. An intelligent superwetting PVDF
membrane showing switchable transport performance for oil/water
separation. Adv. Mater. 26, 2943–2948 (2014).

Article https://doi.org/10.1038/s41467-022-35105-8

Nature Communications |         (2022) 13:7334 7



7. Zhang, R. et al. Antifouling membranes for sustainable water pur-
ification: strategies and mechanisms. Chem. Soc. Rev. 45,
5888–5924 (2016).

8. Zhang, S. et al. Cupric phosphate nanosheets-wrapped inorganic
membranes with superhydrophilic and outstanding anticrude oil-
fouling property for oil/water separation. ACS Nano 12,
795–803 (2018).

9. He, M. et al. Reduced graphene oxide aerogel membranes fabri-
cated through hydrogen bond mediation for highly efficient oil/
water separation. J. Mater. Chem. A 7, 11468–11477 (2019).

10. Guan, J. et al. Engineering multi-pathway graphene oxide mem-
branes toward ultrafast water purification. J. Membr. Sci. 638,
119706 (2021).

11. Liu, Y. et al. 2D heterostructure membranes with sunlight-driven
self-cleaning ability for highly efficient oil-water separation. Adv.
Funct. Mater. 28, 1706545 (2018).

12. Yang, C. et al. Ultrathin nanofiltration membrane assembled by
polyethyleneimine-grafted graphene quantum dots. J. Membr. Sci.
642, 119944 (2022).

13. Dong, D. et al. Double‐defense design of super‐anti‐fouling mem-
branes for oil/water emulsion separation. Adv. Funct. Mater. 32,
2113247 (2022).

14. Dhyani, A. et al. Design and applications of surfaces that control the
accretion of matter. Science 373, eaba5010 (2021).

15. Rana, D. & Matsuura, T. Surface modifications for antifouling
membranes. Chem. Rev. 110, 2448–2471 (2010).

16. Callow, J. A. & Callow, M. E. Trends in the development of envir-
onmentally friendly fouling-resistant marine coatings. Nat. Com-
mun. 2, 244 (2011).

17. Han, N. et al. Amphiphilic cellulose for enhancing the antifouling
and separation performances of poly (acrylonitrile-co-methyl
acrylate) ultrafiltration membrane. J. Membr. Sci. 591,
117276 (2019).

18. Benda, J. et al. Studying the effect of pre-polymer composition and
incorporation of surface-modifying amphiphilic additives on the
fouling-release performance of amphiphilic siloxane-polyurethane
coatings. ACS Appl Mater. Interfaces 14, 37229–37247 (2022).

19. Leonardi, A. K. & Ober, C. K. Polymer-based marine antifouling and
fouling release surfaces: strategies for synthesis and modification.
Annu Rev. Chem. Biomol. Eng. 10, 241–264 (2019).

20. Guo, H. & Ulbricht, M. Surface modification of polypropylene
microfiltration membrane via entrapment of an amphiphilic alkyl
oligoethyleneglycolether. J. Membr. Sci. 349, 312–320 (2010).

21. Kristalyn, C. B. et al. Surface structures of an amphiphilic tri-block
copolymer in air and in water probed using sum frequency gen-
eration vibrational spectroscopy. Langmuir 26, 11337–11343 (2010).

22. Calabrese, D. R. et al. Amphiphilic oligopeptides grafted to PDMS-
based diblock copolymers for use in antifouling and fouling release
coatings. Polym. Adv. Technol. 26, 829–836 (2015).

23. Chen, S., Li, L., Zhao, C. & Zheng, J. Surface hydration: pPrinciples
and applications toward low-fouling/nonfouling biomaterials.
Polymer 51, 5283–5293 (2010).

24. Molino, P. J. et al. Hydration layer structure of biofouling-resistant
nanoparticles. ACS Nano 12, 11610–11624 (2018).

25. Long, M. et al. Electrostatic enhanced surface segregation
approach to self-cleaning and antifouling membranes for efficient
molecular separation. J. Membr. Sci. 638, 119689 (2021).

26. Koc, J. et al. Low-fouling thin hydrogel coatings made of photo-
cross-linked polyzwitterions. Langmuir 35, 1552–1562 (2019).

27. Lejars, M., Margaillan, A. & Bressy, C. Fouling release coatings: a
nontoxic alternative to biocidal antifouling coatings. Chem. Rev.
112, 4347–4390 (2012).

28. Galhenage, T. P. et al. Fouling-release performance of silicone oil-
modified siloxane-polyurethane coatings. ACS Appl Mater. Inter-
faces 8, 29025–29036 (2016).

29. Kumar, M. et al. Preparation and characterization of low fouling
novel hybrid ultrafiltration membranes based on the blends of GO
−TiO2 nanocomposite and polysulfone for humic acid removal. J.
Membr. Sci. 506, 38–49 (2016).

30. Galli, G. & Martinelli, E. Amphiphilic polymer platforms: surface
engineering of films for marine antibiofouling. Macromol. Rapid
Comm. 38, 1600704 (2017).

31. Stammitti-Scarpone, A. & Acosta, E. J. Solid-liquid-liquid wettability
and its prediction with surface free energy models. Adv. Colloid
Interface Sci. 264, 28–46 (2019).

32. Jung, Y. C. & Bhushan, B.Wetting behavior of water and oil droplets
in three-phase interfaces for hydrophobicity/philicity and oleo-
phobicity/philicity. Langmuir 25, 14165–14173 (2009).

33. Baxamusa, S. H. & Gleason, K. K. Random copolymer films with
molecular-scale compositional heterogeneities that interfere with
protein adsorption. Adv. Funct. Mater. 19, 3489–3496 (2009).

34. Hederos, M., Konradsson, P. & Liedberg, B. Synthesis and self-
assembly of galactose-terminated alkanethiols and their ability to
resist proteins. Langmuir 21, 2971–2980 (2005).

35. Gudipati, C. S., Finlay, J. A., Callow, J. A., Callow, M. E. &Wooley, K.
L. The antifouling and fouling-release perfomance of hyper-
branched fluoropolymer (HBFP)−poly(ethylene glycol) (PEG) com-
posite coatings evaluatedby adsorption of biomacromolecules and
the green fouling alga ulva. Langmuir 21, 3044–3053 (2005).

36. Chi, Y., Xu, S., Xu, X., Cao, Y. & Dong, J. Studies of relationship
between polymer structure and hydration environment in amphi-
philic polytartaramides. J. Polym. Sci. B PolymPhys 55,
138–145 (2017).

37. You, X. et al. Metal-coordinated sub-10 nm membranes for water
purification. Nat. Commun. 10, 4160 (2019).

38. Yu, Q. et al. Ultrathin fluorinated self-cleaning membranes via
coordination-drivenmetal-bridging assembly forwater purification.
J. Mater. Chem. A 8, 4505–4514 (2020).

39. Song, X. et al. A phytic acid induced super-amphiphilic multi-
functional 3D graphene-based foam. Angew. Chem. Int. Ed. Engl.
55, 3936–3941 (2016).

40. Yang, C. et al. Design of a Janus F-TiO2@PPS porous membrane
with asymmetric wettability for switchable oil/water separation.
ACS Appl Mater. Interfaces 11, 22408–22418 (2019).

41. Extrand, C. W. Designing for optimum liquid repellency. Langmuir
22, 1711–1714 (2006).

42. deGennes, P. G.Wetting: statics and dynamics. Rev. Mod. Phys. 57,
827–863 (1985).

43. Liu, M., Wang, S., Wei, Z., Song, Y. & Jiang, L. Bioinspired design of a
superoleophobic and low adhesive water/solid interface. Adv.
Mater. 21, 665–669 (2009).

44. Wenzel, R. N. Surface roughness and contact angle. J. Phys. Colloid
Chem. 53, 1466–1467 (1949).

45. Trinavee, K., Gunda, N. S. K. & Mitra, S. K. Anomalous wetting of
underliquid systems: oil drops in water and water drops in oil.
Langmuir 34, 11695–11705 (2018).

46. Seveno, D., Blake, T. D., Goossens, S. &DeConinck, J. Predicting the
wetting dynamics of a two-liquid system. Langmuir 27,
14958–14967 (2011).

47. Dargaville, B. L. & Hutmacher, D. W. Water as the often neglected
medium at the interface between materials and biology. Nat.
Commun. 13, 4222 (2022).

48. Chen, Q. et al. Impact of antifouling PEG layer on the performance
of functional peptides in regulating cell behaviors. J. Am. Chem.
Soc. 141, 16772–16780 (2019).

49. Du, Z. et al. Adsorption behavior and mechanism of perfluorinated
compounds on various adsorbents–a review. J. Hazard Mater. 274,
443–454 (2014).

50. Li, C. Y. et al. In situ probingelectrified interfacialwater structures at
atomically flat surfaces. Nat. Mater. 18, 697–701 (2019).

Article https://doi.org/10.1038/s41467-022-35105-8

Nature Communications |         (2022) 13:7334 8



51. Huang, K. et al. Cation-controlled wetting properties of vermiculite
membranes and its promise for fouling resistant oil-water separa-
tion. Nat. Commun. 11, 1097 (2020).

52. Robalo, J. R., Mendes de Oliveira, D., Ben-Amotz, D. & Vila Verde, A.
Influence of methylene fluorination and chain length on the
hydration shell structure and thermodynamics of linear diols. J.
Phys. Chem. B 125, 13552–13564 (2021).

53. Li, N. et al. Superamphiphilic TiO2 composite surface for protein
antifouling. Adv. Mater. 33, 2003559 (2021).

54. Berendsen, H. J. C.,Grigera, J. R. &Straatsma, T. P. Themissing term
in effective pair potentials. J. Phys. Chem. 91, 6269–6271 (1987).

55. Dodda, L. S., Cabeza de Vaca, I., Tirado-Rives, J. & Jorgensen, W. L.
LigParGenweb server: an automatic OPLS-AA parameter generator
for organic ligands. Nucleic Acids Res. 45, W331–W336
(2017).

56. Joung, I. S. & Cheatham, T. E. Determination of alkali and halide
monovalent ion parameters for use in explicitly solvated biomole-
cular simulations. J. Phys. Chem. B 112, 9020–9041 (2008).

57. Plimpton, S. Fast parallel algorithms for short-range molecular
dynamics. J. Comput. Phys. 117, 1–19 (1995).

Acknowledgements
This work is financially supported by the National Natural Science
Foundation of China, Grant No. 21961142013 (Z.J.), 21878215 (H.W.), Key
Research and Development Program of Zhejiang Province, Grant No.
2021C03173 (Z.J.), and the Haihe Laboratory of Sustainable Chemical
Transformations for financial supports. The authors also appreciate Dr.
Mingrui He from the Harbin Institute of Technology for his help with the
AFM test. Y.L. sincerely appreciates Prof. Suojiang Zhang (IPE, CAS) for
his careful aca- demic guidance and great support.

Author contributions
H.W., Z.J., and C.Y. conceived the idea and designed the experiment.
C.Y., M.L., S.Z., J.Y., and C.D. performed the experiment. K.Z., Z.Y., and
Y.Z. measured the separation performances. R.Z provided constructive
suggestions for results and discussion. Y.L. did molecular dynamics
simulations. All authors participated in the discussion.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35105-8.

Correspondence and requests for materials should be addressed to
Yawei Liu, Hong Wu or Zhongyi Jiang.

Peer review informationNature Communications thanks YusufOlabode
Raji and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-35105-8

Nature Communications |         (2022) 13:7334 9

https://doi.org/10.1038/s41467-022-35105-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Antifouling graphene oxide membranes for oil-water separation via hydrophobic chain engineering
	Results
	Regulation of the surface chemical structure of the F-hGO membranes

	Wetting behavior
	Hydration capacity
	Antifouling efficacy
	Discussion
	Methods
	Materials and chemicals
	Preparation of the hGO membrane
	Preparation of the F-hGO membranes
	Molecular dynamics simulation
	Characterization

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




