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% Check for updates Fast permeation and effective solute-solute separation provide the opportu-

nities for sustainable water treatment, but they are hindered by ineffective
membranes. We present here the construction of a nanofiltration membrane
with fast permeation, high rejection, and precise Cl/SO,* separation by spatial
and temporal control of interfacial polymerization via graphitic carbon nitride
(g-C5N4). The g-C3N, nanosheet binds preferentially with piperazine and tiles
the water-hexane interface as revealed by molecular dynamics studies, thus
lowering the diffusion rate of PIP by one order of magnitude and restricting its
diffusion pathways towards the hexane phase. As a result, membranes with
nanoscale ordered hollow structure are created. Transport mechanism across
the structure is clarified using computational fluid dynamics simulation.
Increased surface area, lower thickness, and a hollow ordered structure are
identified as the key contributors to the water permeance of 105 L m*h™-bar™
with a Na,SO, rejection of 99.4% and a CI/SO4* selectivity of 130, which is
superior to state-of-the-art NF membranes. Our approach for tuning the
membrane microstructure enables the development of ultra-permeability and
excellent selectivity for ion-ion separation, water purification, desalination,
and organics removal.

Nanofiltration (NF) is a cost-effective and environmentally friendly
separation method used in municipal wastewater treatment,
drinking water purification, and pharmaceutical purification'™,
Compared to other technologies, NF consumes lower energy, takes
up less space, and can effectively separate ions. A durable mem-
brane with desirable permeability and selectivity is essential for
establishing the ideal NF process. A high membrane permeability
allows for operation at lower pressures, further reducing the energy
cost. Another important criterion is selectivity. Many studies to date

have emphasized the selectivity of water over solutes in NF
applications®. In recent years, solute-solute separation has attracted
increasing attention as a value-added process to water treatment,
which may enable many possibilities, such as the energy-effective
removal of a specific solute from the water stream and isolation and
concentration of a valuable component’. One typical example is
the separation of chloride from sulfate in the chloralkali process.
ClI/SO,* separation is beneficial for recovering valuable salt
resources and obtaining clean freshwater®™,

College of Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China. 2Department of Chemical and Biomolecular

Engineering, National University of Singapore, 4 Engineering Drive 4, 117585 Singapore, Singapore. 3State Key Laboratory of Water Environment Simulation,

School of Environment, Beijing Normal University, Beijing 100875, China. “College of Materials Science and Engineering, College of Chemical Engineering,

Beijing University of Chemical Technology, 100029 Beijing, China. °These authors contributed equally: Changwei Zhao, Yanjun Zhang, Yuewen Jia, Bojun Li.
e-mail: zhaocw@cau.edu.cn; chezhasu@nus.edu.sg

Nature Communications | (2023)14:1112 1


http://orcid.org/0000-0001-6530-0643
http://orcid.org/0000-0001-6530-0643
http://orcid.org/0000-0001-6530-0643
http://orcid.org/0000-0001-6530-0643
http://orcid.org/0000-0001-6530-0643
http://orcid.org/0000-0001-6982-8437
http://orcid.org/0000-0001-6982-8437
http://orcid.org/0000-0001-6982-8437
http://orcid.org/0000-0001-6982-8437
http://orcid.org/0000-0001-6982-8437
http://orcid.org/0000-0002-2157-3663
http://orcid.org/0000-0002-2157-3663
http://orcid.org/0000-0002-2157-3663
http://orcid.org/0000-0002-2157-3663
http://orcid.org/0000-0002-2157-3663
http://orcid.org/0000-0002-1957-9679
http://orcid.org/0000-0002-1957-9679
http://orcid.org/0000-0002-1957-9679
http://orcid.org/0000-0002-1957-9679
http://orcid.org/0000-0002-1957-9679
http://orcid.org/0000-0002-1548-4218
http://orcid.org/0000-0002-1548-4218
http://orcid.org/0000-0002-1548-4218
http://orcid.org/0000-0002-1548-4218
http://orcid.org/0000-0002-1548-4218
http://orcid.org/0000-0001-5019-5182
http://orcid.org/0000-0001-5019-5182
http://orcid.org/0000-0001-5019-5182
http://orcid.org/0000-0001-5019-5182
http://orcid.org/0000-0001-5019-5182
http://orcid.org/0000-0002-2767-8634
http://orcid.org/0000-0002-2767-8634
http://orcid.org/0000-0002-2767-8634
http://orcid.org/0000-0002-2767-8634
http://orcid.org/0000-0002-2767-8634
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36848-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36848-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36848-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36848-8&domain=pdf
mailto:zhaocw@cau.edu.cn
mailto:chezhasu@nus.edu.sg

Article

https://doi.org/10.1038/s41467-023-36848-8

NF membranes offer a wide range of applications due to their
diversified pore size and charge characteristics'*™". Their molecular
weight cut-off (MWCO) typically ranges between 200 and 1000 Da,
and membrane surfaces can be positive, negative, neutral, or zwitter-
ionic. The design of NF membranes with appropriate microstructure,
thickness, pore size, and surface charge should be tailored to suit each
specific application. Most commercial NF membranes are now manu-
factured by the interfacial polymerization (IP) of piperazine (PIP) in the
aqueous phase and trimesoyl chloride (TMC) in the organic phase'® .
Polyamide-based thin film composite membranes remain the gold
standard in both the market and academic research*?%, The quick and
less regulated reaction, however, makes it challenging to tune the
structure of the resulting polyamide layer”?*. As a result, NF mem-
branes are subjected to an inherent trade-off between flux and
selectivity.

Many recent efforts have been made to enhance the permeability
by experimenting with various reaction conditions, such as modifying
the compositions of the aqueous and organic phases, incorporating
nano-fillers, and employing layer-by-layer and 3D printing
technologies™ .. These strategies seek to manage the IP process by
either slowing down the reaction or confining the reaction in a limited
space®. As a result, the impact on membrane structure and separation
performances is limited. Furthermore, most studies do not address
solute-solute selectivity.

Herein, a graphitic carbon nitride (g-C3N,) nanosheet was adop-
ted during IP to form an ordered nanoscale hollow structure of a thin-
film composite membrane. Molecular dynamics (MD) investigations
revealed that g-C5N, plays a critical role in temporally controlling the
IP process by slowing PIP diffusion and spatially restricting the reac-
tion via tiling at the oil-water interface. PIP diffusivity was reduced by
one order of magnitude in experiments, and an NF membrane with a
nanoscale-ordered hollow cone structure was created, the size and
distribution of which were depending on g-C3N4 concentration. The
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Fig. 1| Preparation of NF membranes regulated by g-C3N,. a Schematic illus-
tration of the g-C5N,-regulated membrane preparation process. b Optical photo-
graph capturing the PIP + g-C5N,4 + TMC reaction at 100 ms. ¢ Optical photograph
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impact of such a structure on the transport mechanism was investi-
gated further. The membrane exhibited high permeance and out-
standing CI7/SO4* selectivity.

Notably, g-C5N, has been used in prior studies as nanofillers®” or
interlayer®® during IP. In this work, we prepared g-C;N, suspensions
with high concentrations that induce spatial and temporal modulation
to get a nanoscale-ordered morphology and extraordinary separation
capacities, and the role of g-C3N, was systematically studied using
molecular simulation. Hence, this research demonstrates an approach
to realizing simultaneous temporal and spatial control of reactions and
to overcoming the trade-off between permeability and solute-solute
selectivity. It provides insights into the design of highly ultra-
permeable and selective NF membranes in water purification, desali-
nation, and resource recovery.

Results and discussion
Temporal and spatial modulation of reaction by g-C3N,
The key to achieving an ordered structure for ultra permeability and
precise separation is to control the IP process, including diffusion and
reaction. Here, Fig. 1 illustrates the reaction principle of PIP and g-C3N4
nanosheet (see Supplementary Fig. 3 and 4) with TMC for preparing
the membranes. In the IP reaction process (see Supplementary Fig. 5),
amines are dissolved in water, and acyl chlorides are dissolved in an
organic solvent. The functional layer forms (Fig. 1a) on top of a porous
PES support (see Supplementary Fig. 6) or as a freestanding film (see
Supplementary Figure 7) after the two immiscible phases’ contact.
The diffusion coefficient of PIP is about 10 m?s™ by nuclear
magnetic resonance (NMR) measurement. When g-C3N, was added
into the PIP solution, the monomer diffusivity decreased to 10™ m?s™,
one order of magnitude lower than its original value. By real-time
online optical monitoring (see Supplementary Fig. 8), it is observed
that the spreading area of the (PIP +g-C5N4)/TMC system (Fig. 1b) is
smaller than that of the PIP/TMC system within the same time (Fig. 1c),

Trimesoyl
%{ chloride

capturing PIP + TMC reaction at 100 ms. d Illustrations comparing the free and
restricted diffusion of PIP during the IP process with and without g-C3N,.
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Fig. 2 | Molecular dynamics simulation of the interfacial polymerization pro-
cess. a Simulation models: the left chamber contains hexane and the right chamber
is filled with water, PIP molecules, and g-C3N,4; a similar model without g-C3N, was
also constructed as control. b Time dependence of MSD curves of PIP molecules.
c Interaction energy between g-C;N, and other species calculated by model B (see
Methods). d The RDF of N1 atoms in g-C5N,4 around PIP (N, C), water (O), and
n-hexane (C) at the start of the simulation. e The RDF of N1 atoms in g-C3N4 around

PIP (N, C), water (O), and n-hexane (C) at the end of simulation; f Image capturing
the tiling of g-C5N, at the water-hexane interface at the end of the simulation.

g Time dependence of the position of four pieces of g-C3N4 nanosheets along the z-
axis. h the PIP number density along the z-axis in the simulation systems. Z-axis
starts from the hexane phase to the water phase, as is captured in 2a. Source data
are provided as a Source Data file.

which confirms that the mobility of PIP within the (PIP +g-C3N,)/TMC
system is lower than that with the PIP/TMC system. Hence, the diffu-
sion rates of the amino monomers may be adjusted by tuning the
g-C3N,4 to reach an ideal difference in the diffusivities of monomers in
both the aqueous and organic phases® (Fig. 1d).

MD simulations were performed to better understand the roles of
g-C3N, during the formation of polyamide thin film (see Supplemen-
tary Fig. 1). Figure 2a captures model A, which consists of a hexane
phase, and an aqueous phase containing water, PIP, and g-C3N,
nanosheets. A control model without g-C3N4 was also constructed. The
diffusivity of PIP molecules was qualitatively determined by their mean
square displacement (MSD) during simulation since the slope of the
linear regression between MSD and simulation time is proportional to
the dynamic movement of PIP*. Figure 2b shows that PIP diffusion
significantly decreases in the presence of g-C3N,. This might be par-
tially explained by the strong affinity between g-C3N, and PIP, which is
evidenced by the lowest interaction energy between g-C3N, and PIP
compared to that with water or n-hexane in Fig. 2c, calculated based on

Model B (see Supplementary Fig. 9). It is also noteworthy that g-C5N,
has a higher tendency to interact with n-hexane rather than water. The
radial distribution functions (RDF, g(r)) of one representative atom in
g-C3Ny4, named N1, around different atoms in PIP, water, and n-hexane
at the start (Fig. 2d) and end (Fig. 2e) of the simulation provide further
insights. Starting from a random status, the peak height for N1-H,0 is
reduced, and N1 becomes closely surrounded by the nitrogen atoms in
PIP at the end of the simulation, likely through hydrogen bonding. A
similar trend is observed with the C atom in g-C3N, (see Supplemen-
tary Fig.10). It suggests that the hydrogen bonding between g-C3N,
and PIP may contribute to strong interactions, thus retarding the dif-
fusion of PIP, which is in agreement with experimental observations.
This will subsequently lead to better temporal control of the IP
process.

In addition, Fig. 2d shows that though originally N1 stays too far
away from hexane to be captured by the measurement, they get as
close as Nl-water at the end. This is evidenced by an interesting tiling
behavior of nanosheets at the water-hexane interface, as presented in
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Fig. 3 | Characterizations of NF membranes. a The SEM surface morphology of
the PA membrane. b The AFM image of the PA membrane. ¢ The TEM morphology
of PA membrane. d The SEM surface morphology of the PA-g-C3N, membrane.
e The AFM image of the PA-g-C;N, membrane; f The TEM morphology of the PA-g-
C3N; membrane. g-i Cls XPS spectra for g-C3Ny, PA, and PA-g-C3N, membrane

respectively. j, k N1s XPS spectra for PA and PA-g-C;N4 membrane respectively. 1S
parameter as a function of positron energy for PA and PA-g-C3;N, membrane. The
concentration of g-C3N, for membrane preparation was 0.135 wt%. Source data are
provided as a Source Data file.

Fig. 2f. Due to their preferential interaction with hexane over water, the
g-C3N4 nanosheets migrate quickly to the interface along the z-axis
(Fig. 2g) and pave the interface as flooring tiles. Furthermore, the
edges of g-C3N, could be decorated with some amine groups, which is
proven by the X-ray photoelectron spectroscopy (XPS) result in

Supplementary Figure 4b and also captured in its structure in MD
simulation. The nanosheets may therefore react with TMC to form a
relatively solid ‘floor’. As a result, PIP can diffuse from the water phase
to the interface through the slit between adjacent nanosheets or the
inter-plane pores. Both the close PIP-g-C3N, interactions and interface
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tiling slow down the diffusion of PIP, leading to a much lower PIP
concentration at the interface (Fig. 2h). Tiling also affects the move-
ment of PIP in space, thus controlling the reaction spatially.

Polyamide membranes with nanoscale-ordered hollow
structure

Figure 3 presents the membrane morphology and properties. The PIP-
TMC polyamide membrane surface is smooth (Fig. 3a-c). By adjusting
g-C3N,4, nanoscale-ordered hollow structures (Fig. 3d-f, Supplemen-
tary Figs. 11 and 12) are obtained. The emergence of ordered structure
might be attributed to the retarded diffusion of PIP in the presence of
g-C3N,, similar to the local activation and lateral inhibition phenom-
enon reported in earlier studies®*?°. However, it means that the
number of arched channels increases as g-C3N4 content rises until
reaching 0.135 wt% (Supplementary Figures 12). This is well explained
by the tiling effect of nanosheets. PIP diffuses into the surface through
the gap between adjacent nanosheets and reacts with TMC forming a
hollow structure above the nanosheets where the PIP concentration is
lean. With more nanosheets at the interface, the gap density is higher,
and its length is shortened. Consequently, the density and size of
arched channels are changed. 0.135 wt% of g-C3N, is found to give the
most uniform structure with a hollow channel. Further increment in
nanosheet content may lead to extensive stacking of nanosheets and
disturb the ordering of structure. As revealed by the transmission
electron microscopy (TEM) image of the membrane cross-section in
Fig. 3f, the microscopically arched channels on the surface are hollow.
By atomic force microscope (AFM) measurement, the surface area of
the PIP/g-C5N4-TMC layer is found to be 1.76 times that of the PIP-TMC
layer (see Supplementary Fig. 13). In the meantime, it is noticed that
the thickness of PIP/g-C3N4 -PA membrane is 55+ 3 nm, much lower
than the control membrane (83 + 5 nm). Overall, the addition of g-C3N,
regulates polyamide formation both temporally and spatially, giving a
thin, and nanoscale-ordered hollow structure on the surface.

The surface physiochemical properties were then characterized.
XPS results in Fig. 3g-i and Supplementary Fig. 14 show that the
characteristic N-C =N peak of g-C3N, is absent from PA-g-C3N, mem-
brane, the N-H bond ratio scarcely changes (Fig. 3j, k), suggesting that
g-C3N, reside mostly at the bottom of the polyamide layer. It is also
noticed the chemical composition and crosslinking degrees of both
membrane surfaces are comparable, though PA-C3N, has a slightly
lower crosslinking degree (Supplementary Tables 4 and 5). Both PA
and PA-g-C;N, membranes are negatively charged at pH >3, with the
PA-g-C3N, membrane being slightly more negative (see Supplemen-
tary Fig. 15). Noticeably, the isoelectric points are <pH 3, lower than
most other NF membranes, likely due to the high TMC concentration
of 0.4 wt% in the reactions that leaves abundant residual carboxylic
groups on the surface. The water contact angle of the membrane is
reduced to 24.1° (see Supplementary Fig. 16) due to its higher surface
roughness. XRD patterns of the PA-g-C3N, membrane give a d-spacing
of 12.4 A similar to that of the pure PA membrane (12.1A) (see Sup-
plementary Fig. 17). The microstructure was also probed by positron
annihilation spectroscopy (PAS). The S parameter (Fig. 31) quickly rises
in PA-g-C5N,4 until reaching a plateau, giving a lower selective layer
thickness than that of the PA membrane. The slightly lower S para-
meter of PA-g-C3N, than the control membrane in the dense layer is
likely due to the hindrance of positron diffusion by the g-C3N,
nanosheet.

Fast permeation and precise ion-ion separation

In the NF test, the PA-g-C3N, membrane exhibits water permeance of
105L m2h'bar™, five times higher than that of the PA membrane,
while at comparable Na,SO, rejection of 99.4% (Fig. 4a). It outperforms
state-of-the-art membranes in the permeance-rejection trade-off plot.
To get more insights, we performed computational fluid dynamics
(CFD) studies (see Supplementary Fig. 2). Figure 4b shows that more

transport pathways are found on the curvature of the nanoscale
ordered surface leading to higher observed flux. It is consistent with
the flow streamlines of smooth and nanoscale-ordered structures
(Fig. 4c). However, if flux is normalized against the actual surface area,
the intrinsic flux is, in fact, lower than that of smooth membranes. It
could be related to the lower pressure drop rate near the surface of the
arched structure (see Supplementary Figs. 24-27). Our analysis sug-
gests that the nanoscale-ordered structure enhances water permea-
tion via increased surface area. AFM characterization earlier reveals a
~1.76 times more surface area of the PA-g-C3N, membrane, which
partially explains its high permeance. In addition, the lower thickness
resulting from the temporal and spatial effect of g-C5N,4 also makes a
substantial contribution.

Figure 4d shows that the MWCO of the PA-g-C;N, membrane is
472 Da, which s slightly larger than that of the PA membrane. A narrow
pore size distribution with a pore radius of 0.364 nm is achieved, which
lies right between the sizes of hydrated CI™ ions (0.332 nm) and SO4*
ions (0.379 nm) (Fig. 4e). Earlier, it is revealed that the membrane
surfaces are highly negatively charged. The membrane is thus able to
achieve high selectivity of 130 for CI” over SO4* (Fig. 4f) through both
size sieving and Donnan exclusion effects. The CI'/SO4* selectivity
remains almost the same in the mixed salt tests with 2000 ppm of salts
at varying CI:SO4> weight ratios (Supplementary Fig. 18).

An additional benefit of our PA-g-C3N, membrane is its self-
cleaning property. A 100 ppm methylene blue (MB) solution was
selected as the model sample to explore the photocatalytic perfor-
mance under visible light. As shown in Fig. 4g, rejection remains steady
at 98.4%, while flux keeps declining due to fouling, The flux can be
recovered to 98.1% after three times recycling upon photocatalytic
treatment. Supplementary Fig. 20 demonstrates that the PA-g-C3N4
membrane is much cleaner than the bare PA membrane after cleaning,
and supplementary Figure 21 also signifies the important role of pho-
tocatalytic cleaning compared to soaking and rising. The mechanism
of photocatalytic degradation of MB is illustrated in Supplementary
Fig. 22. Electrons (e) and holes (h*) are generated by visible light that
partially penetrates through the polyamide layer to g-C3N, ¥, which
then react with dissolved oxygen (0O,) to form superoxide radical anion
0, *. MB is degraded by h* and O, to form CO, and H,0, and thus
membrane surface becomes clean again. Light is feasible for the PA-g-
C3N, membrane (see Supplementary Figure 23). This self-cleaning
property shall simplify membrane cleaning operation, offering pro-
mises for practical application of the g-C;N4-based NF membrane in
textile water purification and other applications where fouling is a
concern. The separation performance of the PA-g-CsN4, membrane is
stable for continuous operation (see Supplementary Fig. 19).

In summary, we have fabricated an ultra-permeable, high ion-ion
selectivity and self-cleaning g-C3N4 hybridized NF membrane with a
water flux of 105L m2h?bar™ at a 99.4% rejection to Na,SO,4, and a
Cl7/SO4* selectivity of 130. It represented one of the most competitive
overall performances among the reported polymeric NF membranes.
This study gives the strategy to tune the nanoscale ordered structure
by g-C3N, and reveals the role of such structure in transport. The
technology offers opportunities for fast and precise separation.

Methods

General

Materials used in this work are provided in Chemicals and Materials in
Supplementary Materials.

Preparation of freestanding nanofilms

The 2.0 g PIP, 0.5 g trimethylamine (TEA), and 0.135 wt% g-C3N, were
dissolved in 100 mL water. Secondly, 0.16 mL phosphoric acid was
added to adjust the solution pH to 9. Next, a 0.4 wt% TMC n-hexane
solution was prepared. Then, the PIP solution was poured into a petri
dish. After that, the TMC organic solution was gently added on top of
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the aqueous solution to induce IP. After 5 min, a freestanding film was
formed that was taken out of the petri dish, washed with DI water three
times, and stored in DI water.

Preparation of PA and PA-g-C;N, membranes

The PA and PA-g-C3N, NF composite membranes were prepared by IP
on top of the polyether sulfone (PES, MWCO 100 kDa) ultrafiltration
(UF) membranes. The aqueous solution was prepared with 0.2-2.0 g of
PIP and 0.5mL TEA in 100 mL water, and its pH was tuned to 9 by
adding 0.16 mL phosphoric acid. To prepare the PA-g-C3N, composite
membrane, g-C3N, nanosheet was added at the concentrations of
0.075 to 0.145wt% to form well-dispersed suspensions. The organic
solution was prepared by dissolving 0.1-0.5wt% TMC in n-hexane.
Then, the PES membrane was dipped into the aqueous phase for 5 min.
After being taken out, the excess solution on its surface was removed
using a rubbery roller, and the support was left at room temperature
until the surface appeared dull and dry. Next, the membrane was
immersed in the organic phase for 1 min. After that, the membrane was
heated in an oven at 80 °C for 5 min, and stored in DI water before use.
Three replicate membranes for each experiment were fabricated and
examined. Error bars represent the standard deviation of the three
membranes.

Characterization

SEM images were taken by a Hitachi S4800 cold field emission scan-
ning electron microscopy. TEM images were conducted by an FEI
Tecnai G2 F20 S-TWIN 200KV field-emission transmission electron
microscopy. The elemental composition of the membrane surface was
analyzed by an X-ray photoelectron spectrometer (XPS, Thermo
ESCALAB250Xi, USA). XRD was tested by a Bruker AXS D8 Advance
powder X-ray diffractometer. AFM images were measured by Nano-
Scope MultiMode scanning probe microscopy (Veeco, Camarillo,
California, US).

Membrane performance test

The permeation performance of the membrane was measured on the
cross-flow filtration equipment. The effective area of the membrane
was 26 cm?’ The solution temperature was maintained at 25°C by a
heat exchanger. In order to achieve a steady state, the membranes
were pre-pressurized for 2hours under 6bar. The flow rate
was 1.5 L min™. The concentrations of salts (including single NaCl and
Na,S0,4) and dyes in feed solutions were 2000 ppm and 100 ppm,
respectively.

The water permeance was calculated based on Eq. 1.

Vv
L=aac Ap @
where L is the water permeance (L m2h?bar?), VV (m?) is the volume of
permeate collected over At A is the effective membrane area (m?), At
and Ap represent the filtration time (h), and the transmembrane
pressure.

C
R=(1-=22])x100% )
( Cf)

where R is the salt rejection (%), C, and Cyrepresent the concentration
of permeate and feed solutions, respectively. The salt concentration
was quantified by conductivity measurement, and dye solutions were
measured by UV-vis.

In addition, mixed salt tests were performed in a similar way
using the mixed solutions of NaCl and Na,SO,4, where the total con-
centrations were kept constant at 2000 ppm while the weight ratios
of CI:SO,*> were varied. The CI and SO4* concentrations were
measured by ion chromatography.

The CI7/SO4* selectivity was calculated based on the following
equation:

- 1-Re
Serjso,r = =Ry 3

MD simulation

MD simulations in this work were conducted using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)** package on
a parallel Linux cluster. The results were visualized using the VMD*’,
and the initial setup was constructed with the Materials Studio
8.0 software. Water molecules were modeled using the SPC potential®,
whereas other molecules were characterized using the OPLS-AA force
field*?, the parameters for which are shown in Supplementary Table 1.
For all dynamics runs, the temperature was controlled using the
Nosé-Hoover thermostat, and the pressure was controlled with the
Berendsen barostat. The Lennard-Jones (LJ) and coulomb potentials
were combined to compute pair interactions between atoms. The
particle-particle-mesh (PPPM) k-space solver”> was used to address
the long-range columbic interactions with a relative accuracy of 107,
Two computing models were constructed in this work. Model A in
Fig. 2a composes of an n-hexane phase and a water phase containing
PIP molecules. The number of molecules and the cell dimensions can
be found in Supplementary Table 2. A comparative system was likewise
constructed with the addition of g-C5N,4. The densities of water and n-
hexane, as well as the concentrations of PIP, were determined in
accordance with ref. *. Throughout the simulation, the SHAKE
algorithm® was used to constrain the bond and angle of water mole-
cules. Initially, energy minimization was utilized to eliminate atom
overlaps. Following that, a 10 ns NVT run (7 =300 K) was performed to
obtain data for further analysis. The non-bonded interaction energy
between g-C;N, and the other species was determined using Model B.
A g-C3N, layer was put at the bottom of the simulation cell, and water,
n-hexane, and PIP molecules were deposited on it independently in
each of the three simulation cells; the interaction energy between
them and the g-C5N, layer was determined after equilibrium had been
attained.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information file.
Source data are provided in this paper. All data are also available by
request to the corresponding authors. Source data are provided in
this paper.
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1. Transport properties

1.1. Interfacial polymerization

Interfacial polymerization (IP) process involves at least two types of high reactivity monomers
that can react and diffuse at the interface of two immiscible liquid phases far from
thermodynamic equilibrium . Theoretical approach for IP is to solve the system of

differential reaction-diffusion equations based on Eq. S1.

oc. o%c.
L ro+0, 24 (s1)

where c;j is the local concentration (mol/m?) of species i in the reaction zone, ¢= {cj}, x is the
coordinate across the interface (m), ¢is the polymerization time (s), »j and D; are the reaction
rate (mol/m?3-s) and the diffusion coefficient (m?/s) of the corresponding species.

1.2. Transport properties
The solution-diffusion model was used to describe the transport of water and salt through

membranes. The water flux through membrane is following:

J =AAp (S2)
where J, is the water flux (L/m?-h), A4 is the water permeability constant (L/m*-h-bar), Apis the
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pressure difference across the membrane (bar). The salt flux across membrane is as follows:

J, =BAC, (S3)

where J, is the salt flux (mg/m?-h), B is the salt permeability constant (m/h), and Ac; is the salt

concentration difference.

2. Material synthesis and preparation

2.1. Chemicals and materials
Piperazine (PIP, > 99.0%), Trimesoyl chloride (TMC, > 98.0%), trimethylamine (TEA), n-decane
(C10H22 > 99.0%) were purchased from Shanghai Aladdin Reagent Company (Shanghai, China).
Urea (>99.0%), Sodium hydroxide (NaOH , > 99.0%), Sodium sulfate (Na,SO,, > 99.0%), sodium
chloride (NaCl, >99.5%), magnesium chloride (MgCl,, > 99.5%), magnesium sulfate (MgSO,, >
99.5%) and methylene blue (> 99.0%) were purchased from Sinopharm Chemical Reagents Co. Ltd.
(Beijing, China). Polyether sulfone (PES) (molecular weight cut-off: 100 kDa) were provided by
Ande Membrane Separation Technology (Beijing) co. Ltd (Beijing, China). They were stored in 1%
NaHSO; aqueous solution and in fresh deionized water before use.

2.2. Synthesis of g-C3;N4 nanosheet sol solution
A certain amount of urea was used as the precursor, and the light yellow g-C3N4 bulk sample was
obtained by heating it in a muffle furnace at 550 °C for 4 h. The g-C3N4 was dispersed in the solution
by sodium hydroxide treatment to improve g-C3Ng dispersion and stability. Consequently, the light
yellow block sample was grounded into powder. After that, 3M NaOH aqueous solution was added
to make a solution of 25 mg/ml, and the solution was heated and stirred at 60 °C for 12 h. The
solution was then dialyzed to neutrality with a 3500 Da dialysis bag to obtain a g-C3N4 naosheet sol.

Methylene blue adsorption in solution was investigated as follows: PA membrane and PA-g-C3N4

membrane were immersed in MB solution (100 ppm, 50 ml) and irradiated under light at different

times. In addition, one PA-g-C3N4 membrane in MB solution (100 ppm, 50 mL) under dark
2





conditions was also studied as a control. The UV-Vis absorbance of the solution was measured at

the start and end of the experiment.

3. Characterization

3.1.Methods and instruments
The IP process behavior of oil-phase droplet on water-phase droplet was observed by optical
microscope. Firstly, drops a certain amount of aqueous solution on the glass, then oil phase was
gently injected in the middle of the water droplets. IP process at different times were recorded
under optics apparatus. The pulse-gradient spin-echo nuclear magnetic resonance (NMR) was
used to measure the diffusion coefficient. The Bruker Avance III 600 spectrometer (Switzerland)
recorded the spectra. Ion chromatography (Dionex, ICS-1100, Sunnyvale, CA, USA) was used
to measure the ion concentration. The OCA20 contact angle analyzer (DataPhysics Instruments
GmbH, Filderstadt, Germany) was used to measure the contact angle. A droplet of 5 pL DI
water was delivered onto a membrane surface using a micro syringe, and a static image of the
droplet in equilibration with the membrane surface was taken. Contact angle was computed
by circle fitting method by drop shape analysis software SCA 20. For any given membrane
sample, contact angles were measured five different locations to evaluate the average value.
MWCO is determined by the retention rate of spherical neutral solutes selected for retention
reactions with different PEG molecular weights. By calculating the Stokes radius of the spherical
solute of interest and neglecting the effect of steric and hydrodynamic interactions between
solute and pore space on solute rejection, the pore size distribution of the NF membrane can be

expressed as the following probability density function.

dR(r,) _ 1 (Inr, — ln,pp)zl

exp -
dry r, Ing, V2r 2(Ino,)” (S4)





where p, is the average pore size of the composite membrane, 4, is the Stokes radius of the spherical
solute corresponding to a rejection rate of 50.0%, o, is the ratio between the Stokes radius with a
rejection of 84.13% to the Stokes radius with a rejection of 50.0%, r, is the Stokes radius of the
solutes.

3.2. Molecular dynamics simulation

Details of MD simulation is given in the main text. Supplementary Tables 1 and 2 list the parameters.

Supplementary Figure 1 shows the simulation model B.

Water n-Hexane PIP

Supplementary Figure 1. Model B that simulates the interaction between g-C3N4 and other species including
water, n-hexane and PIP.

Supplementary Table 1. Lennard-Jones potentials (OPLS-AA).

Atom € (kcal mol-1) o (A)
c4 0.066 3.50
n-Hexane
hl 0.015 2.50
c4 0.066 3.50
n3hl 0.170 3.30
PIP
hl 0.030 2.50
hln 0.000 0.00
n3h2 0.170 3.25
c3a 0.070 3.55
g-C3Ny
n2a 0.170 3.25
n3a 0.170 3.25






n3hl 0.170 3.30

n3 0.170 3.25

hln 0.000 0.00

Supplementary Table 2. Molecule number and dimensions of model A.

H,O 5000
n-Hexane 500
Number of molecules

pip 200

C3Ny 4

X 50

Dimension of the simulation cell (A) y 50
z 118






3.3. Computational fluid dynamics (CFD) study

2-D simulation domains for smooth membrane and membranes with hollow structures were
generated in our CFD models (Supplementary Figure 2). The radius of the hollow structure (7) and
membrane thickness (#4) for simulation were set as 50 and 25 nm, respectively. The half distance (d)
between hollow structures was varied to explore its influence on membrane flux.

(a)

P
<

2X(d+r+th)

v

| " th

v

Supplementary Figure 2. (a) Smooth membrane and (b) Membrane with ordered hollow cone structures in
simulation.

The water flux in membrane was given by Eq. S5. Therefore, a pseudo-Darcy law was assumed to
describe the water transport across the composite membrane:

R (s5)

Lt

where £ is the permeability in Darcy’s law and y is the dynamic viscosity of water. k/ut was set based
on membrane permeability, which was 20 L/m? h'! bar"!. The boundary conditions for ABCDE and
FGHIJKL were the pressures for inlet and outlet flow (Supplementary Table 3). Symmetrical
boundary conditions were also applied to AL and EF. Mesh sensitivity tests have been done prior to
the simulation. The number of elements for smooth membrane and membranes with half distance
between hollow structures of 100, 200, 300 nm were 248112 and 461358, 659758, 858686

respectively. The relationship between intrinsic and observed flux for each membrane were
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calculated based on equations below:

S . .
w_obs :‘]w intxﬂ:']w imx2><d+7z.><(r+th) (S6)
: : S i 2x(d+r+th)

where S and Sepecive are the apparent surface area and effective surface area of membranes. Note that
apparent surface area refers to the surface area of a smooth membrane, and effective surface area
refers to the actual area that contributes to total permeation by taking into consideration of the
surface roughness. Membranes with hollow cone structure has a higher effective surface area than
the apparent surface area.

Supplementary Table 3. Boundary conditions for CFD simulations. The designations correspond to Figure S2.

Boundary designation Solute Transport
Inlet (ABCDE) Pintle=S bar
Outlet (FGHIJKL) Poutlet=0
Side wall (AL/EF) Symmetry






3.4. G-C3N4 preparation and characterization
Supplementary Figure 3 gave the fabrication process of g-C3N4 nanosheet sol. The g-C3N4 precursor
urea was calcined at high temperature and light yellow layered g-C3N4bulk was obtained, then alkali

treatment was performed to obtain a highly dispersed and stable g-C3N4 sol solution.

Supplementary Figure 3. Preparation and characterization of g-C3N4 nanofibers network sol.

As seen in Supplementary Figure 4a, the g-C3N4 material shows the nanosheet structure. The g-C3N4
nanosheets were dispersed in the solution by alkaline treatment to improve its dispersibility and
stability. The XPS analysis (Supplementary Figure 4b) confirms there are C-N-H, N-(C)3 and C-
N=C groups. The g-C3N4 nanosheets were well dispersed in water as is proved by the observed

Tyndall effect (Supplementary Figure 4c) .
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Supplementary Figure 4. (a)The TEM of g-C3N4 (b) N1s XPS spectra of g-C3Na. (¢) The Tyndall effect.

3.5. Membrane fabrication

In a typical membrane synthesis, IP of monomeric amine and acid chloride reacted at the surface of
an asymmetry porous support to form PA membranes. Supplementary Figure 5 shows membrane
chemical structure formed by the reaction between PIP, g-C3N4 and TMC. Note that the -N-H groups

at the edges of g-CsNy could react with TMC.

Supplementary Figure 5. (a) Interfacial polymerization of PIP and TMC to form polyamide (PA) membranes.
Chemical structures. (b) Simulated structure of the g-C3N4+TMC polymer. (¢) Simulated structure of the (PIP/g-

C3N4) +TMC polymer. Gray, white, blue, red circles denote C, H, N, O atoms, respectively.





Supplementary Figure 6 compares the cross-section SEM images of the porous PES supports. The

porous PES support is finger-like structure with a loose top surface layer.

(a) (b)

Supplementary Figure 6. (a) Surface image of the PES supports. (b) Cross-section image of the PES supports.

Supplementary Figure 7 shows the photographs of the freestanding PIP, g-C3N4 and PIP+g-C3N4

membrane. The one with g-C3N4 results in the slower membrane form and thinner thickness.

PA-PIP+g-C N,

Supplementary Figure 7. The images of free-standing membrane.
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3.6. Optical observations

(a)....
(b).---

Supplementary Figure 8. Optics images at different reaction time. (a) PIP+TMC reaction process. (b)
PIP+g-C3N4+TMC reaction process.





3.7. Additional MD simulation results
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Supplementary Figure 9. Time evolution of interaction energy between g-CsN4 and other species in Model A.
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Supplementary Figure 10. The RDF of C1 atoms in g-C3N4 around PIP (N, C), water (O), and n-Hexane (C)

(a) at the start and (b) The end of simulation.
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3.8. SEM characterization
The SEM images of the different TMC concentrations at 0.135 wt% g-CsN4 is shown in
Supplementary Figure 11, it can be seen that with the increase of TMC concentration till 0.4 wt%,
the nanoscale structure becomes more ordered. When TMC concentration reaches 0.5 wt%, the

surface becomes less regular.

I um
I

Supplementary Figure 11. SEM surface morphologies of PA-g-C3N4s membranes with different TMC

concentrations. (a) 0.1 wt%. (b) 0.2 wt%. (¢) 0.3 wt%. (d) 0.4 wt%. (e) 0.5 wt%.
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Supplementary Figure 12. SEM surface morphologies. (a) PA membrane. (b) PA-g-C3Ns membrane
(0.075 wt%). (c) PA-g-C3N4s membrane (0.115 wt%). (d) PA-g-C3Nsmembrane (0.125 wt%). (e) PA-g-C3N4

membrane (0.135 wt%). (f) PA-g-C3N4 membrane (0.145 wt%).

3.9. AFM characterization

As shown in Supplementary Figure 13, the PA membrane shows a flat surface. The PA-g-C3Ny4
membrane shows nanoscale ordered structure on the membrane surface, which becomes more

significant with the increase of g-C3N4 content.
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Supplementary Figure 13. AFM morphologies. (a) PA membrane. (b) PA-g-C3N4 membrane (0.075 wt%). (c)
PA-g-C3N4 membrane (0.115 wt%). (d) PA-g-C3Ns membrane (0.125 wt%). (e) PA-g-C3N4 membrane (0.135

wt%).
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3.10. Chemical composition by XPS

XPS widescan spectra for g-C,N, nanosheet and composite NF membranes are provided in

Supplementary Figure 14, showing the presence of C, N and O elements on their surfaces.
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Supplementary Figure 14. The XPS widescan survey spectra of (a) g-CsNa. (b) PA and (c) PA-g-C3N4

Cls spectra for g-C;N, nanosheet and composite NF membranes are given in the main text. The de-

convoluted peaks in Cls spectra are analyzed in Supplementary Table 4. The surface elemental
composition is listed in Supplementary Table 5. The relative elemental composition was determined
based on the intensity of the C 1s, N 1s, O 1s peaks at 284.6, 397.9, and 531.6 eV, respectively. It

can be seen that the g-C3N4 addition increased the degree of crosslinking of membrane.
Supplementary Table 4. Analysis of peaks in Cls spectra for g-C,N, nanosheet and composite NF

membranes.

Atomic percentage corresponding to peak, %

Membrane
C-C (284.8¢eV) C-N (285.9¢eV) C=0 (2879 ¢eV) N-C=N (288.4 ¢V)
G-C,N, nanosheet 63.2 8.4 0 28.6
PA membrane 503+1.1 350 £ 0.5 147 £ 0.6 0
PA-g-C N, membrane 521 £ 1.5 333+ 19 14.6 £ 0.5 0
Supplementary Table 5. Element content of the composite NF membranes.
Surface atomic composition (%)
M

embrane C N ) O/N
PA membrane 72.8+1.4 12.1 0.2 151 £1.3 1.25 £ 0.09
PA-g-C3N; membrane 73.0 £0.1 11.5 £0.1 154 £0.2 1.33 £ 0.03

3.11. Zeta potential
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Supplementary Figure 15. Zeta potential of the PA and PA-g-C3N4 membranes.

3.12. Water contact angle
The contact angles of PES support and PA membrane were 63.0+0.6° and 39.5+0.5°, respectively.
With the g-C3N4 addition, contact angle decreased to 24.1+0.3° corresponding to the hydrophilicity

improvement.
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Water contact angle (°)
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Supplementary Figure 16. Contact angle of different membranes.

3.13. XRD spectra
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Supplementary Figure 17. XRD spectra of the membranes

4. Separation performance
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4.1. Permeation and rejection of salts
As shown in Supplementary Table 6, the permeance gradually increases with the increase of TMC
concentration, and reaches the maximum at 0.4 wt% under high Na,;SO4 rejection of 99%. Then the
permeance decreases again after 0.5 wt% TMC. It is known that TMC concentration plays a role in
the final permeation rate of the polyamide layer. The interfacial polymerization is governed by the
diffusion of monomers from both phases to the oil/water interface and the reaction rate of the
interfacial polymerization!-2. Higher TMC concentration leads to the fast formation of a dense layer
with a high density of residual carboxylic groups on the surface. Moreover, in this study, the fast
reaction caused by higher TMC concentration may retard the diffusion of PIP, thus impacting the
formation of nanoscale ordered structure. As is shown in Supplementary Figure S11, the nanoscale
structure is most regular and substantial at high TMC concentration of 0.4 wt%, likely because the
fast formation of dense layer impedes the diffusion of PIP, leading to a more ordered structure,
which contributes to larger membrane area and thus higher permeation rate as is discussed in the

main text.

Supplementary Table 6. The permeance of the membranes with different TMC concentrations.

Different TMC concentration (wt%) Permeance (L m™>-h™!-bar™)
0.1 32+1
0.2 56+1
0.3 7342
0.4 103 +£2
0.5 75+ 1

Supplementary Table 7 gives the permeance comparison of the PA-g-C3Ns membranes with
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different g-C3Ns concentrations. With the increase of g-C3;Ns concentration, the permeance
gradually increases, reaching the maximum at 0.135 wt% g-C3Ns. At 0.145 wt% g-C3Ny, the

permeance decreases again, which is consistent with the less regular nanoscale structure.

It is noticed that the control membrane itself exhibited a high permeance of ~ 19 L m?2-h!-bar’,
while maintaining a rejection of > 99% to Na>SO4. This is attributed to the relatively large MWCO,
high surface charge density and other structural properties of the membrane. The high density of
surface charge plays an important role in rejecting Na;SO4 via Donnan exclusion. Similar results
have been reported in existing publications by Zhang group®. With 114 sets of membranes, it was
demonstrated that by simply tuning the compositions of PIP, TMC and surfactant in the monomer
solutions, the permeance and rejection can vary in a large space. In some cases, the permeance of
the membrane reached 20 L m2-h'!-bar!, and the rejection to Na>;SO4 could reach ~ 99%, which are

similar to this work.

Supplementary Table 7. The permeance of the membranes with different g-C3N4 concentrations.

Different g-C3N4 concentration membranes (wt%) Permeance (L m?-h’!-bar™)
PA membrane 19+1
PA-g-C3N4s membrane (0.075) 21+1
PA-g-C3Ns membrane (0.115) 52+2
PA-g-C3Ns membrane (0.125) 74+£2
PA-g-C3Ns membrane (0.135) 105+2
PA-g-C3Ns membrane (0.145) 89+ 1

20





4.2. The CI/SO4* selectivity

The separation performance of mixed salt solutions were tested by maintaining a total concentration

of CI" and SO4> at 2000 ppm with varying CI/SO4* weight ratio.
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Supplementary Figure 18. Separation performance of the weight ratio of C1/SO4> in 2000 ppm mixed

solution. (a) Rejection. (b) C1/SO4* selectivity.

From Supplementary Figure 18, it can be seen that the CI" rejection is around 20%, and the rejection

to SO4* is > 99% in all tests. The CI/SO4* selectivity can reach up to 130. The high selectivity is

attributed to the negative surface charge on membranes and the suitable pore size.

21





4.3. Long-term experiment

As shown in Supplementary Figure 19, the long-term test of PA-g-C3N4 membrane showed that the

permeance and rejection were stable during long operation time.
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Supplementary Figure 19. Variation of the permeance and Na,SO4 rejection for PA-g-C3N4 membrane

during 72 h continuous operation. (2000ppm NazSOs).
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4.4. Anti-fouling behaviour of PA and PA-g-C3Ny
The anti-fouling behaviour of PA and PA-g-C3N4 via SEM images before and after the fouling tests
with light irritation for each round were shown in Supplementary Figure 20, it can be seen that the

anti-fouling behaviour of PA-g-C3N4 membrane was better than that of PA membrane.

10 pm 10 um ~ .10 um 10'um : ' 10 fim

10 um 10 pm 10 um ¢ 10°um 10 um
— —— — — —

Supplementary Figure 20. SEM images of PA and PA-g-C3N; before and after the fouling tests. (al)
Uncontaminated PA membrane. (a2) Contaminated PA membrane. (a3) First-round photocatalytic PA membrane.
(a4) Second-round photocatalytic PA membrane. (a5) Third-round photocatalytic PA membrane. (bl)
Uncontaminated g-C3N4 membrane. (b2) Contaminated g-C3N4 membrane. (b3) First-round photocatalytic g-C3N4
membrane. (b4) Second-round photocatalytic g-C3N4 membrane. (bS) Third-round photocatalytic g-CsNa4

membrane.
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Supplementary Figure 21 compares the fouled membrane surfaces after cleaning by different
methods. The letters a, b and ¢ denote to soaking, rinsing and photocatalytic cleaning respectively,
and the numbers 1, 2 and 3 refer to the number of cycle. It can be seen that foulants were removed
more efficiently with light irritation than the other two cleaning methods. The existence of light is

crucial for membrane cleaning.

15 pme 15 pm’
—— —

15 um
—

LS gme 15 pm 15 um
&

Supplementary Figure 21. The SEM images of the surface of fouled PA-g-C3N4 membrane after cleaning by
different methods. (al) Soak; the first cycle. (a2) Soak; the second cycle. (a3) Soak; the third cycle. (b1) Rinse;
the first cycle. (b2) Rinse; the second cycle. (b3) Rinse; the third cycle. (c1) The first cycle of photocatalytic

cleaning. (c2) The second cycle of photocatalytic cleaning. (c3) The third cycle of photocatalytic cleaning.
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As shown in Supplementary Figure 22, the related mechanism of MB photocatalytic degradation is
that electrons (e”) and holes are generated by visible light with g-C3N4. The generated e can react
with dissolved oxygen (Oz) to form superoxide radical anion Oy". Then h* and O, degrade the MB

to CO2 and H20, membrane surface becomes clean again.
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Supplementary Figure 22. The mechanism of photocatalytic degradation of methylene blue on the PA-g-

C3N4 membrane.
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As shown in Supplementary Figure 23a, the MB absorbance in the solution barely changes for the
PA membrane. The absorbance decreases substantially with the PA-g-C3N4s membrane
(Supplementary Figure 23b). Without light, no change is observed (Supplementary Figure 23c). In

addition, the FTIR spectra of the PA-g-C3N4 membrane shows no change before and after irradiation

(Supplementary Figure 23d).
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Supplementary Figure 23. The UV-Vis spectra of the membranes after immersion in the methylene blue solution
and then exposed to light for different durations. (a) PA membrane with exposure to light; (b) PA-g-C3Ny

membrane with exposure to light. (¢) PA-g-C3Ns membrane kept in the dark. (d) The FTIR of PA-g-C3N4

membrane before and after exposure to light.
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5. CFD results of the permeation through nanoscale ordered structure

As illustrated in Supplementary Figure 24, the introduction of hollow structures leads to the increase

in observed average flux. Besides, shortening the distance between hollow structures further increase

the observed average flux. It indicates that the hollow cone structure can contribute to higher total

flux due to the increase in surface area.
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Supplementary Figure 24. (a) Average flux of smooth membrane and membranes with hollow structures. (b)-(d)

Flux distribution along X axis of membranes with hollow structures. The half distances between hollow structures

are (b) 100 nm, (c¢) 200 nm and (d) 300 nm.

Supplementary Figure 25. Flux distribution and streamlines of membranes with hollow structures. The half

distances between hollow structures are (a) 100 nm, (b) 200 nm and (c) 300 nm.
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The flux distribution along the membranes shows that high local flux can be observed near the
edge of hollow structures (Supplementary Figure 25, point B and D), which can be explained by the
high pressure drop rate along BJ. On the contrary, hollow structure itself (BCD) shows a relatively
low local flux due to the slow pressure drop rate inside the structure (Supplementary Figure 25 and
26). Overall, the high local flux near the structure edges may be outweighed by the lower flux inside
the hollow structure. As a result, the intrinsic average flux decreases. Nonetheless, it is noteworthy
that due to the enlarged surface area, the total (observed) flux in hollow cone membranes is higher

than that in smooth membranes. Overall, the hollow cone structure contributes positively to
membrane permeation.
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Supplementary Figure 26. Pressure distribution of membranes with hollow structures. The half distances between

hollow structures are (a) 100 nm, (b) 200 nm and (c) 300 nm.
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Supplementary Figure 27. Pressure drop along EF, BJ and CI.
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