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Producing affordable freshwater becomes increasingly essential. Membrane separation technology offers an
unprecedented opportunity, but they typically use fuel energy during the separation process. Therefore, it is a
severe challenge to construct an advanced membrane for energy-free water purification. Herein, for the first
time, we reported a heterogeneous membrane for pressure-free water purification. Oxidized carbon spheres
(OCS) membrane was optimized by the coordinated modification of polydopamine (PDA) and tetrakis(hydrox-
ymethyl)phosphonium chloride (THPC). Remarkably, the OCS@PDA membrane was progressively hydroxylated
due to the THPC’s superb water-binding ability. Therefore, the OCS@PDA/THPC membrane demonstrated
higher surface free energy and better hydrophilic capacity than the other membranes. Under the combined effect
of abundant porous geometry and strong charge interaction, this membrane presented a splendid screening
performance for various dye molecules without extra pressure. In addition, its separation throughput can be
improved by regulating the external temperature. This work may offer a straightforward manner to handle the

relationship between membrane structure and performance for pressure-free water purification.

1. Introduction

Freshwater scarcity has been one of the most urgent issues in human
lives resulting from the booming population and increasingly severe
water pollution [1-3]. Membrane separation is considered an effective
technology for achieving sewage usage, benefiting from its distinctive
advantages, including easy-to-tune structure, precise sieving efficiency,
and low energy consumption [4-7]. To date, scientists have focused
extensive interests on integrated functional membranes due to their
distinct superiorities [8-13]. Numerous exciting breakthroughs in this
established domain have sprung up. For instance, Xu et al. introduced a
molecular bridge bearing sulfonic acid group between the adjacent
nanosheets of the closely packed graphitic carbon nitride (g-C3Ny4)
laminates [14]. The intercalation molecules broke up the tight interlayer
distance of g-C3N4 laminates, giving rise to higher water permeance
(~8867 L m2h~! bar 1) than the original g-C3N4 membrane (~60 L m
2h~! bar 1) with a similar separation efficiency. Wang et al. fabricated a
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graphene-based membrane by intercalating carbon sheets into reduced
graphene oxide sheets [15]. This membrane with continuous slit-shaped
pores showed high efficiency for ethanol dehydration (>99.9 %)
because of its tunable interlayer spacings and surface chemistry. Jiao
et al. fabricated a graphene oxidized-based separation membrane with a
sandwiched nanostructure through the layer-by-layer assembly. This
membrane presented an excellent dye removal ability and stability [16].
Bruggen et al. fabricated a polyester-based loose membrane to achieve a
low-pressure and high separation efficiency (~99.4%) for dye molecules
[17]. However, during the traditional purification process, fuel energy
should be supplied for these membranes to drive water molecules
through the nanochannels and reject other components selectively,
which aggravates the energy crisis facing modern society [18,19].
Consequently, it is pressing to construct an advanced separation mem-
brane to achieve energy-free wastewater purification [20-24].
Specifically, the separation membranes are thermodynamically
prone to form compact structures with high packing density through
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face-to-face aggregation, which results in the limited exposed surfaces
and restricted solid-liquid interactions to remove the unwanted com-
ponents effectively [25-27]. Moreover, the complex constituents in
wastewater are another major obstacle the separation membranes face
during water purification [28-30]. Generally, the following points
should be comprehensively considered to achieve efficient pressure-free
separation of the separation membranes. On the one hand, the separa-
tion membranes should endow high wettability to promote water
transport [31-33]. On the other hand, the surface of the separation
membranes should be smooth enough to reduce the transmission resis-
tance of water molecules [34]. Aside from these, the surface interactions
between the separation membranes and contaminations should be
strong enough to facilitate the removal of target pollutants [34.35].

Carbon sphere (CS), a rich wrinkle microstructure on its surface, is
favorable for water permeability [36,37]. In our preliminary work, a
Janus CS-based membrane was constructed through interfacial self-
assembly [38]. Under the combination of anisotropic structure and
interpenetrating network, this membrane displayed ultrafast separation
flux for dye molecules. Based on this, we reported the design and
fabrication of oxidized carbon spheres (OCS)-based heterogeneous
membrane for pressure-free wastewater purification for the first time.
The designed OCS-based membrane demonstrated better hydrophilic
capacity (water penetration within 0.161 s) and higher surface free
energy (72.36 + 0.11 mJ m™2) than the other membranes. Under the
combined effect of excellent porous geometry, an exceptional affinity for
water, and the charge interaction, this membrane presented splendid
screening performance for various dye molecules without pressure
driving, such as Congo red with permeance up to 45.3 L m>h~! and
rejection > 99.3%. Therefore, this OCS-based membrane presented
distinct superiorities, including energy-saving, high-efficient, and a
wide range of water purification. This work has provided an advanced
functional separation membrane for pressure-free water purification and
will shed light on designing low energy consumption environment-
related materials for practical applications.

2. Experimental
2.1. Materials

Carbon spheres (CS) nanoparticles (50 ~ 70 nm) were offered by the
Nafudis Technology Co., Ltd. They were the by-products during the
preparation process of diamond (gas phase detonation method). Dopa-
mine and tris(hydroxymethyl)aminomethane (Tris) and 4-dimethylami-
nopyridine (DMAP) were got from Sigma-Aldrich Co., Ltd. Tetrakis
(hydroxymethyl)phosphonium chloride (THPC), 1l-aminopyridinium
iodide (1-APi) and 1-ethylpyridinium bromide ([EtPy][Br]), ethyl-
enediamine (EDA) and diethylenetriamine (DTA) were purchased from
Aladdin (Shanghai) Co., Ltd. Nylon substance with a pore size of ~ 220
nm was purchased from Millipore Industrial & Lab Chemicals. It was
pre-treated with oxygen plasma under 200 Hz for 5 min. Various dye
molecules, including Methyl orange (MO, 1.2 nm x 0.7 nm, 327.33 g/
mol), Eriochrome black T (EBT, 1.5 nm x 0.8 nm, 461.38 g/mol), Vic-
toria blue B (VBB, 2.1 nm x 1.9 nm, 506.08 g/mol), Acid fuchsin (AF,
1.1 nm x 1.2 nm, 585.54 g/mol), Congo red (CR, 1.3 nm x 2.8 nm,
696.66 g/mol), Brilliant blue (BB, 2.1 nm x 1.9 nm, 792.84 g/mol),
Evans blue (EB, 1.3 nm x 3.1 nm, 960.81 g/mol), Alcian blue 8 (AB, 2.3
nm x 2.3 nm, 1298.86 g/mol), were got from Sigma-Aldrich Co., Ltd.
These dye molecules were used without any purification. Other solvents
were obtained from Aladdin (Shanghai) Co., Ltd.

2.2. Preparation of the OCS@PDA composite membrane

Firstly, CS nanoparticles (0.5 mg, 0.75 mg, 1.0 mg, 1.25 mg, 1.5 mg)
were oxidized with the mixed solution of sulfuric acid and nitric acid
(volume ratio = 3:1) for different days (1 ~ 6 days). Secondly, these
oxidized CS nanoparticles were neutralized with sodium hydroxide
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solution to get the pure OCS nanoparticles. They were alternately
cleaned with anhydrous ethanol and distilled water three times and
dried in a vacuum oven under 30 °C for 6 h. Thirdly, the OCS nano-
particles were immersed into the dopamine solution (1 mg/ml, 1 M Tris
buffer, pH = 8.5) and stirred at room temperature for 4 h. Lastly, the
OCS@PDA membrane was obtained through vacuum filtration on the
nylon filter paper under 0.02 Mpa and dried under 50 °C for two hours.

2.3. Preparation of the OCS@PDA/THPC composite membrane

Firstly, THPC dispersion with different concentrations was prepared
by regulating the relative dosage of THPC and DMAP. In the case of the
dosage ratio between THPC and DMAP being 4:1, the concentrations of
THPC were 5%, 10%, 15%, 20%, 25%, 30%, 35%, respectively. Sec-
ondly, the OCS@PDA membrane was immersed into the THPC disper-
sion for 30 min at room temperature. Thirdly, they were placed into the
vacuum oven under 40 °C two hours. Lastly, they were alternately rinsed
with water and ethanol three times and then dried at 40 °C to obtain the
OCS@PDA/THPC composite membrane with different THPC contents.

2.4. Preparation of OCS@PDA/1-APi and OCS@PDA/[EtPy][Br]
composite membranes

The OCS@PDA/1-APi and OCS@PDA/[EtPy][Br] composite mem-
branes were prepared for comparative experiments. Firstly, 2 g of 1-APi
and [EtPy][Br] were dispersed into 8 ml of water and ultrasound for 10
min to get the 1-APi and [EtPy][Br] solutions, respectively. Secondly,
the OCS@PDA membranes were immersed into the 1-APi and [EtPy]
[Br] solutions for 30 min at 25 °C to get the OCS@PDA/1-APi and
OCS@PDA/[EtPy][Br] composite membranes, respectively. Thirdly,
these membranes were placed into the vacuum oven under 40 °C for two
hours. Lastly, these membranes were rinsed with water and ethanol
alternately three times and dried at 40 °C to obtain the OCS@PDA/1-APi
and OCS@PDA/[EtPy][Br] composite membranes, respectively.

2.5. Preparation of the OCS@PDA/EDA and OCS@PDA/DTA composite
membranes

The OCS@PDA/EDA and OCS@PDA/DTA membranes were also
fabricated to evaluate their separation performance. Firstly, 2 ml of EDA
and DTA were dispersed into 8 ml of water and then ultrasound for 30
min to get the EDA and DTA solutions, respectively. Secondly, the
OCS@PDA membranes were immersed into the EDA and DTA solutions
for 30 min at 30 °C to get the EDA and DTA modified OCS@PDA
membranes, respectively. Thirdly, these membranes were placed in the
vacuum oven under 40 °C for two hours. Lastly, these membranes were
rinsed with water and ethanol alternately three times and dried at 40 °C
to obtain the OCS@PDA/EDA membrane and OCS@PDA/DTA mem-
brane, respectively.

2.6. Characterization

The micromorphology of each membrane was recorded on the
scanning electronic microscopy (SEM, Hitachi S4800, Japan). The cross-
sectional images and the thickness of different membranes were carried
out on the scanning electronic microscopy (SEM, Hitachi S4800, Japan).
The confocal laser scanning microscope (CLSM, Zeiss LSM 700, Ger-
many) was also used to observe the morphological images of each
membrane. The samples were prepared according to the following.
Firstly, the membrane was placed in a dust-free environment to ensure
the accuracy of the results. Secondly, the membrane was cut into the
same size membrane. Then, the membrane was treated with nitrogen to
remove adsorbed impurities. These tests were carried out three times to
ensure the accuracy of the data. The roughness of these membranes was
recorded on the atomic force microscopy (AFM, Bruker Dimension
ICON, America). Each membrane was tested three times to acquire its



J. Gu et al.

accurate topography. The specific surface area of the CS and OCS
nanoparticles was carried out on the micrometric surface area analyzer
(ASAP 2020 M, America) for Ny gas adsorption. Each membrane’s
wettability was obtained at room temperature from the contact angle
measuring instrument (OCA-20, Data physics, America). Three different
locations were investigated to get the average value. X-ray photoelec-
tron spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi, Japan), and
Thermogravimetric analysis (TG, Perkin Elmer STA600, America) were
analyzed to study the chemical constituents of each membrane,
respectively. Zeta potential analyzer (Zeta, Nano ZS, England) was
exploited to test the zeta potentials of each membrane. The concentra-
tion of dye molecules was monitored by a UV-vis spectrophotometer
(UV-vis, Lambda 950, Japan). Noting: all tests were carried out three
times to ensure accuracy. These results were obtained through multiple
times tests.

3. Results and discussion

The OCS@PDA/THPC heterogeneous membrane was obtained
through vacuum-assisted filtration and subsequent interface modifica-
tion (Fig. 1A). Specially, the OCS nanoparticle was modified with
dopamine mainly through multiple H-bonding. The PDA provided a
platform for further functionalizing the OCS membrane, attributing to
abundant phenolic hydroxyl and amino groups. In addition, the rough-
ness of the OCS membrane can be reduced by modifying PDA, facili-
tating the fast transmission of water molecules. Then, the THPC was
exploited in surface modification of the OCS@PDA membrane. Notably,
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it endows a tetrahedral molecular structure far different from the planar
monomers [39]. Additionally, it possesses superb water-binding ability
via multiple H-bonding [40,41]. The OCS@PDA/THPC composite
membrane was uniformly assembled on the nylon substance pre-treated
with Oy plasma (Figure S1). The free radicals on the nylon substance
can form a strong combination with the OCS@PDA/THPC composite
membrane [27,38]. Even after physical destruction, it cannot fall off the
substrate (Figure S1). This result indicated that PDA was served as a
polymer bridge to make OCS@PDA/THPC membrane and nylon sub-
stance tightly combined.

Scanning electron microscopy (SEM) was carried out to characterize
microstructures of CS nanoparticles before and after being oxidized. As
presented in Figure S2, the diameter of CS nanoparticles was 53 + 3 nm.
It showed a spheroid shape with irregular wrinkles on its surface.
Moreover, there was almost no apparent change in the microstructure of
OCS nanoparticles. However, the CS nanoparticles’ surface area
enhanced from 107 m?/g to 219 m?/g (Figure S3A), accelerating the
OCS dispersion in water (Figure S2). Thermogravimetric (TG) results
also indicated that the content of the oxygen-containing functional
groups increased (Figure S3B). The morphology of the OCS membrane,
OCS@PDA membrane, and OCS@PDA/THPC membrane was further
surveyed through SEM. As shown in Fig. 1B, the OCS nanoparticles were
randomly distributed from ~ 50 nm to ~ 120 nm, and some even
aggregated seriously. However, after the PDA modification, the accu-
mulation of OCS nanoparticles gradually weakened, and the pore size of
the OCS@PDA composite membrane gradually became uniform
(Fig. 1C, Figure S4). This result was mainly attributed to the multiple H-
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Fig. 1. (A) The schematic fabrication of the OCS@PDA/THPC composite membrane for pressure-free water purification. The blue, yellow, green, purple, red, and
brown balls were carbon, hydrogen, oxygen, nitrogen, phosphorus, and chlorine atoms, respectively. (B) The SEM image of the OCS membrane. (C) The SEM image of
the OCS@PDA membrane (inserting: the multiple H-bonding between the OCS particles with a large oxygen-containing functional group and PDA with phenolic
hydroxyl groups and amino groups). (D) The SEM image of the OCS@PDA/THPC composite membrane (inserting: the multiple H-bonding between OCS@PDA and
THPC). (E) The pore size distribution of the OCS@PDA and OCS@PDA/THPC composite membrane, respectively. (F) The cross-sectional SEM image of the
OCS@PDA/THPC composite membrane (noting: AAO substance was selected to obtain clearer interface structure information). (G) XPS spectrum of the OCS,

OCS@PDA, and OCS@PDA/THPC membranes, respectively.
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bonding interactions between the OCS and the PDA molecules [38]. TG
analysis was also carried out to calculate the mass change of the OCS
membrane before and after PDA modification. As presented in
Figure S5A, there were ~ 6.2% mass changes, indicating the PDA loss of
hydrogen and oxygen atoms. In addition, the PDA molecular bridge
endowed the OCS@PDA membrane an excellent mechanical strength
and flexibility (Figure S5B).

Besides, the OCS nanoparticles’ average diameter increased to ~
100 nm after the THPC interface modification, and some OCS nano-
particles were even completely wrapped with THPC (Fig. 1D,
Figure S6). Furthermore, the average pore size distribution of the
OCS@PDA/THPC composite membrane concentrated from 50 nm to110
nm (Fig. 1F), which was smaller than that of the OCS@PDA membrane
(50 ~ 180 nm). This result was due to the successful interface func-
tionalization of the THPC. As described in Fig. 1D, the H-bonding can be
generated among the THPC with hydroxyl functional groups and
OCS@PDA membrane.

Also, the cross-section SEM images of the OCS@PDA membrane and
OCS@PDA/THPC membrane were studied. As shown in Figure S7, it
can form a compacted network among the OCS@PDA membrane with a
thickness of 870 + 26 nm. In addition, there was almost no thickness
change of the OCS@PDA/THPC membrane (837 + 32 nm) (Fig. 1F).
Such a stacked architecture made the pores shielded by the neighboring
OCS nanoparticles, minimizing the possibility of dyes penetrating
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through the membrane interface. Furthermore, this structure was
beneficial to shorten water molecules’ transmission pathways for
screening performance.

X-ray photoelectron spectroscopy (XPS) was further carried out to
characterize the chemical composition of the OCS membrane,
OCS@PDA membrane, and OCS@PDA/THPC membrane, respectively.
As displayed in 1G, C1 s (~298 eV) and O 1 s (~540 eV) peaks existed in
these membranes [27]. Figure S8 showed the fitted peaks of Cls at
281.2 eV, 282.3 eV, and 283.5 eV, corresponding to the C = C, C-C, and
-C = O, respectively. Furthermore, there was a weak peak at ~ 398 eV in
the XPS spectrum of OCS@PDA and OCS@PDA/THPC membrane, cor-
responding to the N 1 s in the PDA structure (Fig. 1G) [38]. However, the
N 1 s peak almost has not existed in the OCS membrane. Three fitted
peaks were observed at around 397.95 eV, 398.75 eV, 400.40 eV,
assigned to the groups of C-N=, -CyN-, -C-NH,, respectively (Fig. 2A)
[42,43]. Moreover, the content of the N element in the OCS@PDA
membrane (~5.9%) was higher than that of the OCS membrane
(~0.8%). This result indicated the successful interface modification of
PDA. In addition, the P element can be observed at around 131 eV (P 2p)
and 189 eV (P 2p) in the OCS@PDA/THPC composite membrane but not
in the OCS membrane and OCS@PDA membrane, indicating the func-
tionalization of THPC [39,44]. Also, the P 2p at the 131 eV can be
divided into two peaks at 130.52 eV and 131.45 eV, corresponding to
—OCH;-P-H,CO- and —-OCHy-P-, respectively (Fig. 2B). Besides, the P
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Fig. 2. (A) N1s spectrum of the OCS@PDA/THPC-20 membrane. (B) P 2p spectrum of the OCS@PDA/THPC-20 membrane. (C) The C, O, N, and P element weight
contents of different membranes (M—1: OCS membrane; M—2: OCS@PDA membrane; M—3: OCS@PDA/THPC-20 membrane). (D) The P element contents along with
the change of THPC concentration. (E) The wetting time of water molecules on different membranes. (Inserting: the dynamic water contact angle of the OCS@PDA/
THPC-20 membrane.) (F) The MD simulation of the water transport behavior within the OCS@PDA/THPC-20 membrane. With the extension of time, the simulated
permeation number of water molecules on the membrane interface increased. The transport process was not driven by external pressure. (G) The MD simulation of
the total energy of the water molecule penetration process at 298 K. Insets: snapshots of the model at time frames of 5 ns. The brown, orange, pink balls were the
carbon, oxygen, hydrogen atoms in the OCS@PDA/THPC-20 membrane. The red ball was the oxygen atom in the water. Some water molecules were marked in
yellow to track the penetration of water molecules. (H) The wetting time of the OCS@PDA/THPC-20 membranes with different OCS weights.
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element’ content increased along with the addition of THPC’ proportion
in the OCS@PDA/THPC heterogeneous membrane. The initial P content
increased fast with a slope of 78.6 + 6.2, demonstrating the uniquely
strong H-bonding between OCS@PDA and THPC. Whereas, there was
only a slight change of the P element in the OCS@PDA/THPC membrane
in the case of the THPC dosage ratio up to 20% with the slope of 4.4 +
1.6 from the XPS results (Fig. 2C-2D). Excessive THPC brought about a
severe aggregation phenomenon, not favorable for high-efficiency sep-
aration (Figure S9). The result from Energy dispersive spectrometer
(EDS) spectrum further indicated the modification of PDA and THPC on
the OCS membrane (Figure S10).

Water contact angle (WCA) was further carried out to investigate the
wettability of these membranes and understand their interface modifi-
cation process. As shown in Fig. 2E, the OCS membrane was super-
hydrophilic, and it took about 0.390 s for water (3 pL) to spread on this
membrane. However, due to the hydrophilic groups of PDA molecules,
the OCS@PDA membrane was more affinity to water with a penetration
time of 0.281 s. Moreover, the penetration rate of water molecules
within the OCS@PDA/THPC-20 membrane was faster than that of the
OCS and OCS@PDA membranes. These results revealed the modification
of PDA and THPC on the surface of the OCS membrane. Molecular dy-
namics (MD) simulation was further conducted to elaborate on water
molecules’ absorption, transport behavior, and recombination process
within the OCS@PDA/THPC-20 composite membrane. The simulation
result indicated that the water molecules could transport into the inte-
rior of the OCS@PDA/THPC-20 composite membrane within 20 ns
attributing to its capillary attraction and H-bonding effect, which can
stimulate more adsorption sites on this membrane for fast absorption
and penetration of water molecules.

Furthermore, successive snapshots from 5 ns to 20 ns revealed the
OCS@PDA/THPC-20 composite membrane’s structural integrity
throughout the simulation (Figure S11). In addition, the process and
time of water passing through our structure have been evaluated using
the average statistics. As shown in Fig. 2F, the permeation process of
water molecules was slow in the initial 5 ns. However, the water mol-
ecules quickly penetrated the OCS@PDA/THPC-20 composite mem-
brane in the mutual interaction of the capillary gravitation and
exceptional absorption capacity. Furthermore, the chemical interaction
between the water molecule and the OCS@PDA/THPC-20 membrane
was simulated. The total energy of the water molecule penetration
process decreased rapidly from ~ 11.72 eV to ~ -3.44 eV within the first
1.2 ns. It then evolved into a more stable state with the final total energy
of ~ -4.62 eV per atom at 20 ns (Fig. 2G). Such a result revealed that the
penetration of water molecules at the membrane interface was a spon-
taneous process. Based on the above theoretical simulation, the water
molecule penetration mechanism can be proposed. The capillary force of
this membrane can overcome the Vander Waals force and H-bonding
among water molecules [45,46]. Moreover, the hydrophilic PDA and
THPC polymer chains endowed this membrane with the exceptional
absorption capacity of water molecules, which can catch the adjacent
absorbed water molecules and further water molecules’ recombination
under the action of gravity. In this case, the water molecules can spon-
taneously transport from the membrane surface to its porous interior
structure. The wetting behavior of the OCS@PDA/THPC-20 membrane
with different OCS weights was comprehensively investigated. The
surface wettability of this membrane changed distinctly. As presented in
Fig. 2H, the hydrophilicity of the OCS@PDA/THPC-20 membrane
enhanced with the increase of the content of OCS nanoparticles. The
water droplets penetrated this membrane within only 0.161 s when the
dosage of OCS nanoparticles approached 1.0 mg. However, it took
longer for water molecules to penetrate through this membrane in case
of excessive OCS nanoparticles. On the one hand, according to Wenzel
mode, the OCS structure produced high roughness and increased hy-
drophilicity, giving rise to accelerating penetration of water droplets
[47]. On the other hand, excessive OCS may cause water molecules’
transmission path to becoming longer [48].
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The microstructure of the OCS@PDA/THPC-20 membrane was in
detail characterized through atomic force microscopy (AFM). As shown
in Fig. 3A and Figure S12-S13, the roughness of the OCS membrane
(214 + 4.2 nm) was distinctly higher than that of the OCS@PDA com-
posite membrane (130 + 2.1 nm) and OCS@PDA/THPC-20 membrane
(123 + 3.7 nm). This difference was consistent with their responding
confocal laser scanning microscope (CLSM) images (Figure S14). As
presented in Fig. 3B, the OCS@PDA and OCS@PDA/THPC-20 mem-
branes were smoother than the initial OCS membrane. The roughness
reduction can facilitate the low resistance transmission of water mole-
cules in the transmission channel inside each membrane [49]. In addi-
tion, the surface roughness of the OCS@PDA/THPC-20 membrane
decreased rapidly with the extension of the oxidation time until it
reached 0.30 (Fig. 3C and Figure S15). Moreover, the agglomeration of
CS nanoparticles was significantly weakened by oxidation (Figure S2).
And the roughness for CS@PDA/THPC membrane (191.3 4+ 7.6 nm) was
higher than the OCS@PDA/THPC-20 membrane (Figure S16A). Be-
sides, the zeta potential of each membrane in different pH environments
was studied in detail. As shown in Fig. 3D, the zeta potential of each
membrane gradually changed from a lower value with the increase of pH
values. The zeta potential of the OCS membrane (-17.35 + 1.21 eV) was
lower than that of the OCS@PDA membrane (-16.63 + 1.48 eV) and
OCS@PDA/THPC-20 membrane (-14.41 + 0.06 eV) in neutral aqueous
solution. These results were due to the differential functional groups in
each membrane. Moreover, there was little distinction between the OCS
and OCS@PDA membranes due to the similar oxygen contents in these
membranes, which played a vital role in zeta potential (Fig. 2C). Besides,
the zeta potential of the CS@PDA/THPC membrane was —20.23 + 1.31
eV, which was lower than that of the OCS@PDA/THPC-20 membrane
(Fig. 3D). These results were due to their differential functional groups
in each membrane.

Dye molecules were applied to explore the separation performance of
the OCS@PDA/THPC membrane (Fig. 4A, Table S1). The substance
showed low separation efficiency (Figure S17A). Furthermore, several
comparative experiments were performed to obtain an advanced
membrane with good rejection capacity without pressure-driven. The
OCS@PDA/THPC composite membranes with different contents of
THPC were prepared to achieve the maximum flux with high separation
efficiency for CR solution. The penetration throughput of these mem-
branes gradually increased along with the increase of the THPC’s pro-
portion due to the increased hydrophilicity (Fig. 4B).

In addition, the OCS@PDA/THPC composite membrane showed
excellent rejection ability for CR solution (~99.79%) when the content
of THPC was 20%. Excessive THPC (35%) can cause the OCS nano-
particles’ agglomeration and bring about lower rejection ability
(Figure S11, Figure S17B). The influence of the OCS’ weight on the
screening capacity of the OCS@PDA/THPC-20 membrane was also
investigated. Along with increasing the OCS’ weight, the separation flux
decreased gradually, resulting from the increasing membrane’ thickness
(Fig. 4C). The rejection ability of the OCS@PDA/THPC-20 membrane
reached 99.62% when the OCS’ weight was 1.0 mg. Besides, proper
oxidation time endowed the OCS@PDA/THPC-20 membrane with
excellent retention performance (Fig. 4D). Based on these, the sieve
performance of the OCS@PDA/THPC-20 membrane for various dye
molecules was studied. As shown in Fig. 4E, just under gravity, the
OCS@PDA/THPC-20 membrane achieved excellent separation perfor-
mance for various dye molecules regardless of their space sizes and
molecular weights. The penetration flux of MO, EBT, VBB, AF, CR, BB,
EB, AB solutions were 45.30 + 2.74 L m?h ™!, 30.57 + 2.70 L m?h~},
40.76 + 3.21 Lm>h "}, 38.49 £ 421 Lm>h !, 44.16 + 3.41 Lm?h ",
39.63 +2.41 Lm>h7!, 36.23 + 2.49 L m?h !, respectively. In addition,
it presented a good rejection ability for these dye molecules with an
efficiency above 98.2% (Figure S18). Besides, this membrane showed
good cyclic separation efficiency and can withstand several harsh en-
vironments with stable separation performance for CR solution
(Figure S19).
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Noting: the content of OCS nanoparticles in the OCS@PDA/THPC-20 heterogeneous membrane was 1.0 mg.

A series of comparative membranes, including the OCS@PDA/THPC
membrane (from M—1 to M—4), OCS@PDA/1-APi membrane (F-1),
OCS@PDA/[EtPy][Br] membrane (F-2), OCS@PDA/DTA membrane (F-
3), OCS@PDA/EDA membrane (F-4) were fabricated to explore their
separation performance for CR solution systematically. Firstly, we car-
ried out several tests to verify the successful modification of 1-APi and
[EtPy][Br] on the OCS@PDA membrane (Figure $20-522). As shown in
Fig. 5A, the OCS@PDA/DTA membrane and OCS@PDA/EDA membrane
had high separation flux for CR solution (72.6 + 5.1 Lm?h~}, 63.7 + 4.7
L m2h~!, respectively) but weak rejection ability (~24.2% and ~
20.1%, respectively). Moreover, the OCS@PDA/1-APi membrane and
OCS@PDA/[EtPy][Br] membrane showed good separation efficiency
but lower permeation flux. The apparent change in separation flux was
mainly attributable to the polarity of these membranes.

Higher polarity was conducive to the rapid inside transmission of
water molecules [45,46,50,51]. The surface free energy (SFE) positively
correlated with the surface polarity was applied to reflect these mem-
branes’ physical characteristics indirectly [52]. The SFE of each mem-
brane was calculated according to Owens methods [53]. As shown in
Fig. 5B, the SFE enhanced with increased THPC contents in OCS@PDA/
THPC membrane, attributing to the increasing polar functional groups.
Therefore, the OCS@PDA/THPC-20 membrane showed higher separa-
tion flux (42.46 + 1.21 L m'zhfl) than the OCS@PDA/THPC-15 (35.75
+ 2.97 L m>h™!) and OCS@PDA/THPC-10 (31.46 + 3.43 L m>h™!)
membranes. Moreover, the OCS@PDA/THPC-20 membrane endowed
with higher SFE (72.36 + 0.11 mJ m’z) than the OCS@PDA/1-APi
(71.68 £+ 0.40 mJ mfz), OCS@PDA/[EtPy][Br] (71.49 + 0.46 mJ
m72), OCS@PDA/DTA (58.93 + 0.29 mJ mfz) and OCS@PDA/EDA
(62.37 £+ 0.57 mJ m~2) membranes (Figure S23-S24, Table S2). The
difference was depended on the polarity and spatial molecule structure.
The THPC has a higher polarity because the distance between the center
of positive and negative charges of THPC (0.484 nm) was longer than
that of the 1-APi (0.332 nm) and [EtPy][Br](0.305 nm). Besides, the
tetrahedral structure of the THPC may provide a powerful condition for

water molecules’ rapid transmission (Figure S$S25). Therefore, the
OCS@PDA/THPC-20 membrane possessed excellent pressure-free
screening performance for water purification (Table S3-Table S4). MD
simulation was performed to study the H,O behavior of the membrane.
As shown in Fig. 5C-5D and Figure $26, the OCS@PDA/THPC-20
membrane displayed higher interaction free energy (Ep) with water
molecules (~1.41 kcal mol_l) than the OCS@PDA/1-APi (~1.05 kcal
mol™ 1) and OCS@PDA/[EtPy][Br] (~0.59 kcal mol™ ) membranes,
indicating its excellent water-binding capacity.

The separation throughput of the OCS@PDA/THPC-20 membrane
can further be improved by regulating the external temperature. As
shown in Fig. 6A, the OCS@PDA/THPC-20 membrane showed a more
stable separation efficiency for CR solution than the OCS membrane and
OCS@PDA membrane. This difference was due to the OCS@PDA/THPC-
20 membrane’s microstructure being denser than the other membranes.
In addition, the separation flux of the OCS@PDA/THPC-20 membrane
increased more rapidly than the OCS and OCS@PDA membranes. This
distinguishable change was attributed to the synergistic effect of the
viscosity of the feed, the temperature sensitivity of the membrane, and
the surface charge effect. On the one hand, the viscosity of water mo-
lecular declined, and their thermal motion and diffusion became intense
due to the increase of temperature, resulting in a much faster perme-
ation flux during the separation process. On the other hand, Arrhenius
Equation was applied to assess these membranes’ permeation activation
energy (E,) [54]. As shown in Fig. 6B and Figure S27, the E, of the
OCS@PDA/THPC-20 membrane (18.71 + 0.19 kJ mol™!) was slightly
higher than that of the OCS membrane (15.04 + 0.25 kJ mol’l) and
OCS@PDA (16.62 + 0.16 kJ mol’l) membrane, indicating that the
OCS@PDA/THPC-20 membrane was more responsive to temperature
for water transport [55,56]. In addition, more dye molecules were
adsorbed on the OCS membrane and OCS@PDA membrane interface but
not on the OCS@PDA/THPC-20 membrane because of their differential
zeta potentials. As a result, the pore size of the OCS membrane and
OCS@PDA membrane may be blocked and bring out declining



J. Gu et al.

Chemical Engineering Journal 431 (2022) 134132

— e —a—@ o 100
- ./.
= 40 o N )
e / (=]
L s 4180 =
o waehes pss 123 ~
' ceehee * . D% pod
Js3: 534 ut uls
Y U - - 4 s s
L safss 33383 oSl es 44
B33 s3 QS 33331 i anleo
[ S o1 so g £ 3534 3588 33088 . o)
bos rooliie s - s QR 35411 $3388 33888
ST e ogn pesss iR s23se
SR 533 S £ 3534 333 SR 22331 r—
SR ¢3S QS £ 3544 $3328  33ase
| $3%s  33as  esass $3383  33sse =
passsoliiesss S S 5411 Besssimssss
= L s s dan #nr e 0
b33 SR 333 S £ 3534 3388 33838
Bess ol s ss S $ 5211 3328 3aase
e G anm 333 120t o
Basss i sss S 35213 $35es 3ase
b33 s R 33 S 13534 b33 s R 22331 1—
b33ss R 3333 S £ 3534 3388 a8t
- BSssSaReses S S35 338 a3 ()
passs ol sss S 35213 $a838 3838s
b33ss R 333 S £ 3334 s 33334
LL ; $3383 3338 gl B33 SR 43321 m
U0 JORE < s < <5 s S <5< <4 B3t e sssd
fss ssTR sl ¢ <o QU+ 5414 oS 233d
F33ssS IR <SS 035 QR £ 544 feiss B o221
fsses IR <o ¢35 QR £ 444 5 ass
fesses iR s ol s <o s QN £ 5214 beiss i ess sl
0 peesed $4 oD ¢+ 1 S SR 4441 pesst R+ 3144 0
— o ° 2 2 1100
" C L
- @
' / ~
o (=]
' ]
b c
E b o
§ —
~ O
S
X s '
by ()
| b
gggg-w (14
(1 Hé §

1 2 3
Oxidation time (day)

80
—_ Y =) @ 1100
<_ T70f i - -
E 60} 80 =
g 50f I 60 5
_ 40f fHn =

FEE

= 30} it 40 9
X EE
S 20¢ %’ﬂk 20 2
w 1o} i ; (14

0 e i SR 1o

0.5 0.75 1 1.25 1.5
Weight (mg)

—~ 50k @-@——@—@—@—@—@\@ 1 100A

= ol " {80 &

£ 30} Hl{e0 5

= 20} a0 ©

= 10} 120 E
o 0

0 MO EBTVBB AF CR BB EB AB
Different dye molecules
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separation flux. Therefore, proper adjustment of the external environ-
ment can also promote the separation flux of the OCS@PDA/THPC-20
membrane.

The screening mechanism of the OCS@PDA/THPC-20 membrane
was elaborated. For one thing, the rejection capacity was owing to its
size screening property. The micro/nanochannels of the OCS particles
were the main transmission path [57,58]. Based on the size sieving
mechanism, an effective separation membrane can allow smaller

particles to pass through but the larger particles to be retained. There-
fore, this membrane can be applied for separating different dye mole-
cules. For another, it was attributed to Donnan balance [59,60]. There
were abundant negative charges on the OCS@PDA/THPC-20 membrane
in the neutral solution (Fig. 3D).

Concerning cationic dyes, they were adsorbed on the surface of the
OCS@PDA/THPC-20 membrane because of the electrostatic force.
Under this circumstance, the cation ion concentration on the membrane
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surface was higher than that in the feed, and the concentration of anion
was correspondingly lower on the surface of this membrane. The pro-
duced potential difference inhibited the transmission of anionic ions to
the membrane surface to maintain charge balance. As to anionic dyes,
they were blocked on the membrane surface due to the charge effect.
Similarly, the cation ions were rejected to keep electrical neutrality.
Therefore, the screening ability of this membrane was mainly attributed
to the synergy of size effect and charge balance (Fig. 6C). In addition, the
chemical force of water transport in the OCS@PDA/THPC-20 membrane
was illustrated. Several factors, such as surface roughness, pore size
distribution, chemical component, played an essential role in water
molecule transport in the membrane’s internal structure [60]. There-
fore, the transport of water molecules was a highly complicated process.
To illustrate this penetration process, the aperture of this heterogeneous
membrane was modeled as a regular arrangement. As shown in Fig. 6C,
under the effect of water molecular gravity (F;), capillary force (F3), and
strong H-bonding derived from the THPC (F3), this membrane can
achieve efficient screening capacity for various dye molecules without
external energy assistance.

4. Conclusions

Producing affordable freshwater is a severe issue that we need to
address. Membrane separation technology is a practical way of taking
the clean water out of wastewater. However, fuel energy should be
supplied for these typical separation membranes to drive water mole-
cules through the nanochannels and reject other components selectively,
which aggravates the energy crisis facing modern society. In this work,
taking advantage of CS nanoparticles and THPC, we, for the first time,
designed an advanced, promising, and energy-efficient separation
membrane for energy-free wastewater purification. The microstructure
and wettability of the OCS-based membrane can be optimized, attrib-
uting to the interfacial functionalization of PDA and THPC. It was
exciting that the designed OCS@PDA/THPC-20 membrane presented
higher polarity and better water-binding ability than the other
comparative membranes. Moreover, the separation throughput can be
improved by regulating the external temperature due to its temperature
sensitivity. Under the synergy of gravity, capillary attraction, and H-
bonding, the OCS@PDA/THPC-20 membrane can achieve pressure-free
and highly efficient screening performance for various dye molecules,
such as CR with permeance up to 45.3 L m?h ™! and rejection > 99.3%.
In addition, it showed good cycle separation performance and harsh
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environmental stability. This study will provide a straightforward route
to design novel functional separation membranes to directly reduce
energy demand.
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