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ABSTRACT: The integration of membranes with additives such as functionalized nanomaterials can be recognized as an effective
method to enhance membrane performance. However, to obtain an efficient nanoparticle-decorated membrane, the compatibility of
nanomaterials remains a challenge. Hydrophilic carboxylated covalent organic frameworks (COF—COOH) might be expected to
avoid the drawbacks of aggregation and easy shedding of inorganic materials caused by the poor interfacial compatibility. Herein, a
highly compatible dip-coating strategy was proposed for the superhydrophilic modification of polyvinylidene fluoride membrane via
COF—COOH integrated with dopamine. COF—COOH together with polydopamine nanoparticles were uniformly and stably
attached to the membrane due to the high interfacial compatibility, constructing a coating with rough hierarchical nanostructures
and abundant carboxyl groups. The synergistic effects of multiscale structures and chemical groups endow the membrane with
superhydrophilicity and underwater superoleophobicity, the water contact angle decreased from 123 to 15°, and the underwater oil
contact angle increased from 132 to 162°. Accordingly, the modified membrane exhibits an ultrahigh oil rejection ratio (>98%), a
high flux (the maximum reaches 1843.48 L m~> h™' bar '), attractive antifouling ability, and impregnable stability. This work would
provide a momentous reference for the application of COF—COOH in practical oily wastewater treatment.

KEYWORDS: superhydrophilic, interfacial compatibility, carboxylated covalent organic frameworks, hierarchical nanostructures,
oil—water separation

1. INTRODUCTION shown unique performance in oil—water separation and are
In recent decades, with the accelerated evolution of industry and suitable for separating the emulsified oily wastewater with high
the intensifying human activities, the excessive discharge of oily stability and relatively small droplet size (<20 pm), which is
wastewater has not only seriously damaged the ecologilcai difficult to be treated by traditional methods.'*~'® Polyvinyli-
environment but also wasted plentiful precious resources. dene fluoride (PVDF) membrane, as one of the most common

For oily wastewater, especially the emulsified one, it is necessary
to be treated and purified before being released into the
ecosystem. Currently, several approaches such as air flotation,
gravity sedimentation,® chemical coagulation,7 adsorption,8 and
centrifugation” have been adopted for oil—water separation.
However, these traditional treatment technologies always have
the disadvantages of secondary pollution, low separation
efficiency, and high energy consumption.'’”"* In recent years,
microfiltration and ultrafiltration polymer membranes have

porous polymer membranes, has been widely applied in the
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Scheme 1. Schematic Diagram of the (a) Chemical Reaction Process and the Periodical Order Structure of COF—COOH, (b)
Preparation Process of Coating Solutions, and (c) Modification of the PVDF Membrane
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separation of oil-in-water emulsions due to its high mechanical
strength and excellent stability.'”~*° However, membrane
fouling commonly exists due to the intrinsic hydrophobicity of
PVDF and the strong adhesion property of oil droplets, which
seriously affects the filtration efficiency and working longevity of
the membrane.”** Thus, reducing membrane fouling is critical
to maintaining long-term efficient separation during the
treatment of oily wastewater.

Hydrophilic modification of the hydrophobic membrane has
been probed as a helpful way to improve the antifouling ability to
reduce the oil adhesion on the surface.”>** The polydopamine
(PDA) hydrophilic coating formed by oxidative self-polymer-
ization of dopamine (DA) can adhere firmly to the surface of
various materials, which provides a versatile strategy for
hydrophilic modification.””*” However, the coatings equipped
only by PDA are always arduous to satisfy the demands of
efficient oil—water separation by reason of their limited
hydrophilicity. It is noteworthy that the hydrophilicity of the
membrane can be intensified by increasing the surface roughness
according to the capillary effect proved by Wenzel mode.”® For
example, some inorganic nanomaterials such as SiO, and TiO,
were successfully incorporated with PVDF membranes via the
self-polymerization of DA. The special surface micro—nano
structure appearing on the modified membranes greatly
enhanced the hydrophilicity by improving the surface rough-
ness.””*" Nonetheless, there are still some disadvantages of
uneven distribution, clog channels, poor stability, and easy

shedding caused by the poor interfacial compatibility of
inorganic nanoparticles with the system. Besides, some metal—
organic frameworks such as ZIF-8 and UiO-66 have also been
applied in hydrophilic modification for efficient oil—water
separation but are accompanied by additional complex and time-
consuming modification procedures due to their inherent
hydrophobicity.”">> Therefore, integrating hydrophilic-func-
tionalized organic nanomaterials with high interfacial compat-
ibility is promising to avert the above drawbacks.

Covalent organic frameworks (COFs) are considered as
promising polymers because of their advantages of low mass
densities, high porosity, high specific surface area, and great
stability.”>** Recently, COFs have attracted extensive attention
in the fields of dye separation,® desalination,’® and oil—water
separation.”” The current research on the application of COFs in
oil—water separation mainly focuses on superhydrophobic
modification, which display the advantages of high surface
roughness, outstanding stability, and excellent separation
efficiency. However, the superhydrophobic modification of
COFs by fluorinated chemicals greatly increases the cost,”” ~*°
and the preparation of most hydrophobic COFs is complicated,
time-consuming, and under harsh reaction conditions.*""*
Thus, the development of inexpensive raw materials, simple
preparation processes, as well as hydrophilic modification
methods might be the focus of COFs applied in oil—water
separation in future research. To the best of our knowledge,
hydrophilic modification using COFs for oil—water separation
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needs to be studied. Recently, the COF—COOH simply
synthesized from trimesoyl chloride (TMC) and p-phenyl-
enediamine (PPD) has shown excellent hydrophilicity due to its
abundant carboxyl groups.”” The development of COF—
COOH makes it possible to use COFs for superhydrophilic
modification of membrane to separate oil-in-water emulsions. In
addition, introducing COF—COOH on the membrane not only
improves the roughness to further strengthen the hydrophilicity
but also enhances the surface electronegativity to provide a
stronger repulsion to negatively charged oil droplets.**
Furthermore, COF—COOH and PDA coatings exhibit splendid
interfacial compatibility because of their similar chemical
structure.*>*¢

In this paper, we conceived a facile hierarchical assembly
strategy to assemble COF—COOH onto intrinsic hydrophobic
PVDF membrane via PDA one-step dip-coating method.
Considering the long deposition time of PDA in a conventional
environment,””** a slightly acidic oxidation system of sodium
periodate (NalO,) was used to shorten the membrane
modification time.*”" Due to the high interfacial compatibility,
COF—COOH was uniformly deposited on the surface and pore
channels of the membrane, forming a coating with rough
hierarchical nanostructures and abundant carboxyl groups. The
synergistic effects of the multiscale surface structure together
with chemical functional groups greatly upgraded the membrane
superhydrophilicity, resulting in an impregnable oil-repellent
hydration layer and exceptional oil—water separation perform-
ance. Next, the effects of the coating time as well as the amount
of COF—COOH on membrane penetrability and wettability
were systematically studied. Furthermore, the separation
performance, anti-oil fouling property, reusability, and stability
of the modified membrane were evaluated comprehensively.
The strategy proposed in this research may offer more
possibilities for the application of hydrophilic-functionalized
COF-COOH.

2. EXPERIMENTAL SECTION

2.1. Materials. Hydrophobic PVDF microfiltration (0.1 pm)
membranes were bought from Haining Zhongli Filtration Co., Ltd.
TMC (AR), dopamine hydrochloride (DA-HCI, 98%), PPD (AR),
NalO, (AR), ethyl acetate (EA, AR), and ethanol (EtOH, AR) were
supplied by Shanghai Aladdin Chemicals Co., Ltd. Sodium acetate (0.1
M, pH = 5.0) buffers and oil red O were purchased from Nanjing
SenBeiJia biological technology Co., Ltd. Sodium dodecyl sulfate (SDS,
AR), n-hexane (AR), petroleum ether (PE, AR), and dichloromethane
(DCM, AR) were bought from Tianjin Kermel reagents Co., Ltd. Diesel
oil was obtained from China Petroleum and Chemical Corporation
Tianjin Branch. Soybean oil was purchased from Beijing COFCO,
China. Kerosene was supplied by Tianjin Yuanli Chemical Reagent
Company. Deionized (DI) water was used for all experiments in this
study.

2.2. Preparation of COF—COOH. COF—COOH was prepared
according to the procedures described in the literature.”> The
corresponding chemical reaction is shown in Scheme la. Specifically,
4 mmol TMC (1.06 g)/30 mL EA solution was added to a round-
bottom flask (100 mL), followed by dropwise addition of 3 mmol PPD
(0.32 g)/1S mL EA solution with stirring at 0 °C. The yellowish solid
sample was obtained by reacting for 24 h at room temperature. After
being separated by centrifugation, the product was fully rinsed with DI
water, EtOH, and acetone separately. Finally, the COF—COOH was
dried under vacuum for 12 h at 55 °C and stored until use.

2.3. Superhydrophilic Modification of PVDF Membrane. The
preparation process of the coating solution is shown in Scheme 1b. A
certain amount of COF—COOH was added into 50 mL of sodium
acetate buffer solution (50 mM, pH = 5.0) and sonicated for 30 min to
ensure good dispersion of nanoparticles. Then, DA was added and

stirred to dissolve, followed by NalO, (4 mg/mL). After stirring evenly,
the coating solution was obtained. Before hydrophilic modification, the
PVDF membranes were rinsed with EtOH and DI water sequentially to
remove residuals and impurities. The modification process of the
membrane is shown in Scheme lc. The treated membranes were
immersed into the coating solution and shaken on a shaker with a fixed
rate of 80 rpm at room temperature. The modified membranes were
obtained after thorough washing with DI water and denoted as COFy/
DAy-Z, where X and Y refer to the content of COF—COOH (X mg/
mL) and DA (Y mg/mL) in the coating solution, respectively, and Z
represents the coating time (Z h). Table S1 lists the modification
conditions and abbreviations of all membranes involved in this study.
Prior to various characterizations and tests, the modified membranes
were dried for 6 h at 40 °C.

2.4. Characterization. Scanning electron microscopy (SEM,
Hitachi, S-4800, Japan) was used to observe the microscopic
morphology of COF—COOH and the surface morphology of the
membranes. Fourier transform infrared (FTIR) spectroscopy (Bruker,
TENSOR 27, Germany) and attenuated total reflectance FTIR
spectroscopy (ATR—FTIR, Bruker, TENSOR II, Germany) were
applied to measure the chemical compositions of COF—COOH and
the membrane surface, respectively. X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250Xi, US) was used to determine the
elemental compositions (mainly C, N, O, and F) of the membranes. An
electro-kinetic analyzer (SF-SA, Saifei, China) was applied to measure
the surface charge (zeta potential) of membranes based on the
streaming potential method at a fixed pH of 7.0. Atomic force
microscopy (AFM, Bruker, Multimode 8, Germany) was used to
characterize the surface roughness of the membranes. A JC 2000
goniometer (Powereach, China) was used to measure the water contact
angle (WCA) and underwater oil contact angle (UOCA) of
membranes, and the volumes of the water droplet and oil droplet
were 2 and 3 uL, respectively. Besides, a total organic carbon analyzer
(Shimadzu, Japan) was applied to determine the oil concentrations in
the feed and filtrate of oil-in-water emulsions.

2.5. Separation Performance of Membranes. To obtain various
oil-in-water emulsions, 0.1 g of SDS and 1 g of pure oil (diesel oil, n-
hexane, soybean oil, kerosene, and PE, respectively) were added to
1000 mL of DI water and dispersed in a homogenizer (FLUKO FA2S,
Germany) at 10,000 rpm for 30 min. The permeation test was
performed through a cross-flow apparatus with an effective filtration
area of 7.07 cm® as shown in Figure S1. The oil-in-water emulsion
separation experiment for each dry membrane was carried out at a
transmembrane pressure of 0.5 bar. The filtrate within the first 4 min
was collected on account of the decrease in flux resulting from the
gradually formed oil cake. The flux and the oil rejection ratio (R) were
determined by eqs 1 and 2, respectively

|4

Flux= ——
A-ALAP (1)

where V represents the filtrate volume (L), A attributes to the effective
filtration area (m?), At corresponds to the separation time (h), and AP
refers to the transmembrane pressure (bar).

CP
R=[1-—2|x 100%
Ce

()

where C;and C, correspond to the oil concentrations in the feed and
permeate.

To study the deposited amount of hydrophilic coating, the weight
gain percent (W,) of the modified membrane was calculated by eq 3.

m

-W
Wgz —— X 100%
A 3)

where W, (g) and W,, (g) refer to the weight of the pristine PVDF
membrane and the modified membrane, respectively.

Additionally, to further investigate the practical application ability of
the membrane developed in this work, the real oily wastewater samples
were analogously prepared by the river water obtained from the Haihe
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Figure 1. (a) SEM image and (b) FTIR spectrum of COF—COOH. (c) Dispersion of COF—COOH in sodium acetate (1 M, pH = 5.0) buffers.

Figure 2. SEM images of (a)b) pristine PVDF membrane, (c,d) COFy/DA,-2, and (e,f) COF,,/DA,-2.

River and used to test the flux and oil rejection ratio of the membrane.
The preparation method is the same as the above-mentioned oil-in-
water emulsions (DI water was replaced with the river water).

2.6. Antifouling Tests and Stability Tests. The antifouling
property and reusability of the modified membrane were investigated
through five-cycle filtration experiments on diesel-in-water emulsion.
The real-time permeate flux was documented every 1 min within 10
min. Before the next experiment, the tested membrane was washed
thoroughly by DI water to recover the permeate flux between two
cycles. The oil rejection ratio was also determined during each filtration.
Besides, the pure water flux of the tested membrane was measured
before and after the five-cycle diesel-in-water emulsion filtration, and
flux recovery ratio (FRR) was determined by eq 4

FRR = ]—W X 100%
Jwo 4)

where ], (Lm™*h™'bar™") and J, o (L m > h™" bar™!) represent the pure
water flux of the tested membrane after the five-cycle emulsion
separation experiments and the initial pure water flux, respectively.
The modified membrane samples were soaked in the solutions with
different pH values (pH = 2, 7, and 12) for 12 h to investigate the
chemical stability, and then the WCAs and UOCAs were measured and
compared. The coating stability of the modified membrane was also
tested. After each 1 min sonication treatment, the WCAs and UOCAs
were determined. The procedure was repeated five times. Besides, to
inspect the long-term stability of the modified membrane, long-term
rinsing test was carried out. The modified membrane samples were
immersed into DI water, then oscillated, and washed in a shaker with a
fixed rate of 100 rpm at room temperature for 15 days. During the
rinsing process, the WCAs and UOCAs were determined every 3 days.

3. RESULTS AND DISCUSSION

3.1. Characterization of COF—COOH. The COF—COOH
was synthesized by amidation polymerization of TMC and PPD.
The microscopic morphology was characterized by SEM,
COF—COOH shows spherical particles of 65—75 nm in size
as presented in Figure la. The chemical groups of COF—
COOH were investigated by FTIR. As shown in Figure 1b, the
strong characteristic peak at 1713 cm™' represents —C=0 in
—COOH, indicating the abundant carboxyl groups of COF—
COOH. The characteristic peak at 1658 cm™" was attributed to
—C—N demonstrating the amidation reaction of —NH, and
—COCIL The —C—H stretching vibration of the aromatic
structure caused the peak at 2853 cm ™. Besides, the —O—H and
—N-H stretching vibrations triggered the peak at 3359
em™'>"% ETIR of COF—COOH was consistent with the
existing literature, demonstrating the successful synthesis of
COF—-COOH.*

The dispersion state of nanoparticles is crucial for the
subsequent construction of PDA coating with rough hierarchical
nanostructures, which determines whether the nanoparticles can
be uniformly dispersed on the membrane surface. The mixture
of COF—COOH in sodium acetate buffers remained well
dispersed after 30 min sonication and 2 h standing (Figure 1c),
and there was no obvious change after standing for 6 h (Figure
S2). It is speculated that COF—COOH exhibits excellent
dispersibility due to its hydrophilicity as it has been previously
reported that imparting hydrophilicity to nanomaterials can
significantly improve the dispersibility."*
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Figure 3. AFM images of (a,b) pristine PVDF membrane, (c,d) COFy/DA,-2, and (e,f) COF,,/DA,-2.
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Figure 4. (a) ATR—FTIR spectra and (b) XPS survey spectra of pristine PVDF, COF,/DA,-2, and COF,,/DA,-2. (c—e) High-resolution spectra of C
1s of pristine PVDF membrane, COFy/DA,-2, and COF,,/DA,-2, respectively.

3.2. Surface Morphology and Chemistry of Mem-
branes. Both the surface morphology and chemical composi-
tion influence the wettability and oil resistance of oil—water
separation membranes.”” The SEM images of membranes are
conducted in Figure 2. The smooth surface of the pristine PVDF
membrane with a clear porous structure can be observed (Figure
2a,b). As shown in Figure 2¢c,d, numerous homogeneous PDA
nanoparticles with a size of 35 nm were attached to the internal

pore channels and surface of COF;/DA,-2. With the
incorporation of COF—COOH nanoparticles during the DA
oxidation process, an obvious rough hierarchical nanostructure
was constructed on the surface as well as pore channels of
COF,,/DA,-2 (Figure 2e,f). COF—COOH with an average
particle size of 70 nm and PDA nanoparticles with a mean size of
35 nm were uniformly distributed on the pore channels and
surface due to the high interfacial compatibility. Moreover, the

45884 https://doi.org/10.1021/acsami.2c13402
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modified membrane also became rougher, and the average
roughness (R,) of the pristine PVDF membrane, COF,/DA,-2,
and COF,,/DA,-2 was 105.9, 107.3, and 136.5 nm, respectively
(Figure 3). The hydrophilic coating with rough hierarchical
nanostructures can capture large amounts of water and form a
stable hydration layer to prevent oil contamination.

ATR—FTIR analysis was applied to investigate the surface
chemical compositions of membranes (Figure 4a). Compared
with the pristine PVDF membrane, COF;/DA,-2 and COF,,/
DA,-2 both exhibited two emerging peaks at 1608 and 3050—
3750 cm™!, which were attributed to —C=C and —O—H
stretching vibrations, respectively.'®>* Additionally, the modi-
fied membranes both showed an extra absorption peak at 1717
cm™! representing —C=0 in carboxyl groups.”’ The oxidation
of DA by NalO, in acidic conditions led to the formation of
carboxyl groups on COFy/DA,-2," while carboxyl groups of
COF,,/DA,-2 were supplemented by COF—COOH on the
basis of DA oxidation process.

XPS analysis was employed to deeply analyze the membrane
surface chemistry. As shown in Figure 4b and Table 1, pristine

Table 1. Elemental Compositions of Different Membranes

composition (%)

membrane C N (@) F O/F ratio
pristine PVDF 51.08 0.17 0.48 48.27 0.01
COFy/DA,2 6736  7.80 19.44 5.40 3.60
COF,,/DA,2 6843 8.45 20.88 225 9.8

PVDF membrane almost showed peaks of only C and F
elements. However, the F 1s peak of COF,/DA,-2 and COF,,/
DA,-2 decreased or even disappeared and a new O 1s peak
appeared, mainly from catechol, quinone, and carboxyl groups.
Moreover, the O/F ratio of COF,,/DA,-2 (9.28) was found
much higher than those of COF;/DA,-2 (3.60) and pristine
PVDF membrane (0.01), indicating that PDA coating combined
with COF—COOH was deposited on the membrane. The high-
resolution C 1s spectra of COF,,/DA,-2 are shown in Figure
4c—e. The peaks at around 284.8, 286.2, 288.4, and 290.8 eV
represented —C=C, —C-C, —O—-C=0, and —C-F in
order.>* As listed in Table 2, COF,,/DA,-2 exhibited the

Table 2. Components of C Element on Pristine PVDF,
COF,/DA,-2, and COF,,/DA,-2

composition (%)

membrane —C-F —-0-C=0 —-C-C —C=C
pristine PVDF 40.18 59.82
COF,/DA,-2 7.49 14.41 37.64 40.46
COFy,/DA,2 4.86 16.95 36.85 4134

highest proportion of —O—C=0O group reaching 16.95%,
indicating that abundant carboxyl groups were introduced onto
the membrane surface. The XPS results are consistent with
previous ATR—FTIR conclusions.

The surface zeta potential of the membrane also reflected the
presence of abundant carboxyl groups. Pristine PVDEF
membrane showed electronegative properties when it was
immersed into water.'””" The oxidation of DA by NalO, and
the accompanying doping of COF—COOH can introduce more
abundant carboxyl groups, which were expected to generate
more negative charges on the membrane surface. As predicted,
COF,,/DA,-2 exhibited the most negative charge with a surface

zeta potential of —34.65 mV (Figure S3). The electrostatic
repulsion occurring between the membrane surface and the
negatively charged oil droplets can reduce membrane fouling.**
Lower negative potential of the membrane surface would be
more beneficial to elevating the selectivity of oil—water
separation.

3.3. Optimization of the Modification Conditions. SDS-
stabilized diesel-in-water emulsion was prepared and employed
to optimize the modification conditions by filtration. Figure Sa
shows the permeate flux of different membranes in which the
flux of the pristine PVDF membrane is zero because of its strong
hydrophobicity, so its filtering ability was not compared and
discussed subsequently. Besides, it was found that the additional
amount of COF—COOH displays a significant effect on
penetrability. Membrane penetrability first increased and then
decreased with the increase of COF—COOH when the coating
time was set at 2 h, and COF,,/DA,-2 exhibited the most
attractive flux (897.38 L m™> h™" bar™") of all. This could be
explained by the formation of hierarchical nanostructures. The
membrane hydrophilicity was further strengthened due to the
increase of surface roughness.”>~>” When the addition of COF—
COOH continued to increase, the excessively rough membrane
surface provided sufficient sites for small size oil droplets to
weaken the antifouling property. Furthermore, the immoderate
amounts of nanoparticles hindered the PDA deposition, which
affected the modification process to a certain extent and
weakened the hydrophilicity, resulting in a decline in flux. This
interpretation could also be verified by the WCAs of different
membranes (Figure Sb) and by the color of the membrane
surface (Figure S4).

The optimization of coating time was also carried out to
enhance the penetrability of the membrane. When the addition
of COF—COOH was fixed at 0.2 mg/mL, the membrane
penetrability was improved significantly with the gradual
increase of coating time and decreased slightly after reaching
the peak at 2 h (Figure Sc), which means that the membrane
hydrophilic modification has been fully completed at 2 h. When
the coating time was further extended, the excessive deposition
of nanoparticles resulted in a loss of flux, which was reflected by
the continuous increase in the weight gain percent of these
modified membranes (Figure 5d). The reasons for the optimal
coating time of 2 h were further analyzed by observing the
surface and cross-sectional morphologies of the membranes with
different coating times (0.5—3 h). With the increase of coating
time, the rough hierarchical nanostructures gradually emerged
on the membrane surface (Figure SS), and the hydrophilic
nanoparticles also constantly extended to the internal pore
channels of the membrane (Figure S6). At the coating time of 2
h, the membrane interior was covered by numerous nano-
particles, and the membrane exhibited optimal hydrophilicity.
Then, the membrane became denser resulting in a decrease in
flux due to the continuous deposition of nanoparticles. Hence,
COF,,/DA,-2 (COF—COOH addition: 0.2 mg/mL; coating
time: 2 h) exhibited the best penetrability for filtering diesel-in-
water emulsion and was regarded as the optimal membrane to
further investigate.

3.4. Wettability and Separation Performance of
Membranes. The factors such as pore size distribution, surface
roughness, and inner hydrophilicity of membranes greatly affect
the wettability.””>® The membrane surface wettability was
assessed by WCA and UOCA tests. The membrane dynamic
WCA trends are shown in Figure 6a; the WCA of pristine PVDF
remained at 123° for 20 s because of its high hydrophobicity.
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(at a fixed COF—COOH amount of 0.2 mg/mL).

Meanwhile, COF,,/DA,-2 modified only by 0.2 mg/mL COF—
COOH showed no WCA change compared with the pristine
PVDF membrane. COF,,/DA,-2 also showed the same zero
flux as the pristine PVDF membrane (Figure Sa). The above
results indicate that COF—COOH cannot be loaded onto the
PVDF membrane without the condition of external factors.
After DA chemical oxidation coating, the hydrophilicity of
COF,/DA,-2 was greatly enhanced with a gradual decrease in
WCA from 22 to 0° in 15 s. In addition, after adding 0.2 mg/mL
COF—COOH nanoparticles on the basis of COF,/DA,-2, the
hydrophilicity of COF,,/DA,-2 was further improved and the
WCA rapidly decreased from 15 to 0° within 10 s.

The UOCAs of pristine PVDF membrane, COFy/DA,-2,
COF,,/DA,-2, and COF,,/DA,-2 were measured with the
selected oil phase of DCM. As shown in Figure 6b, the UOCA of
COF,,/DA,-2 exhibited a satisfactory result (reaching 162°)
with an enormous improvement compared to pristine PVDF
membrane (132°). In Figure 6¢, the UOCAs of COF,/DA,-2
for diesel, kerosene, soybean oil, n-hexane, and PE are 163, 160,
164, 161, and 165°, respectively. The excellent underwater
superoleophobicity exhibited by COF,,/DA,-2 was attributed
to the rough hierarchical nanostructures (Figure 6d). This
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structure contributed to improving the wettability and obtaining
a thicker and more stable hydration layer. Therefore, COF,,/
DA,-2 with excellent superhydrophilicity and underwater
superoleophobicity is expected to be applied to the efficient
separation of oil-in-water emulsions.

Besides diesel oil, other oils like kerosene, soybean oil, n-
hexane, and PE were used to obtain various SDS-stabilized
emulsions. Since these oil-in-water emulsions widely exist in
real-life environment, using them to evaluate membrane
separation performance is of great reference value. As shown
in Figure 7a, the fluxes of COF;,/DA,-2 toward various
emulsions followed the sequence of PE (1843.48 L m™ h™*
bar™') > n-hexane (1765.29 Lm™>h~' bar™!) > diesel (897.38 L
m~2 h™! bar™!) > soybean oil (795.17 L m™> h™! bar™) >
kerosene (768.59 L m™2 h™! bar™!). Meanwhile, the
corresponding oil rejection ratio was 98.2, 98.4, 98.9, 99.1,
and 99.2% respectively, showing an opposite trend to the flux. In
addition, the images of the feed and filtrate of diesel-in-water
emulsion were also observed by optical microscopy (Figure 7b);
oil droplets with an average size of 2 um were found in the feed
image, while no oil droplets were found in the filtrate image.
Hence, COF,/DA,-2 exhibits an excellent oil rejection effect,
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indicating that it can be effectively devoted to the separation of
oil-in-water emulsions. Moreover, the separation performance of

the modified membrane for real oily wastewater samples was
also investigated. The flux and oil rejection ratio of COF,,,/DA,-
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Table 3. Comparison of Performance of the Modified Membrane for Oil-In-Water Emulsions Separation with Other Literature

materials WCA (°) flux (L m™>h~! bar™?) R (%) references
DA/TiO,/PVDE (0.22 yim) 269 424 (diesel) 99.52 29
DA/SiO,/PVDF (~2 um) 18+2 572 (dichloroethane) 30
TA/ZIF-8/PVDF (0.22 ym) 21 3726 (pump) 98.9 32
EGCG/Ag/PVDF (0.1 ym) 41+2 1470 (soybean) 95.4 14
TA/GO/TiO,/PVDF (~0.5 ym) 52 243.11 (n-hexadecane) 98.52 sSS
TA/Ag/PVDF (0.1 ym) 19 1431 (kerosene) 98.41 59
TA/f-FeOOH/PVDF (0.22 um) 0 645 (soybean) 99.1 60
DA/COF—COOH/PVDF (0.1 um) 15 897.38 (diesel) 98.9 this work
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(b) Tiltangle (8) = 1°
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—_—
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—

Figure 8. (a) Dynamic underwater DCM-adhesion experiment on COF,,/DA,-2. (b) Rolling contact test of DCM on COF,,/DA,-2. (c) Images
recording the excellent antifouling property of COF,/DA,-2; n-hexane (top four images) and DCM (bottom four images) were injected onto the

membrane by a syringe, respectively.

2 is presented in Figure S7, it still displayed an excellent oil
interception ability except for some reduction in flux. By
comparing the liquid pictures before and after filtration, it was
found that the filtrate became clear (Figure S8). Therefore, the
membrane developed in this work also exhibits attractive
potential for practical applications.

Besides, we compared the separation performance of COF,,/
DA,-2 with nanoparticle-decorated membranes reported in
other similar modification works. As summarized in Table 3, the
modified membrane developed in this work displayed attractive
hydrophilicity and great separation performance, demonstrating
its favorable competitive advantages in oil-in-water emulsion
separation.

3.5. Antifouling Property and Stability of Membrane.
Moreover, to assess the anti-oil fouling of COF,,/DA,-2,
underwater oil adhesion tests were carried out. As shown in
Figure 8a, a drop of DCM was brought onto the surface of
membrane and squeezed and then lifted completely. During the
entire test, it can be found that the oil droplet did not detach
from the needle and did not deform under a larger force (Video
S1). Besides, the dropped DCM droplets rolled away quickly
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without any sticking when the membrane tilt angle was as low as
1° (Figure 8b and Video S2), which further verified its splendid
underwater superoleophobicity. In addition, a small amount of
kerosene (dyed red) and DCM (dyed red) were sprayed onto
the surface of COF,,/DA,-2 by a syringe. As shown in Figure 8c,
kerosene rebounded from the surface of COF,,/DA,-2 and then
floated up onto the surface of the water driven by buoyancy, and
DCM droplets gathered to form bigger oil droplets after
touching the membrane surface and then quickly slid away.
During the whole experiment, oil droplets did not adhere to
COF,,/DA,-2 at all. However, pristine PVDF membrane was
easily adhered by oil droplets under a similar test. All above
results demonstrated that COF,,/DA,-2 possessed exceptional
antifouling property, which was due to the robust hydration
layer formed by hierarchical nanostructures and the electrostatic
repulsion caused by carboxyl groups.

To further evaluate the reusability and antifouling property of
COF,,/DA,-2, five-cycle filtration experiments were carried
out. As shown in Figure 9, the formation of an oil cake layer by
transmembrane pressure resulted in a sharp decrease of flux at
the beginning of each filtration process”' " and then decreased
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Figure 9. Permeate flux and rejection of COF,,/DA,-2 in five cycles of
separation of SDS-stabilized diesel-in-water emulsion.

relatively slowly. Nevertheless, after the previous filtration, the
residual oil on the membrane surface was washed away by DI
water and the flux was almost recovered to the initial level in the
next filtration. Since the oil rejection ratios of five-cycle filtration
experiments remained above 98%, the separation efficiency was

not significantly reduced. Besides, after filtering the diesel-in-
water emulsion for five cycles, COF;,/DA,-2 still exhibited a
pure water FRR of 98.31% (J,,o =2779.62 L m™>h™' bar™/, J,, =
273264 L m™* h™' bar™'), indicating that its pure water
permeability could basically restore to the initial level. The above
results demonstrated that COF,,/DA,-2 exhibits a favorable
antifouling property and satisfactory reusability.

COF,,/DA,-2 was soaked in neutral (pH = 7), strong acid
(pH =2), and strong basic (pH = 12) solutions separately for 12
h to evaluate its chemical stability. As shown in Figure 10a,b,
COF,,/DA,-2 still maintained satisfactory superhydrophilicity
and underwater superoleophobicity after being treated with
different pH solutions from the results of WCAs and UOCAs,
which indicated its favorable chemical stability. Moreover, the
coating stability of COF,,,/DA,-2 was tested by sonication in an
ultrasonic machine. As shown in Figure 10c, after physical stress
treatment, both the WCAs and UOCAs of COF,/DA,-2 did
not change significantly. The favorable stability of COF,,,/DA,-
2 may benefit from two reasons. On the one hand, the strong
oxidation of NalO, in a slightly acidic environment enhanced
the oxidation degree of DA, and the layer-by-layer stacking of
PDA obtained by further oxidation intensified the cross-linking
strength with the membrane.*”*® On the other hand, the
excellent compatibility matching between COF—COOH and
PDA also improved the coating bonding strength.
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To further assess the long-term stability of COF,,/DA,-2,
long-term rinsing experiments were performed. The modified
membranes could maintain stable superhydrophilicity and
underwater superoleophobicity under long-term immersion in
water, which was a necessary condition to ensure sustainable and
efficient operation of oil—water separation. Both the WCAs and
UOCAs of COF,,/DA,-2 remained stable after being scoured
by DI water for 15 days (Figure 10d), proving its favorable long-
term stability.

4. CONCLUSIONS

In this work, a hierarchical assembly strategy was explored to
realize the uniform construction of COF—COOH on the PVDF
membrane surface and pore channels. The membrane
penetrability and surface wettability were effectively optimized
by changing the amount of COF—COOH and coating time. The
optimally modified membrane (COF—COOH addition: 0.2
mg/mL; coating time: 2 h) exhibited admirable super-
hydrophilicity and underwater superoleophobicity. The mem-
brane maintained a high flux (the maximum flux of PE-in-water
emulsion reaches 1843.48 L m > h™' bar™') and an ultrahigh oil
rejection ratio (exceeded 98% for all emulsions). Moreover, the
membrane revealed splendid antifouling property with the FRR
of 98.31%, satisfactory reusability, and impregnable stability. In
conclusion, this study would bring a new reference for the
development of superwettable membranes in the field of oil-in-
water emulsion separation.
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