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Covalent organic polymers (COPs) with abundant micropores are deemed as promising materials for building
molecular separation membranes. In spite of this potential, fabricating COP separation membranes through an
efficient and scalable method remains a significant challenge. Herein, we report a simple and efficient strategy
for the synthesis of COP membranes with three-dimensionally interconnected micropores. Utilizing transition-
metal nitrates as a catalyst, we achieve fast polymerization of amorphous COPs with relatively uniform micro-
pores (0.7 nm in diameter). The rational design of organic-aqueous interface allows for the direct fabrication of
robust COP membranes with an ultrathin thickness of ~20 nm on porous polyacrylonitrile substrates. The
resulting hydrophobic but pore-uniform frameworks in these membranes permit fast permeation of organic
liquids with a notable molecular weight cutoff of 388 g mol~! in ethanol. To demonstrate scalability, we show
that our strategy can produce large-size COP membranes with a prominent area of 200 cm?, which exhibit
performances similar to that of small membrane coupons. The present study offers a potentially scalable method

for producing highly microporous COP membranes toward efficient molecular separation in organic liquids.

1. Introduction

At present, organic liquids are indispensable auxiliaries in a range of
chemical processes, including petrochemical industries, pharmaceutical
manufacturing, and organic synthesis [1-4]. However, their large
quantities involved in the production processes pose a huge challenge
for the concentration of products as well as the recovery of solvents [5,
6]. Conventional separation technologies, such as evaporation, distilla-
tion, and liquid-liquid extraction, have been widely used to tackle the
above issues, but the limitations including high energy consumption and
relatively tedious procedures hinder their sustainable development [7,
8]. Organic solvent nanofiltration (OSN) enabled by membrane tech-
nologies has emerged as a promising and environmentally friendly
alternative [9,10]. OSN is characterized by its low energy consumption,
high processing efficiency, and low carbon footprint. To be specific,
compared to traditional energy-intensive technologies, OSN could save
up to 90% energy [11,12]. Typically, OSN membranes should be pro-
vided with molecular sieving channels below 2 nm to separate fine
solutes with molecular weights of 200-1000 g mol ! while maintaining
desirable permeance and stability toward organic solvents [13,14]. It is
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worth noting that the current demand for OSN membranes is rapidly
growing because of the real-world needs to selectively separate small but
size-similar products at little expense of energy [15,16]. Thus, in
response to the revolution of existing separation processes, developing
advanced OSN membranes with excellent performances and practicality
has become imperative.

Traditional polymer materials, such as polyimide (PI), poly-
benzimidazole (PBI), polyamide (PA), polyaniline (PANi), and polyether
ether ketone (PEEK), have been utilized for the exploration of OSN
membranes [17-20]. However, the chemical instability including
structural swelling and physical aging in continuous operations is
regarded as a major limitation that debases membrane performance and
durability [21]. To overcome structural deterioration, a range of stra-
tegies including chemical cross-linking and thermal treatment have been
developed to improve material stability and thus membrane durability
[22-24]. Nevertheless, these treatments in turn lead to significantly
reduced solvent permeance due to the limited mass transport efficiency
in hyper-cross-linked networks [25]. Alternatively, researchers are
exploring highly crystalline materials with ordered channels and per-
manent porosities to build novel OSN membranes [26,27].
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Metal-organic frameworks (MOFs) and covalent organic frameworks
(COFs) are deemed as the prototypical crystalline materials and have
been constructed into membranes for high-selectivity separation of ul-
trafine species including gases, ions, and organic molecules [28-32].
Despite their prominent separation performances, the building of crys-
talline MOF and COF membranes usually requires considerable syn-
thetic durations (12-72 h) and harsh conditions [33,34]. The
complicated synthesis of crystalline membranes accordingly limits their
potential for large-scale OSN membrane production and practical ap-
plications. Therefore, a balance between material benefits and mem-
brane synthesis is pending to be reasonably optimized, which may
promote the development of high-performance OSN membranes
featuring easy synthesis and scalability.

Covalent organic polymers (COPs) are a type of noncrystalline
porous materials constructed by linking organic building blocks through
covalent bonds. In sharp contrast to crystalline COFs with long-range
ordered pores, amorphous or semi-crystalline COPs typically exhibit
disordered pores with a relatively narrowed size distribution [35,36].
Consistent with COFs, COPs also exhibit desirable solvent resistance due
to their extended covalent bonds [37,38]. Fortunately, different from
the synthesis of high-crystallinity COFs, which mostly requires
time-consuming and harsh processes for self-correction, COPs are usu-
ally synthesized through straightforward procedures and mild condi-
tions, with a short reaction time [39,40]. More importantly, robust
covalent bonds in COPs can prevent the framework structure from
twisting, thus allowing the generation of pores with a comparatively
narrow size distribution [41]. These distinctive features of COPs
potentially allow fast permeation of solvents with no significant loss of
selectivity. For example, Szekely and coworkers reported that a
fluorine-containing COP membrane can yield a high rejection of up to
95% to Congo red with an efficient toluene flux of 11 L m~2h! [42].
Thus, the exploration of COP membranes not only offers an avenue for
easily synthesizing advanced OSN membranes under mild conditions,
but also provides an opportunity to gain insights into the correlation
between separation performance and material crystallinity.

In this work, we demonstrate a rapid way to fabricate a three-
dimensional COP and its composite membranes under ambient tem-
perature. By applying transition-metal nitrates (Cu(NO3)3) as the cata-
lyst, the condensation of monomer pairs can be performed immediately.
The obtained COPs are featured with an amorphous structure, while gas
sorption analysis reveals their highly porous configuration with a sharp
pore size distribution. With the assistance of Cu(NOs), and interfacial
strategy, we further realize the synthesis of COP membranes within 10
min. Applying this interfacial protocol on porous substrates, composite
membranes with an ultrathin layer of COPs as the selective layer are
obtained. The membrane thicknesses and thus separation performances
can be easily controlled by altering the synthetic conditions including
catalyst concentration and reaction time. The optimized composite
membrane exhibits a high rejection rate of 99% to acid fuchsin under a
decent ethanol permeance of 14.5 L m 2 h™! bar !, thanks to the
spatially interpenetrated pores with a uniform size. Particularly, large-
size COP composite membranes (~200 cm?) with a comparable per-
formance also can be produced by the same preparation procedures. The
proposed method is expected to efficiently fabricate diverse covalent
organic polymer membranes for practical applications.

2. Experimental section
2.1. Materials

Tetrakis(4-formylphenyl)-methane (TFPM, 98%), 2,4,6-triformyl-
phloroglucinol (98%), 1,3,5-benzenetricarboxaldehyde (99%), and
tetrakis(4-aminophenyl)methane (99%) were purchased from Jilin
Chinese Academy of Sciences-Yanshen Technology. Hydrazine hydrate
(HZ, 85%) was supplied by Sinopharm Chemical Reagent. o-Xylene
(99%) was purchased from Energy Chemical. p-Phenylenediamine
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(99%), N, N-dimethylformamide (DMF, 99.5%), and 1,4-dioxane (99%)
were supplied by Aladdin. Copper nitrate hydrate (Cu(NOs3)2, 99.99%)
was purchased from Macklin. Polyacrylonitrile (PAN, 85000 g mol™!)
powders and non-woven fabrics were supplied by local suppliers.
Polyethylene glycol 400 (PEG400, 99.9%) was obtained from Shanghai
Lingfeng Chemical Reagent. Hexane (98%), acetone (99.5%), acetoni-
trile (99%), tetrahydrofuran (THF, 99%), methanol (MeOH, 99.5%),
ethanol (EtOH, 99.7%), propanol (99.5%) and butanol (99%) were used
to assess solvent permeances. Mordant orange 1 (MO-1), methyl orange
(MO), eriochrome black T (EB-T), acid fuchsin (AF), Congo red (CR), and
Evans blue (EB) were purchased from Institute of Chemical Reagent.
Anodic aluminum oxide (AAO) substrates (¢ = 2.5 cm, nominal pore
diameter: 0.1 pm) were obtained from Whatman. Deionized water (DI
water, conductivity: ~2-10 pS cm™!) was used throughout the study. All
chemicals and reagents were used without further purification.

2.2. Preparation of porous PAN substrates

Porous PAN substrates were prepared by the process of non-solvent-
induced phase separation. Specifically, PAN powders (11 g) were vac-
uum dried at 80 °C for at least 12 h. Then, the powders and PEG400
(porogen, 4 g) were dissolved in DMF (85 g) to form a polymer dope. The
dope was mechanically stirred at 60 °C for 12 h for complete dissolution
and then degassed at room temperature for at least 24 h to obtain a
homogeneous casting solution. The solution was cast with a 200-pm
thick blade on the non-woven fabric, which was immediately immersed
in DI water for phase inversion. After that, the obtained PAN porous
substrates were stored in DI water before further characterization and
use. The obtained PAN substrate exhibits a pure water permeance of
~900 + 50 Lm 2 h ! bar.

2.3. Synthesis of COP powders

TFPM (86.4 mg, 0.2 mmol) and HZ (30 pL) were dispersed in 5.2 mL
1,4-dioxane followed by sonication for 2 min. Next, 0.8 mL Cu(NOs)»
aqueous solution (0.05 mol L’l) was added to the mixture. The mixture
was then left undisturbed at room temperature for 1, 6, 12, and 24 h,
respectively. The obtained products were washed with 1,4-dioxane and
THF by filtration to eliminate residual unreacted monomers, and then
vacuum dried at 80 °C overnight.

2.4. Fabrication of free-standing COP membranes

As shown in Fig. S1, silicon wafers were placed on the bottom of a
glass vessel (¢ = 7 cm) before adding Cu(NOg), aqueous solution (30 mL,
0.05 mol L™1). TFPM (8 mg) and HZ (6 pL) were separately dissolved in
o-xylene (20 mL). Then, a 30-mL mixture containing an equal volume of
the TFPM and HZ solutions was gently added onto the aqueous phase.
The glass vessel was kept under room temperature for designated du-
rations. The membranes formed at the organic-aqueous interface were
transferred onto silicon wafers and AAO substrates for further
characterization.

2.5. Fabrication of COP composite membranes

COP composite membranes were interfacially synthesized on porous
PAN substrates. The PAN substrates were cut into small membrane
coupons with a diameter of ~4.5 cm and immersed in Cu(NOs)2 aqueous
solutions overnight. Then, the PAN coupon was horizontally placed in
the middle of a homemade synthesis device and fixed by clamps. After
pouring off the aqueous solution, kimwipes were used to remove re-
sidual water droplets on the PAN surface. Next, a 15-mL mixture of the
monomer solutions was immediately added on the surface of PAN sub-
strate. The interfacial polymerization occurred for designated durations.
The resulting membranes were thoroughly rinsed with EtOH and stored
in EtOH for further use. To directly characterize the formed COP layers,
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the composite membranes were immersed in DMF to degrade PAN
substrates and the obtained COP layers were transferred onto silicon
wafers for further characterizations. The large-size COP composite
membranes (20 x 10 cm?) were fabricated under the same synthesis
parameters and conditions as the aforesaid procedure with a larger
apparatus.

2.6. Filtration tests

The filtration tests were carried out by a stainless dead-end filtration
device with an effective area of ~10.2 cm? under 1 bar to assess OSN
performances of membranes. The membranes needed to be pre-pressed
at 1 bar for at least 30 min to reach steady permeation before the tests. In
filtration tests, three membranes prepared at the same condition were
evaluated to present the corresponding average value and error bar. The
solvent permeation flux (J, L m2h™ and permeance (P, L m2h!
bar™!) of membranes were calculated by the following equations:

J = VIA Ap)
P=VI(A At Ap) = JIAp

where V (L) represents the volume of the solvent that permeates across
the effective membrane area A (m?) in a predetermined permeation
duration At (h) under the cross-membrane pressure Ap (bar).

Dyes dispersed in EtOH and MeOH with a concentration of 10 ppm
were used as the feed to evaluate the molecular sieving performances of
membranes. The filtration tests were conducted under continuous stir-
ring at 300 rpm to reduce concentration polarization. The dye concen-
trations were analyzed by an ultraviolet and visible (UV-vis)
spectrophotometry absorption spectrometer (NanoDrop 2000C, Thermo
Fisher). The dye rejection rate (R, %) was calculated by the following
equation:

R = (1-C,/C) x 100%

where C, and Cy are the dye concentration of the permeate and feed,
respectively.

2.7. Characterizations

Fourier transform infrared (FTIR, Nicolet 8700) spectroscopy was
utilized to study the chemical compositions of the monomers, COP
powders, and membranes with the wavenumber ranging from 500 to
4000 cm™!. Potassium bromide pressed pellet method and attenuated
total reflection mode were used for particulate and membrane tests,
respectively. The membranes and powders were imaged by field-
emission scanning electron microscopy (SEM, Hitachi S-4800) at an
accelerating voltage of 5 kV after Au coating. For cross-sectional imag-
ing, the membrane samples were wetted by EtOH and then cryogenically
fractured in liquid nitrogen. Surface morphologies and membrane
thicknesses were examined by atomic force microscopy (AFM, XE-100,
Park Systems) at a noncontact mode. The AFM images with a bound-
ary of membranes and silicon wafers were collected to determine the
thickness by creating a height profile. The thickness of the free-standing
membranes was also determined using a spectroscopic ellipsometer
(Complete EASE M—2000U, J. A. Woollam). Transmission electron mi-
croscopy (TEM) was operated using a FEI Talos F200X G2 electron mi-
croscope at a voltage of 200 kV. The composite membrane was
implanted into epoxy resin followed by microtoming using a diamond
knife to obtain a cross-sectional slice. The slice was transferred onto a
copper grid for TEM characterizations. Powder X-ray diffraction (PXRD)
patterns of COP powders were measured at room temperature with a 2
theta range of 2-40° and a step size of 0.02° s~! (Rigaku SmartLab).
Nitrogen adsorption-desorption measurements of COP powders were
conducted by a surface area and porosity analyzer (BELSORP MAX) at
77 K. Brunner—Emmett—Teller (BET) surface areas and pore width
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distributions were obtained by the sorption curves based on the nonlocal
density functional theory (NLDFT). The solvent wettability of composite
membranes was obtained by a contact angle goniometer (DropMeter
A100, Maist). Zeta potentials of the composite membranes and PAN
substrates were measured by an electrokinetic analyzer (Surpass 3
Anton Paar, Austria). The Zeta potential of dye solutions was tested by
Malvern Zetasizer Nano ZS90 system.

3. Results and discussion

In this study, we synthesized a three-dimensionally interconnected
microporous COP through the condensation of TFPM and HZ using Cu
(NOs3); as the catalyst (Fig. 1a). Without Cu(NO3),, the COP powders
could only be produced in small amounts (Fig. S2), indicating the highly
efficient catalysis of Cu(NO3), at room temperature [43,44]. SEM
characterization reveals that the lateral size of the synthesized COPs
keeps about 2 pm without showing significant changes when the syn-
thetic duration prolongs from 1 to 24 h (Fig. S3). The FTIR measurement
of COPs synthesized for 24 h shows a new characteristic peak at ~1621
em ™! (C=N) (Fig. 1b), indicating the formation of imine-based linkages
[45]. Moreover, we can observe an intense stretching vibration arising
from C=0 at 1699 cm ! in the synthesized COPs. The peak is attributed
to the unreacted aldehyde groups of TFPM, which indicates imperfect
polymerization between TFPM and HZ. Accordingly, the resultant COPs
exhibit an amorphous structure as confirmed by the PXRD results
(Fig. 1c), differing from the previously reported crystalline COFs [46,
47]. The utilization of Cu(NOg3); as the catalyst and the mild synthesis
conditions collectively lead to this amorphous structure. Ny sorption
tests were subsequently adopted to investigate the porous structure of
COPs. Fig. 1d shows the N adsorption-desorption isotherms at 77 K, and
the notable gas uptake at the low relative pressures discloses that COPs
feature a highly microporous structure in spite of their amorphous na-
ture. The BET surface area of COPs is determined to be ~278 m? g1, and
the NLDFT fitting further reveals a sharp pore size distribution centered
at ~0.7 nm (Fig. le). Thus, Cu(NOs), effectually promotes the poly-
merization of monomer pairs, resulting in amorphous but microporous
COPs with relatively uniform subnanometer channels available for sharp
separations [48].

The efficient polymerization enabled by Cu(NO3), motivates us to
study the possibility of preparing the relevant membranes for separa-
tions. To this end, we elaborately designed an organic-aqueous interface
for the direct synthesis of COP membranes. Specifically, monomer pairs
dispersed in o-xylene and Cu(NOs), dissolved in DI water were used as
the organic and aqueous phases, respectively (Fig. S4a). As expected, we
can observe the generation of a thin membrane at the designed interface
within 10 min (Fig. 2a). Considering the Lewis acid catalytic role of Cu
(NOs3)y, its diffusion from the aqueous phase to the organic phase ra-
tionalizes the growth of membranes at the interface [49]. As a contrast,
the absence of Cu(NOs3), in aqueous solution and the conventional
synthesis by separately dissolving monomers in organic and aqueous
solutions both produce no membranes (Figs. S4b and c). The SEM
observation reveals that the resulting membrane supported by a porous
alumina substrate features a smooth surface (Fig. 2b). Moreover, the
integrity of these interfacially synthesized membranes is largely
improved with the prolonging of synthesis durations, eventually
yielding a defect-free membrane at 30 min (Fig. S5). The cross-sectional
view in Fig. 2¢c obviously recognizes a continuous membrane with a low
thickness of ~40 nm. Fig. 2d shows the AFM image of the membrane on
a silicon wafer, which determines an identical thickness to that of the
SEM result (Fig. 2e). In addition, this interfacial strategy allows a control
of membrane thicknesses by altering the synthetic durations. As shown
in Fig. 2f, the results determined by spectroscopic ellipsometry tests
present the thickness variation of the membranes produced with various
reaction durations. Obviously, the membrane thickness can be precisely
regulated in the range of ~10-55 nm, indicative of the control over
membrane growth. Thus, the utilization of this organic-aqueous
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Fig. 1. Synthesis and characterization of COPs. (a) Schematic diagram for the synthesis of COPs. (b) FTIR spectra of TFPM and COPs synthesized for 24 h. (c) PXRD
patterns of the COP powders produced with various synthesis durations. (d, e) N adsorption-desorption isotherms of the COP powders synthesized for 24 h and the
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Fig. 2. Fabrication and characterization of free-standing COP membranes. (a) Photograph of the membrane formed at the interface with a duration of 10 min. (b)
Surface SEM image of the membrane synthesized for 10 min. (c—e) Cross-sectional SEM image, AFM image, and the corresponding height profiles of the membrane

synthesized for 30 min. (f) Membrane thickness as a function of synthesis duration.

interface realizes the preparation and regulation of COP membranes.
Although support-free membranes can be produced at the interface,
the poor mechanical robustness hinders their practical use in liquid
separations. Thus, following the synthesis of membranes at the free
interface, we sought to directly prepare COP selective layers on the top
of porous substrates to generate composite membranes for robust sep-
aration. Thanks to their low cost, easy preparation, and flexibility,
porous PAN substrates were selected as the substrates for synthesizing
COP composite membranes. As schematically illustrated in Fig. 3a, after
saturating the PAN substrate in the Cu(NO3), aqueous solution, the

The height profiles in (e) correspond to the white lines in (d).

organic solution comprising of the monomer pairs is poured on the
saturated substrate to perform rapid polymerization at room tempera-
ture. Such synthesis generates a shiny coverage with a diameter of ~4
cm on the PAN substrate (Fig. S6), indicating the formation of COP
layers. As shown in Fig. 3b and c, the porous surface of PAN substrate
can be completely covered by the grown COP membrane, thus forming a
gate layer for selective separations. Moreover, extending the synthesis
duration and increasing the concentration of catalyst in water both
benefit for growing compact and dense composite membranes (Fig. S7).
It is noted that the large particles on the surface of the membranes with
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Fig. 3. Preparation and characterization of COP composite membranes. (a) Schematic illustration for the preparation of composite membranes. (b) Surface SEM
image of the PAN substrate. (c—f) Surface SEM, AFM, cross-sectional SEM, and TEM images of the COP composite membrane. (g) AFM image of the COP layers
detached from the composite membrane. The membrane in (c—g) is synthesized at a Cu(NO3), concentration of 0.05 mol L™ for 30 min.

the improved growth conditions can be attributed to the deposition of
products generated in the bulk solution. As confirmed by the AFM
analysis (Fig. 3d), the resultant membrane synthesized at 0.05 mol L1
of Cu(NOs3), for 30 min exhibits a smooth surface with a low surface
roughness of ~4 nm. From the cross-sectional SEM image, we can
observe a thin and continuous layer located on the PAN substrate
(Fig. 3e). The TEM image further identifies a precise thickness of ~20
nm for the synthetic COP layer (Fig. 3f). The AFM determination of the
PAN-degraded membrane shows a low thickness similar to that of the
above results (Fig. 3g, Fig. S8), suggesting the uniformity of COP layers.
We attribute this low thickness of COP layers to the synergy of Cu
(NOg3)o-catalyzed rapid polymerization and interface-enabled self-
inhibited growth [50]. In addition, the Cu(NOs),-catalyzed interfacial
synthesis exhibits a favorable generality to produce various imine-linked
COP membranes (Fig. S9).

Next, the structural composition and surface properties of the pre-
pared COP composite membranes were probed by different character-
ization techniques. The FTIR spectra shown in Fig. 4a verify the
characteristic stretching vibration of C=N at 1624 cm ™, implying the
successful fabrication of COP layers. Moreover, the inherent charge of
the continuous COPs dominates the surface charge of composite mem-
branes [51,52], thus giving a weak negatively charged surface due to the
electronegative carbonyl oxygen from the unreacted aldehyde groups of
TFPM (Fig. 4b). As for the surface wettability, the COP composite
membrane gives a relatively hydrophobic surface compared to that of
the PAN substrate (Fig. 4c), which is related to the abundant benzene
rings in the framework of COPs. Interestingly, an extremely high affinity
between our membrane and EtOH can be observed, which displays an
EtOH contact angle as low as 18°. More importantly, EtOH can be
rapidly absorbed by the resulting membrane (Fig. 4d), illustrating

hydrophobic nanochannels for fast transport of organic solvents [53].

To optimize the performance of COP composite membranes, we
carried out the synthesis of membranes under different conditions and
assessed their performances accordingly. Here, the membrane perfor-
mances were quantified by permeance of EtOH and rejection of AF
(molecular weight = 585.5 g mol™!) through a dead-end filtration cell.
The results shown in Fig. 5a reveal that AF rejection rates above 93% can
be achieved by all the resulting membranes. Such a high molecular
selectivity can be ascribed to the fact that compact and defect-free
membranes can be formed rapidly. The relatively clean membrane
surface and UV-vis spectra reveal an insignificant contribution of
adsorption to separations (Fig. S10). Interestingly, the pure EtOH per-
meance of membranes shows an evident dependence on the catalyst
concentration and synthetic duration. To be specific, noticeable de-
creases of EtOH permeance can be observed when extending the syn-
thesis duration from 10 to 50 min or rising the catalyst concentration
from 0.05 to 0.2 mol L1, The observed tendency agrees well with the
increase of membrane thicknesses. As imaged by AFM, the extended
synthesis duration and increased catalyst concentration both lead to a
correlated increase in the thickness of COP selective layers
(Figs. Slla-f). More importantly, the EtOH permeance exhibits an
approximately linear dependence on the reciprocal of membrane
thicknesses (Figs. S11g and h). Thus, these thicker membranes produce
lower EtOH permeances because the mass transport is strongly
hampered by the extended transferring length [54].

The membrane synthesized at a Cu(NO3), concentration of 0.05 mol
L~ for 30 min, showing a high EtOH permeance of 14.5 L m 2h ™! bar™!
and an excellent AF rejection of 99%, was then investigated particularly.
As shown in Fig. 5b, the permeance of various solvents presents an in-
verse relationship with their viscosity, following the Hagen-Poiseuille
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Fig. 4. Structural composition and surface property of the COP composite membrane. (a, b) FTIR spectra and Zeta potential curves of the PAN substrate and
composite membrane. (c) Photographs of the water and EtOH contact angles. (d) Change of the EtOH contact angle with time for the COP composite membrane. The
membrane in (a-d) is synthesized at a Cu(NO3), concentration of 0.05 mol L~ for 30 min.

equation as the previously reported studies [55]. The permeance
divergence for the solvents like hexane and acetonitrile could be related
to the solvent polarity and interactions between solvents and membrane
pore walls [56]. To profoundly explore the membrane selectivity, we
carried out the filtration tests using a range of probe dyes with molecular
weights ranging from ~287 to 961 g mol ! (Fig. $12). Fig. 5¢ depicts the
rejection profiles of small molecules in EtOH and MeOH. It is obvious
that our membrane exhibits high rejection rates (>95%) to the solutes
with a molecular weight above 500 g mol™! (Figs. S13 and S14). The
difference of rejections to the solutes with a molecular weight below
400 g mol~! could be attributed to the diversity of electrostatic in-
teractions in solvents (Fig. S15). The rejection profiles identify dye
molecular weight cutoffs of 388 and 400 g mol ! in EtOH and MeOH,
respectively. The observed membrane selectivity keeps basically con-
stant in water (Fig. S16). We should note that the selectivity is compa-
rable to that of membranes built of well-crystallized counterparts
[57-59]. Moreover, our membrane generates a superior performance
compared with state-of-the-art membranes prepared by novel materials
(Fig. S17, Table S1). Such a high molecular selectivity together with
notable EtOH permeance mostly benefits from the subnanometer but
three-dimensionally interconnected mass transport channels of COPs
[60]. In addition, the synthesized membrane affords an excellent
adaptability to transmembrane pressures. As can be seen from Fig. 5d,
the permeation flux of EtOH during filtration rapidly responds to the
incrementally altered transmembrane pressures, and the AF rejection
rate keeps above 95%. We notice a slight decrease in EtOH permeance
during separation, which can be attributed to the increase of mass
transfer resistance with the presence of solutes. The separation

performance remains largely stable with the transmembrane pressure of
up to 10 bar (Fig. S18), comparable to the previously reported studies
[61,62]. More importantly, the membrane pores constructed by cova-
lently linked networks basically sustain their initial structure, thus
allowing a long-term filtration for 150 h in the absence of significant
deterioration (Fig. 5e, Fig. S19). These stability tests demonstrate the
potential of our membrane in practical applications [63].

Encouraged by the convenience of membrane synthesis as well as
decent membrane performances, we explored the feasibility of produc-
ing large-size COP membranes. As expected, we successfully scaled up
the membrane size to 20 x 10 cm? using a home-made preparation
module (Fig. 5f, Fig. S20). The large-size membrane offers a compact
surface with no observation of pinholes or defects (Fig. S21). Moreover,
the randomly selected membrane coupons exhibit similar EtOH per-
meance and AF rejection with that of the membranes discussed before
(Fig. 58). Thus, our strategy promises the production of large-size COP
membranes and we expect the industrial manufacture of COP mem-
branes through well-developed interfacial polymerization technology.

4. Conclusions

In summary, we have demonstrated the efficient catalysis of
transition-metal nitrates (Cu(NO3)») for rapidly synthesizing amorphous
covalent organic polymers with uniform pores at room temperature.
Through the condensation of tetrahedral aldehydes with linear amines, a
highly microporous COP with three-dimensionally interconnected sub-
nanometer channels is achieved. We reveal that the high-efficiency
catalysis of Cu(NOs)y is applicable for promptly polymerizing
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Fig. 5. OSN performances of COP composite membranes. (a) EtOH permeance and AF rejection of membranes versus catalyst concentration and synthesis duration.
(b) Pure solvent permeance as a function of viscosity. (c) Rejection of dyes with different molecular weights in EtOH and MeOH. (d) Permeation flux and AF rejection
in EtOH versus applied pressures. (e) OSN performance in long-term filtration. (f, g) Photograph and performance of the large-size COP composite membrane. The
serial numbers in (g) correspond to the mark number in (f). The membrane in (b-g) is synthesized at a Cu(NO3), concentration of 0.05 mol L~! for 30 min.

monomers at the organic-aqueous interface to generate COP mem-
branes. More importantly, the designed interfacial method enables the
direct preparation of COP separation membranes on porous substrates.
The synthesized composite membranes exhibit an ultrathin layer of
COPs and a relatively hydrophobic structure because of aromatic skel-
etons. With these unique benefits, the optimal COP composite mem-
brane yields an excellent separation performance toward small
molecules together with fast permeation of EtOH. The covalently linked
frameworks permit stable operation of membranes under various
transmembrane pressures and long durations without significant change
of performances. This highly efficient synthesis strategy eventually al-
lows the production of large-size COP composite membranes with an
area of 200 cm? with no sacrifice of separation performance. This work
thus offers a viable method for efficiently producing COP membranes
and highlights the significance of amorphous but porous polymers in
building potent liquid separation membranes.
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