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A B S T R A C T   

Mixed matrix membranes (MMMs) have attracted everlasting attentions, as their large permeance and high 
selectivity can be accessible synchronously. Herein, we show that covalent organic framework (COF) nanofibers 
serving as the nanofillers are doing better than COF nanoparticles in boosting the separation performance of 
MMMs. The nanofibers and the nanoparticles are synthesized and doped into polysulfone matrices to prepare 
MMMs. The high porosity and relative hydrophilicity of TpPa nanofibers and nanoparticles enable rapid ex
change of solvent and nonsolvent during the process of nonsolvent induced phase separation, thus leading to 
instantaneous demixing. Furthermore, compared with TpPa nanoparticles possessing small and irregular shapes, 
the one-dimensional structure of TpPa nanofibers weakens the entanglement of the surrounding polysulfone 
linear chains, resulting in much pronounced instantaneous demixing. In contrast with the nanoparticle- 
incorporated membranes, the porosity of nanofiber-incorporated membranes is significantly improved. The 
resultant nanofiber-incorporated membrane demonstrates a high water permeance of 424.4 L m− 2 h− 1 bar− 1, 
along with a BSA rejection rate of 94.3%. This work clearly reveals that porous one-dimensional structures such 
as COF nanofibers are highly promising in the preparation of high-performance MMMs.   

1. Introduction 

Ultrafiltration is a pressure-driven membrane separation technique 
that has received considerable attention for its excellent efficacy and 
applicability in selectively removing viruses, natural organic matters, 
and colloidal particles from water [1,2]. Membrane materials are the 
cornerstone for the membrane separation process, as they largely 
dominate the microstructures and the functionalities of the membranes. 
This would further influence the separation performance of the mem
branes. Nonsolvent-induced phase separation (NIPS) is a typical method 
for fabricating ultrafiltration membranes. It produces an asymmetric 
and integral membrane, which consists of a nanoporous skin layer as 
well as a macroporous support layer [3,4]. To date, a wide array of 
polymers including polysulfone (PSF) [5,6], polyether sulfone (PES) [7, 
8] and polyvinylidene fluoride (PVDF) [9,10], have been adopted as the 
membrane materials. Those membranes have showcased favourable 
separation performances. However, given the inherent hydrophobicity 
of those polymers [11,12], the membranes inevitably suffer from poor 
surface hydrophilicities and unsatisfied porosities. This further results in 

sluggish water permeation, or even worse, deteriorated selectivity. 
Therefore, enhancing the water permeance without compromising the 
selectivity is of paramount significance to meet the demand of efficient 
ultrafiltration. Yet, it still poses a major issue. 

Doping nanofillers into polymer matrices to prepare mixed matrix 
membranes (MMMs) is effective for enhancing the water permeance 
[13–15]. It is widely proved that the nanofillers can influence the 
thermodynamics and the kinetics of polymer solutions during the NIPS 
process. Thus, orchestrating those parameters would be beneficial to 
optimize the microstructures and surface properties of the membranes, 
such as the porosities and the surface hydrophilicities. Especially, the 
improved porosities create a large number of nanopores, which can be 
used as additional channels for water permeation [16–18]. As a result, 
the water permeance would be greatly enhanced. However, the most 
commonly used nanofillers including inorganic nanofillers and 
inorganic-organic hybrid nanofillers do not possess a favourable affinity 
toward the polymer matrices. In light of the inadequate compatibility 
between the nanofillers and the matrices, interfacial defects would be 
inevitably formed, ultimately deteriorating the selectivity to some 
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extent. Therefore, should the nanofillers with better compatibility be 
used, the highly efficient ultrafiltration process of the MMMs could be 
realized. 

Covalent organic frameworks (COFs) are a type of porous and crys
talline framework materials which are formed by the reticulation pro
cess. The building blocks are interlinked through the covalent bonds so 
as to form extended structures with long-range order [19–21]. COFs 
possess various superiorities including well-defined nanopores, good 
thermal/chemical stabilities, high surface areas and readily-custom 
functionalities [22–24]. In particular, the large porosity, good stabil
ities as well as the wholly organic backbones make COFs highly prom
ising in the fabrication of MMMs [25]. The organic nature of COFs offers 
the high affinity toward the polymer matrices that improves the 
compatibility between the nanofillers and the matrices substantially. 
Additionally, the good stability against water ensures that the COFs can 
maintain their structural integrality during both the NIPS and the sep
aration processes [26]. A few seminal works have demonstrated that the 
COFs being either doped or in situ formed in polymer matrices are 
capable of enhancing the water permeance while maintaining satisfac
tory rejections [27–29]. In those works, COFs with two-dimensional and 
three-dimensional structures, that is, the planar sheets and nano
particles, were used as the nanofillers. Given the one-dimensional 
structure of COF nanofibers, they would influence the entanglement of 
the linear polymer chains which have similar one-dimensional struc
tures. It is anticipated to give unique influences on the thermodynamics 
and the kinetics of the casting solution during the NIPS process. 
Therefore, the separation performances are expected to be significantly 
boosted. However, the effects of one-dimensional COFs on the phase 
separation as well as the separation performance remain unexplored. 

Herein, we developed a strategy using one-dimensional COF nano
fibers as the nanofillers to prepare ultrafiltration membranes with 
significantly boosted water permeance. TpPa nanofibers were doped 
into polysulfone matrix to prepare MMMs via NIPS process. To highlight 
the advantages of the nanofibers, TpPa nanoparticles were also doped 
into the matrix to prepare control membrane. TpPa nanofibers and 
nanoparticles conferred rapid exchange between solvent and nonsolvent 
during NIPS process, resulting in instantaneous demixing. Moreover, 
much pronounced instantaneous demixing can be found in the case of 
TpPa nanofibers being doped, compared with that of TpPa nano
particles. Therefore, the porosity of the nanofiber-incorporated mem
branes was significantly improved. The resultant membranes exhibited 
large water permeance and high BSA rejection rate. This work demon
strated the superiority of TpPa nanofibers in enhancing the performance 
of ultrafiltration membranes, paving a pathway for the fabrication of 
high performance MMMs. 

2. Experimental 

2.1. Materials 

1,3,5-Triformylphloroglucinol (Tp) was purchased from Jilin Chi
nese Academy of Sciences-Yanshen Technology Co., Ltd. Surfactants 
including sodium dodecyl sulfate (SDS), hexadecyl trimethyl ammo
nium bromide (CTAB) as well as p-phenylenediamine (Pa) were pro
vided by Aladdin. Bovine serum albumin (BSA) as well as phosphate 
buffered saline (PBS) tablets were provided by MP Biomedicals. Poly
sulfone pellets (Udel P-3500) were supplied by Solvay. Polyester 
nonwoven fabrics were supplied by Teijin Limited. Other reagents 
including 1,4-dioxane, N,N-dimethylacetamide (DMAc), ammonia 
water and acetic acid were obtained from local suppliers. All chemical 
reagents used throughout this work were all in analytical grade. 
Deionized water was used in this work. 

2.2. Synthesis of TpPa 

TpPa nanofibers were prepared according to our previous work [30, 

31], while TpPa nanoparticles were prepared by a conventional sol
vothermal method (Experimental details are shown in Supplementary 
Information). 

2.3. Fabrication of membranes 

The illustration of the fabrication of MMMs is shown in Scheme 1. 
The mass fraction of PSF in the casting solution was fixed at 18 wt% (by 
weight of the casting solution). The mass fraction of TpPa nanofibers in 
the casting solution were 0.05, 0.1, 0.15 and 0.2 wt%, respectively (by 
weight of PSF). TpPa nanofibers were first added into DMAc, and ul
trasonically treated for 10 min to make them uniformly dispersed. Then, 
a certain amount of PSF pellets were added into the above solution and 
mechanically stirred at 70 ◦C for 6 h. The solution was then allowed to 
stand undisturbed for 12 h to eliminate air bubbles, and the casting 
solution for membrane fabrication was obtained. 

The membranes were prepared on an automatic film applicator (JFA- 
II, Shanghai Modern Environment Engineering Technique Co., Ltd.). The 
nonwoven fabric was placed on the applicator, followed by pouring out 
the casting solution onto it. Then, the casting solution was spread using a 
200-μm-height knife. As-coated nonwoven fabric was immediately 
immersed in water at room temperature for phase separation. Finally, 
the obtained membranes were thoroughly washed and stored in water. 
Note that, PSF membranes incorporated with 0.1 wt% of TpPa nano
fibers were used for further tests. For comparison, PSF membranes 
incorporated with 0.1 wt% of TpPa nanoparticles were fabricated by the 
same procedure. The pristine PSF membranes were also fabricated by 
the same procedure except for the addition of TpPa. 

2.4. Characterizations 

The composition and crystallinity of TpPa were characterized by 
Fourier transform infrared (FTIR, Nicolet 8700, Thermo Fisher Scienti
fic) spectroscopy and X-ray diffraction (XRD, Smart Lab, Rigaku), 
respectively. The morphologies of TpPa and membranes were observed 
by scanning electron microscopy (SEM, S-4800, Hitachi). To enhance 
the conductivity, samples were sputter-coated with an ultrathin layer of 
gold. Nitrogen adsorption experiments were conducted on a ASAP2460 
porosimetry system (Micromeritics). The pore width distribution was 
obtained based on the nonlocal density functional theory (NLDFT). The 
roughness of the membranes was recorded using an atomic force mi
croscopy (AFM, XE-100 system, Park Systems). A Drop Meter A100P 
goniometer (MAIST) was adopted to measure water contact angles of the 
membranes surface. A laser scanning spectral confocal microscope 
(LSCM, Leica TCS SP2, Leica Microsystems) was used to investigate the 
distribution of TpPa within PSF matrices via fluorescence imaging. The 
viscosity of the casting solution was measured using a rotational 
viscometer (DV2T, Brookfield) at room temperature with a speed of 10 
rpm. The surface porosity as well as pore size distribution of different 
membranes were determined from their surface SEM images using the 
ImageJ software, following the protocol reported in literature [32]. The 
overall porosity of membrane was measured by the weighing method, 
which can be described as follows [9,33]:  

εA = (W1 – W2) / (S dm ρw)                                                               (1) 

where εA (%) is the overall porosity of the membrane, W1 (mg) and 
W2 (mg) are the wet weight and dry weight of the membrane, respec
tively, S (cm2) is the effective area, dm (cm) is the membrane thickness, 
and ρw (mg cm− 3) is water density. 

The cloud point of the casting solution with and without TpPa were 
conducted by the titration method at room temperature [34,35]. A small 
amount of water serving as the nonsolvent was slowly added into the 
homogenous casting solution under a continuous stirring. When water 
was dropped into the solution, the precipitation in a very local area 
occurred, and such precipitates would be redissolved under the stirring. 
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Once the precipitates could not be redissolved, that is, the solution 
became turbid. This state can be described as the cloud point, and the 
dosage of water was recorded accordingly. 

2.5. Ultrafiltration performance test 

The water permeance and BSA rejection rate of membranes were 
measured on a cross-flow unit (SF-SB, Hangzhou Saifei Membrane 
Separation Co., Ltd.). Three test cells were assembled in parallel, and the 
effective membrane area of each cell was 7.1 cm2. The transmembrane 
pressure was maintained at 2 bar, and the flow rate was 30 L h− 1. The 
liquid temperature during the test was 25 ◦C. Membranes were pre- 
compacted under a pressure of 2 bar for 30 min. The concentration of 
BSA aqueous solution (with PBS) was 0.5 g L− 1. The concentration of 
each BSA sample was determined using a Nanodrop 2000c UV–vis 
spectrophotometer (Thermo Fisher Scientific). The water flux (Jw, L m− 2 

h− 1), water permeance (Pw, L m− 2 h− 1 bar− 1) and BSA rejection rate (R, 
%) were calculated as below:  

Jw = ΔV / (A Δt)                                                                             (2)  

Pw = Jw / Δp                                                                                  (3)  

R = (1 - Cp / Cf) ✕ 100%                                                                 (4)  

where ΔV (L) is the volume of the permeated solution, A (m2) is the effective 
filtration area of the membrane, Δt (h) is the permeating duration, and Δp (bar) 
is the transmembrane pressure. Cp and Cf are the BSA concentrations of the 
permeated solution and the feed, respectively                                              

3. Results and discussion 

3.1. Characterization of TpPa 

TpPa nanofibers were prepared via a method of surfactant-mediated 
solvothermal synthesis based on our previous work (Fig. S1a) [30,31]. 
The one-dimensional and fibrous morphology was confirmed by SEM 
observation (Figs. S1b and c). The chemical structure of TpPa nanofibers 
was verified by FT-IR spectrum, as the characteristic peaks of C––C and 
C–N originating from the β-ketoenamine linkage appeared at 1582 cm− 1 

and 1276 cm− 1, respectively (Fig. S1d) [26]. XRD pattern of TpPa 
nanofibers exhibited a distinct peak at ~4.7◦, which corresponds to the 
(100) crystallographic plane (Fig. S1e) [26]. The surface area of TpPa 
nanofibers was 383.4 m2 g− 1 (Fig. S1f), and the mean pore width was 
centered at 1.3 nm (Fig. S1g). TpPa nanoparticles used for the 

comparison were prepared by the conventional solvothermal method 
(Fig. S2a). TpPa nanoparticles possess three-dimensional and 
irregularly-shaped morphologies, as large bulks and small flakes can be 
observed by SEM (Figs. S2b and c). The chemical structure and crys
talline structure of TpPa nanoparticles were verified by FT-IR spectrum 
and XRD pattern, respectively (Figs. S2d and e). The surface area of TpPa 
nanoparticles was 651.9 m2 g− 1 (Fig. S2f), and the mean pore width was 
centered at 1.6 nm (Fig. S2g). All above results validate that TpPa 
nanofibers and nanoparticles featuring ordered pore channels, high 
porosity and favourable crystallinity were synthesized. 

3.2. Characterization of membranes 

TpPa nanofibers and nanoparticles were doped into PSF matrices to 
prepare MMMs. Considering that TpPa possesses a fluorescence prop
erty, the distribution of TpPa in MMMs was visualized by the fluores
cence imaging [36]. As shown in Fig. 1, the pristine PSF membrane did 
not show any fluorescence. After the incorporation of TpPa nanofibers 
and nanoparticles, green fluorescence appeared throughout the cross 
sections of both membranes. This result provides direct evidence for the 
incorporation of TpPa into PSF matrices. It should be underlined that the 
strong fluorescence emerged in both membranes, in spite of a small 
amount of nanofibers and nanoparticles being incorporated. This is 
indicative of even distribution of nanofibers and nanoparticles within 
PSF matrices, as result of the low density of TpPa. Note that, the 
brightness and contrast of images merely relate to the flatness of the 
cross sections, instead of the distribution of TpPa. In addition, the 
membranes possessed a similar thickness of ~60 μm. 

The morphologies of membranes were then investigated by SEM. The 
surface and cross-sectional SEM images are shown in Fig. 2. It can be 
directly seen that the surface and cross-sectional morphologies of 
membranes were obviously changed, after the incorporation of TpPa 
nanofibers and nanoparticles. For the surface, much larger pores were 
found in the nanofiber-incorporated membrane and the nanoparticle- 
incorporated membrane, compared with that of the PSF membrane. 
Based the analysis of the pore size distribution, the pore size of PSF 
membrane, nanofiber-incorporated and nanoparticle-incorporated 
membranes were 10.5 nm, 16.8 nm and 15.4 nm, respectively 
(Fig. S3). According to the cross-sectional images, all membranes 
showed a typical asymmetric structure, consisting of an upper skin layer 
and a support layer with finger-like pores, regardless of the incorpora
tion of TpPa. The thicknesses of these membranes were nearly the same 
(~60 μm), which are in line with those in the fluorescence images. The 
finger-like pores of the nanofiber-incorporated membrane and the 
nanoparticle-incorporated membrane became larger and elongated, 

Scheme 1. Illustration of the fabrication of MMMs. (a) The fabrication of the nanoparticle-incorporated membrane. (b) The fabrication of the nanofiber- 
incorporated membrane. 
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after the incorporation of TpPa. Moreover, the finger-like pores of the 
nanofiber-incorporated membrane are somewhat larger than those of 
the nanoparticle-incorporated membrane. It should be noticeable that 
TpPa nanofibers did not appear at both surface and cross section of 
nanofiber-incorporated membrane. It is mainly because a small amount 
of TpPa nanofibers with small size were well dispersed in PSF matrices. 
However, some large bulks of TpPa nanoparticles were found at the 
cross section of the nanoparticle-incorporated membrane, which is in 
line with their three-dimensional and irregularly-shaped morphologies 

(Fig. S4). 
To further understand the porosity changes influenced by the 

incorporation of TpPa nanofibers and nanoparticles, the surface porosity 
as well as the overall porosity of the membranes were investigated. As 
shown in Fig. 3a, the surface porosity of the PSF membrane was 5.4%, 
while for the nanoparticle-incorporated membrane and the nanofiber- 
incorporated membrane were 9.7% and 16.4%, respectively. The over
all porosity of PSF membrane was 28.1%, whereas the nanoparticle- 
incorporated membrane and the nanofiber-incorporated membrane 

Fig. 1. Fluorescence microscopy images of different membranes. (a) PSF membrane. (b) Nanofiber-incorporated membrane. (c) Nanoparticle- 
incorporated membrane. 

Fig. 2. Morphological characterization by SEM. (a) Surface and (b and c) cross-sectional images of PSF membranes. (d) Surface and (e and f) cross-sectional images of 
nanofiber-incorporated membranes. (g) Surface and (h and i) cross-sectional images of nanoparticle-incorporated membranes. 

Fig. 3. Surface properties of different membranes. (a) Surface porosity and overall porosity. (b) Contact angles and root mean square roughnesses.  
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were 30.6% and 34.0%, respectively. Therefore, the tendency obtained 
here is well matched with that from the SEM analysis. In addition, the 
influence of TpPa nanofibers and nanoparticles on the surface properties 
of the membranes was investigated. The nanoparticle-incorporated 
membrane and the nanofiber-incorporated membrane displayed 
reduced water contact angles, that is, the enhanced hydrophilicities, 
compared with that of PSF membrane (Fig. 3b). Furthermore, these 
membranes did not exhibit significant difference in the aspect of the 
surface roughness. Thus, the enhancement of hydrophilicity can be 
exclusively related to the improved porosity, rather than the surface 
roughness. Above results, once again, proved that the incorporation of 
TpPa nanofibers and nanoparticles did give an influence on the porosity 
of the membranes. 

To uncover the underlying mechanism of the porosity changes 
caused by the incorporation of TpPa, the phase separation behavior 
during the NIPS process was further studied. We first analyzed the 
thermodynamics of the casting solutions in terms of the cloud point and 
the viscosity tests, respectively. The results of cloud point tests (Fig. 4a) 
showed that the amount of water required to initiate the phase separa
tion reduced from 3.6 wt% (PSF solution) to 3.2 wt% (nanofiber- 
incorporated PSF solution) and 3.3 wt% (nanoparticle-incorporated PSF 
solution), respectively. The viscosity of PSF solution was 335.7 mPa s 
(Fig. 4b). After the addition of TpPa, the viscosity increased to 833.0 
mPa s (nanofiber-incorporated PSF solution) and 627.0 mPa s (nano
particle-incorporated PSF solution), respectively. 

Based on the aforementioned results, the mechanism of the porosity 
changes caused by the incorporation of TpPa can be understood (Fig. 5). 
Generally, the phase separation process can be divided into the instan
taneous liquid-liquid demixing and the delayed liquid-liquid demixing, 
according to the diffusion rate of the solvent and the nonsolvent under 
the conditions of dynamics control [3,37,38]. The instantaneous 
liquid-liquid demixing process is prone to generate membranes with a 
loose skin layer as well as a finger-like pore structure with relatively 
large porosity. Whereas, a dense skin layer and a sponge-like pore 
structure can be easily obtained by the delayed liquid-liquid phase 
demixing process [39,40]. The cloud point test confirmed that the 
incorporation of TpPa nanoparticles and nanofibers increased the ther
modynamic instability of the casting solution. In other words, the TpPa 
nanoparticles and nanofibers could facilitate the nonsolvent into the 
casting solution for the rapid exchange between nonsolvent and solvent, 
potentially stemming from the high porosity and relative hydrophilicity 
of TpPa nanofibers and nanoparticles [27]. As a result, instantaneous 
demixing occurred, leading to the creation of finger-like pores with 
larger and elongated structures [41]. This is also confirmed by the SEM 
analysis from the cross section of the membranes. It is worth noting that 
the instantaneous demixing occurred in both cases, in spite of the 
different surface area of TpPa nanofibers and nanoparticles. 

The viscosity of the casting solution significantly increased after the 
incorporation of TpPa compared to that of PSF. Such increase is mainly 
due to the enhanced friction among polymer chains in bulk polymer 

solutions, originating from the incorporation of TpPa [14]. It is widely 
recognized that increasing the viscosity could contain the instantaneous 
demixing to a certain extent, thus inhibiting the growth of the finger-like 
pore structure [38]. However, as indicated by the cloud point test, the 
instantaneous demixing still occurred, in spite of the significantly 
increased viscosity of casting solutions. Such contradiction can be 
explained by a small number of TpPa being incorporated in the casting 
solution, which is insufficient to influence the thermodynamic state of 
the casting solutions. Thus, without changing the instantaneous dem
ixing state, appropriate deceleration of the demixing by the increased 
viscosity ensures that the original tiny pores could merge and grow into 
relatively large pores [42]. This is well in line with that in SEM analysis 
from the surface of the membranes. 

Compared with the instantaneous demixing in the nanoparticle- 
incorporated membrane, the nanofiber-incorporated membrane 
exhibited much pronounced instantaneous demixing (Fig. 5). This is 
largely attributed to the one-dimensional structure of TpPa nanofibers 
that weakens the entanglement of the surrounding PSF linear chains, 
compared with that of TpPa nanoparticles with small and irregular 
shapes. Moreover, this would generate the relatively loose structures 
between the nanofiber and the PSF matrices, which may account for the 
higher porosity appeared in the nanofiber-incorporated membrane. The 
improved porosity originating from the loose structures may function as 
additional channels, which is beneficial for the fast water permeation. 

3.3. Separation performance of membranes 

To elucidate the interplay of microstructures and separation per
formances, the ultrafiltration performances of membranes fabricated 
with various mass fractions of TpPa nanofibers were investigated. As 
shown in Fig. 6a, in the absence of TpPa nanofibers, the PSF membrane 
has a water permeance of 218.6 L m− 2 h− 1 bar− 1 and a BSA rejection rate 
of 91.5%. When the addition of TpPa nanofibers was 0.05 wt%, the 
membrane demonstrated a slightly increased water permeance of 286.6 
L m− 2 h− 1 bar− 1 with a BSA rejection rate of 93.7%. When the addition 
of TpPa nanofibers was 0.1 wt%, the membrane exhibited a best ultra
filtration performance. The water permeance was 424.4 L m− 2 h− 1 

bar− 1, while the BSA rejection rate was 94.3%. However, with the in
crease of the addition of TpPa nanofibers, the water permeance of 
membrane began to decline. The water permeance eventually decreased 
to 143.0 L m− 2 h− 1 bar− 1, while the BSA rejection rate remained almost 
constant. When the addition of TpPa nanofibers is lower than 0.15 wt%, 
the water permeance of the membrane is enhanced because of the 
increased surface and overall porosity. However, excessive addition of 
TpPa nanofibers may lead to poor dispersion and agglomeration of 
nanofibers in the matrices, resulting in increased mass transfer resis
tance in the membrane. These unfavorable effects resulted in the decline 
of water permeance, as the addition of TpPa nanofibers is higher than 
0.1 wt%. In brief, the water permeance of membranes reached a 
maximum first and then decreased with the addition of nanofibers, 

Fig. 4. (a) Ternary phase diagram and (b) viscosity of different casting solutions.  
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which is consistent with the tendency of the variation of the membrane 
porosity (Fig. S5). Note that the membrane thicknesses did not influence 
the water permeance, because they maintained unchanged regardless of 
the incorporation of TpPa, as we indicated above. Furthermore, the 
improved rejection rate of BSA may result from the improved compat
ibility between TpPa nanofibers and the PSF matrices, which forms well- 
defined membrane microstructures with less defects. 

To better illustrate the influence of TpPa morphology on the mem
brane performance, the separation performances of the nanoparticle- 

incorporated membrane were tested. The water permeance of the 
nanoparticle-incorporated membrane was 323.2 L m− 2 h− 1 bar− 1, and 
the BSA rejection rate was 91.7% (Fig. 6b). Such performance was better 
than that of PSF membranes, as a result of the incorporation of TpPa 
nanoparticles. Yet, it was inferior to that of nanofiber-incorporated 
membrane, because of its less porous structures, as demonstrated pre
viously. Therefore, the nanofiber-incorporated membrane demonstrated 
the best separation performance. 

Operation stability is an important parameter for evaluating the 

Fig. 5. Illustration of different phase separation processes.  

Fig. 6. (a) Effects of various mass fractions of TpPa nanofibers on water permeance and BSA rejection rate of the membranes. (b) Ultrafiltration performances of 
different membranes. 

Fig. 7. (a) Changes of ultrafiltration performances of the nanofiber-incorporated membrane under a permeating duration of 720 min (The permeation flux was 
normalized by pressure). (b) Ultrafiltration performance comparison between our membrane with other membranes reported in literature. 
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membrane performance. We studied the water permeance and the BSA 
rejection rate of nanofiber-incorporated membrane over a period of 720 
min at a pressure of 2 bar. As shown in Fig. 7a, after ultrafiltration for 
720 min, the water permeance and the BSA rejection rate of the 
nanofiber-incorporated membrane maintained almost unchanged, 
compared to those of the beginning. Therefore, the nanofiber- 
incorporated membrane exhibited a good operation stability. In addi
tion, the PSF membrane also displayed a good operation stability 
(Fig. S6). The operation stability is not compromised, in spite of the 
appearance of enlarged and elongated finger-liker pores. This may be 
attributed to the structural reinforcement of the robust TpPa nanofibers. 
To highlight the high water permeance in this work, the separation 
performance of the nanofiber-incorporated membrane is benchmarked 
against other state-of-the-art ultrafiltration membranes reported in 
literature. As shown in Fig. 7b, the nanofiber-incorporated membrane 
exhibited a superior performance to those of other ultrafiltration 
membranes (Details are listed in Table S1). 

4. Conclusion 

In summary, we demonstrate that the TpPa nanofibers working as 
the nanofillers have the advantage over the TpPa nanoparticles in the 
preparation of high performance MMMs. TpPa nanofibers featuring 
crystalline and porous structures are synthesized by a method of 
surfactant-mediated solvothermal synthesis. TpPa nanoparticles are also 
synthesized by the conventional solvothermal method. Then, they are 
doped into PSF to prepare MMMs via the NIPS process. It is found that 
the high porosity and relative hydrophilicity of TpPa nanofibers and 
nanoparticles lead to rapid exchange between solvent and nonsolvent, 
resulting in instantaneous demixing. Moreover, much pronounced 
instantaneous demixing occurs in the case of TpPa nanofibers being 
incorporated, as the one-dimensional structure weakens the entangle
ment of the surrounding PSF linear chains, compared with that of TpPa 
nanoparticles with small and irregular shapes. The nanofiber- 
incorporated membranes receive significantly improved porosity. The 
optimal nanofiber-incorporated membrane exhibits a high water per
meance of up to 424.4 L m− 2 h− 1 bar− 1, together with a high rejection 
rate of 94.3% for BSA. This work provides a new approach for the design 
and fabrication of high performance MMMs using COF nanofibers as the 
filler. Also, it highlights the great potential of COF-nanofiber-based 
membrane in the application of water treatment. 
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