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organic framework membranes
with linear aliphatic amines for enhanced organic
solvent nanofiltration†

Biswajit Mishra and Bijay P. Tripathi *

Covalent organic framework (COF) based membranes hold great promise for organic solvent nanofiltration

(OSN) due to their unique molecular arrangement, well-defined porous network, and broader solvent

tolerance. However, scaling up their fabrication on porous supports without compromising these

properties presents many challenges. In this study, COF membranes are fabricated on a porous support

using liquid–liquid interfacial polymerization. The pore size and chemistry of the COF membranes are

rationally modified by covalently bridging different aliphatic diamines with varying amine groups. The

growth process of the COFs nanofilm is thoroughly studied using morphology and chemical structures

analysis, which confirms b-ketoenamine bond formation between both monomers. Next, the COFs film

is transferred to a porous support and thoroughly investigated before its application in OSN. The

fabricated COF membranes display superior solvent permeance and precise molecular separation

compared to conventional nanofiltration membranes. They also demonstrate substantial fouling

resistance in both static and dynamic conditions. Furthermore, the COF membranes show good

operational stability when subjected to continuous solvent permeation for 24 h without any surface

defects or disruption in permeation activity. These results demonstrate the potential for synthesizing

linear aliphatic diamine-based COFs and their membranes via facile liquid–liquid interfacial

polymerization for various membrane filtration applications.
1. Introduction

Approximately 15% of the world's energy consumption is
devoted to separation processes in various industrial sectors.1–3

These processes oen use thermal techniques such as distilla-
tion, evaporation, and adsorption, which require signicant
amounts of energy.4,5 However, membrane technology is known
for its low energy consumption, efficient separation, small
carbon footprint, and environmental friendliness, making it
popular in industries such as chemicals, drugs, and
medicine.6–8 Membrane based nanoltration (NF) is an
emerging technology for high-throughput charge and size
based molecular separations.9,10 Although NF membranes can
effectively separate solutes with a molecular weight of 200–
2000 Da, their applications are limited to aqueous environ-
ments.11,12 In contrast, organic solvent nanoltration (OSN) is
a newer technology that can effectively separate solutes from
various solvent systems, making it an attractive option for
chemical industries due to its lower energy consumption.13,14
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However, developing materials for OSN membranes with
chemical resistance under a wide range of organic solvents,
long-term ltration performance, and operation stability
remains a challenge. To address this challenge, OSN
membranes must meet requirements such as being stable
under a wide range of solvents (polar and nonpolar), having
a small pore diameter (typically below 2 nm) with uniform pore
size distribution, easy fabrication and scale-up, and a thinner
selective layer thickness.14,15 Current polymeric NF membranes
have limited chemical resistance and non-uniform pore size
distribution, while ceramic membranes are too expensive.16,17

Moreover, the permeability and selectivity of these membranes
are limited due to their non-uniform, broader pore-size distri-
bution.18,19 Therefore, there is a need for advancements in the
design and fabrication of OSN membranes with enhanced
chemical resistance, better permeability-selectivity, uniform
pore size distribution, and cost-effectiveness.

Covalent organic frameworks (COFs) are a rapidly growing
class of crystalline porous materials constructed through retic-
ular chemistry, where organic building blocks are connected by
strong covalent bonds in a periodic manner.20–22 These mate-
rials, which are synthesized using lightweight elements such as
C, N, O, and B, can be classied as one-, two-, or three-
dimensional based on their design.23 Due to their ordered
aperture sizes, high surface area, layered channels, and
J. Mater. Chem. A, 2023, 11, 16321–16333 | 16321
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structural diversity, COFs have found applications in gas sepa-
ration and storage, catalysis, electrochromic devices, adsorp-
tion, and metal-ion batteries.24–27 Their higher crystallinity and
molecular architecture make them stable under a wide range of
solvents, acids, and bases, making them an attractive material
for developing high-performance OSN membranes.3,28–30 Unlike
graphene and other polymeric membranes, COFs have inherent
permanent porosity without any post-treatment, which makes
them suitable for controlling pore size by selecting appropriate
building blocks.17,31–33

Traditionally, COFs are synthesized using solvothermal and
microwave methods that produce bulk powders, which limit
their application in membrane technology. Although these
powders have good crystallinity and a uniform porous structure,
it is challenging to transform them into stable lms with
controlled pore size and distribution. COF membranes
prepared by conventional methods, such as vacuum ltration,
result in random stacking and uneven pore-size size distribu-
tion, which hinders their application in NF. Various fabricating
strategies, such as solvent-assisted exfoliation, vapor-assisted
conversion, layer-by-layer stacking, and in situ growth on
a porous substrate, have been developed to prepare COF
membranes, but scaling up and achieving defect-free
membranes remains challenging.34 So far, only a few tech-
niques have been developed to prepare large-area exible COF
lms suitable for OSN applications.

Interfacial polymerization (IP) is gaining tremendous atten-
tion for its simplicity and large-scale applicability in fabricating
self-standing COF membranes.4,35 During this process, the
polymerization occurs at liquid–air or liquid–liquid interfaces.
The selective layer of COF-based NFmembranes is formed by IP,
which is later transferred to a porous membrane support. In
a typical imine-based IP process, amine monomers in an
aqueous solution diffuse into an organic solvent phase at the
interface, where they react with aryl aldehydes to form
a continuous lm. However, COF membranes require more
precautions during the IP process than conventional polyamide
membranes due to their regular molecular architecture and
a higher degree of crystallinity. One disadvantage of the IP
process is that a longer polymerization time is needed to ach-
ieve better crystallinity of the COFmembrane, oen resulting in
a thicker COF layer. Membranes with thin selective layers are
highly desirable for OSN to gain better control over permeability
and selectivity. Recent studies have shown that by choosing an
appropriate catalyst, such as scandium triate, the crystallinity
of COFs can be achieved at a lower IP time without any addi-
tional steps.36 Poor solubility of aromatic diamines in water is
another issue that could limit the membrane forming process.
Chen and co-workers have overcome this issue by dissolving the
two monomers in the same solvent instead of dissolving them
in two separate solvents, resulting in the preparation of
a continuous large area COF membrane.37 COFs are tradition-
ally synthesized by the coupling reaction between building
blocks consisting of aromatic backbone. However, replacing the
aromatic backbone with a non-aromatic one has not been
explored much.38 In this study, the aim is to construct COFs
using aliphatic monomers as structurally exible building
16322 | J. Mater. Chem. A, 2023, 11, 16321–16333
blocks, which can form disordered molecular islands and have
the ability to produce continuous networks resulting from the
reactions of aldehydes and aliphatic diamines. The use of
aliphatic diamines could be a promising approach for
preparing versatile COF membranes.

Herein, we have successfully fabricated COF membranes
using liquid–liquid interfacial polymerization and different
aliphatic amines. The effect of polymerization time on lm
thickness was studied, and the COF layer was shown to have
good mechanical strength, crystallinity, exibility, and high
solvent tolerance. The fabricated COFs showed uniform pore
size distribution with higher surface area, and the pore size
increased with the length of the diamine chain. Subsequently,
the developed COF membranes were utilized for OSN applica-
tions and exhibited exceptional performance in solvent per-
meance, solute rejection, and long-term operational stability.
These ndings suggest that COFs have vast design possibilities
and could be promising candidates for various applications.

2. Results and discussion
2.1 Synthesis of aliphatic diamine based thin-lm COF
membranes

b-Ketoenamine-based COF thin lms were fabricated through
a liquid–liquid IP strategy as shown in Fig. 1A. Highly stable and
chemically robust COF thin lms were produced at the interface
by reacting aldehyde 2,4,6-triformylphloroglucinol and
different chain length diamines (EDA, DETA, TETA) in the
presence of scandium triate. Scandium triate was chosen as
the catalyst due to its resistance to water and ability to accel-
erate imine formation only at the interface, even when both
monomers are dissolved in the organic phase.36,39,40 The
detailed synthesis methodology is explained in the experi-
mental section of the ESI (Section S1.2.2†). The COF layer
thickness was controlled by varying the IP time. COFs were
formed at the interface by the downward diffusion of TFG and
diamines and their reaction in the presence of the catalyst
(scandium triate) in the aqueous phase. The lm thickness
control experiments were performed using TFG and EDA and
replicated in all other cases.

The successful formation of the designed COF frameworks
and the presence of b-ketoenamine linkage were conrmed by
cross-polarization magic angle spinning (CP/MAS) 13C solid-
state NMR, as shown in Fig. S4(A–C) (ESI†). The absence of an
aldehydic carbonyl carbon peak (which generally appears at
∼193 ppm) and the appearance of a new resonance peak at
∼183 ppm indicates the complete consumption of aldehydic
precursor to form a stable keto product (>C]O) via tautome-
rization. In addition, all the COFs displayed sharp signals at
∼105 ppm and ∼155 ppm, indicating the presence of exocyclic
(C]C) and iminic carbons, respectively.41 The aliphatic carbons
of the diamine linkers resonated at a lower signal around 40–
50 ppm, conrming the successful formation of aliphatic
diamine-linked COFs.

The thickness and surface texture of COF thin lms were
examined using FE-SEM, AFM, and ellipsometry techniques at
various IP times. Aer a set period of IP, the lms were
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Synthesis procedure, growth mechanism, and morphology of COF films. (A) Schematic fabrication process for COF-based membranes
and the thin film transfer process to a porous membrane support, (B) optical microscopy image of TFG-EDA on silicon wafer, (C–E) cross-
sectional FE-SEM images demonstrating the thickness of TFG-EDA thin film at different interfacial polymerization times, (F) growth of film
thickness with time measured using ellipsometry, and (G–I) AFM images showing the growth of film thickness at different polymerization times,
(J–L) high-resolution TEM images of TFG-EDA, TFG-DETA, and TFG-TETA membranes (the interfacial films was removed, dispersed, and drop-
cast on a TEM grid).

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
2 

ju
li 

20
23

. D
ow

nl
oa

de
d 

on
 2

1.
06

.2
02

4 
21

.3
0.

22
. 

View Article Online
transferred to silicon wafers for AFM analysis, and the COF layer
thickness on PET support was obtained using FESEM cross-
sectional analysis. The optical image shows the formation of
a continuous large area TFG-EDA thin lm on a silicon wafer
support (Fig. 1B). The thickness of the COF layer was observed
This journal is © The Royal Society of Chemistry 2023
to increase from ∼50 nm to ∼116 nm as the IP time was
increased from 30 min to 120 min due to the stacking of indi-
vidual COF nanosheets (Fig. 1C–E). Ellipsometry analysis also
supported this observation (Fig. 1F). The faster formation of the
thin lm on the support can be attributed to the presence of
J. Mater. Chem. A, 2023, 11, 16321–16333 | 16323
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both monomers in the same solvent phase, leading to an easier
reaction. Surface FE-SEM analysis conrms the stacking of
multiple COF layers over the membrane support, as evidenced
by an initial wrinkle pattern that became denser with increasing
interfacial time. Moreover, we did not observe any cracks or
defects over a larger area (Fig. S5, ESI†). We performed similar
IP experiments using DETA and TETA as diamines, with a xed
duration of 120 min. Aer 120 minutes of interfacial polymer-
ization, the thickness of TFG-EDA, TFG-DETA, and TFG-TETA
layer was measured to be 116 ± 4 nm, 120 ± 5 nm, and 115 ±

6 nm, respectively (Fig. S3, ESI†). The FE-SEM, TEM, and AFM
images of TFG-DETA and TFG-TETA membranes (Fig. S6, ESI†)
reveal a continuous thin lm without surface defects for all
COFs. All COFs exhibited a wrinkled morphology, likely due to
the slow evaporation of high boiling point xylene or the pres-
ence of an aliphatic diamine moiety enhancing molecular
exibility. Aer 72 h of IP, the lm was removed, dispersed, and
mounted on a TEM grid to visualize the morphology and crys-
tallinity of COF membranes. As shown in Fig. 1J–L, high-
resolution TEM images of COF thin lms conrm the crystal-
linity of COF and the interplanar spacing was found to be 0.312,
0.363 and 0.382 nm for TFG-EDA, TFG-DETA, and TFG-TETA,
respectively.
2.2 Characterization of COFs thin lms

The formation of COFs based on b-Ketoenamine linkage was
investigated using Fourier transform infrared (FT-IR) spectros-
copy and XPS analysis. In the FTIR spectra, all the COF
membranes exhibited prominent absorption bands at
∼1620 cm−1 and ∼1255 cm−1, corresponding to the C]O and
C–N linkages of b-ketoenamine, respectively.34,42,43 Additionally,
Fig. 2 XPS and BET characterization of TFG-EDA, TFG-DETA, and TFG-T
TFG-DETA, and TFG-TETA. (D–F) N2 adsorption/desorption isotherm fo

16324 | J. Mater. Chem. A, 2023, 11, 16321–16333
the disappearance of amine (N–H, 3400–3200 cm−1) and alde-
hydic carbonyl (C]O, 1651 cm−1) peaks reveals the complete
consumption of the starting precursors (Fig. S7(A–C), ESI†). The
XPS survey spectra of all COFs conrmed the presence of C, N,
and O, ensuring the absence of other impurities. As expected,
an increase of N content from TFG-EDA to TFG-TETA was also
observed (Fig. S8, ESI†). The high-resolution XPS spectra of
individual elements were deconvoluted to conrm the possible
chemical bonding in all the synthesized COFs. Specically,
the N 1s spectra shown in Fig. 2A–C exhibited a prominent peak
at ∼400.1 eV, conrming the presence of an enamine nitrogen
(C–NH) linkage.43 The deconvoluted O 1s and C 1s spectra of all
the COFs are shown in Fig. S8 (ESI†). In the O 1s spectra, the
peaks at ∼532.5 and ∼530.3 eV were assigned to the C]O and
C–OH linkage of b-ketoenamine-linked COFs. For the C 1s
spectra, deconvolution analysis revealed ve distinct peaks
centered at ∼283.5, 284.1, 284.8, 285.8 and 288.2 eV, corre-
sponding to C]N, sp2 (C]C), sp3 (C–C), C–N and C–O linkages,
respectively.44

The synthesized COFs' permanent and tunable porosity
nature is essential for molecular separation applications. The
porosity and texture properties were evaluated using N2

adsorption/desorption measurements at 77 K, as shown in
Fig. 2D–F. All synthesized COFs exhibited a type 1 Brunauer–
Emmett–Teller (BET) isotherm, with a rapid N2 adsorption
feature observed at lower pressure ranges, indicating the
microporous nature of all COFs. The surface areas of synthe-
sized COFs were evaluated using the multi-point BET method
(within the pressure range P/P0 of 0.04–0.25) and found to be
587, 697, and 591 m2 g−1, respectively (Fig. S9, ESI†). The pore
volume of TFG-EDA, TFG-DETA, and TFG-TETA was found to be
ETA thin films. (A–C) Show the deconvoluted N 1s spectra for TFG-EDA,
r TFG-EDA, TFG-DETA, and TFG-TETA, respectively.

This journal is © The Royal Society of Chemistry 2023
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0.341, 0.395, and 0.39 cm3 g−1, respectively. Nonlocal density
functional theory (NL-DFT) calculations were used to assess the
pore-size distribution of COFs. The results indicated the pres-
ence of a narrow pore size distribution, with pore sizes of 1.08,
1.2, and 1.39 nm for TFG-EDA, TFG-DETA, and TFG-TETA thin
lms, respectively. The increasing pore-size trend correlates
with an increase in the molecular diameter of diamine. Further,
chemical, and thermal stability were necessary as it determines
the robustness of COF thin lms. The thermal stability of
synthesized COFs was assessed using thermogravimetric anal-
ysis (TGA), and results are shown in Fig. S10 (ESI†). The TGA
thermograms suggest that the COF frameworks exhibit thermal
stability up to ∼450 °C, comparable to previously reported
aromatic COFs synthesized using a solvothermal approach.45,46

The crystal structures of TFG-EDA, TFG-DETA, and TFG-
TETA were studied using the powder X-ray diffraction (PXRD)
technique. Thinner COF layer membranes on PET support did
not exhibit any crystalline pattern, likely due to their lower
thickness, which was also reported in previous studies for
interfacially crystallized thinner COF membranes.39,47 A broad
diffraction peak at 22–29° corresponding to the (001) plane of
the COF layer was observed in the case of COF membranes
obtained aer 120 min of IP, resulting from the stacking of
individual COFs on the support (Fig. S11, ESI†). To study the
inuence of interfacial polymerization time on the crystalliza-
tion process COFs, XRD analysis was conducted at different
time intervals, as shown in Fig. S12 (ESI†). Up to 120 minutes of
interfacial polymerization, no signicant peaks were observed
in the XRD pattern. However, aer 120 minutes of polymeriza-
tion, two distinct diffraction peaks appeared at ∼3.7° and 26°,
corresponding to (100) and (001) crystal planes, respectively,
conrming the formation of crystalline framework structure in
the COFs. These observations align with previous literature
reports on COF synthesis and crystallization.48,49 However, all
synthesized free-standing COF lms obtained aer 72 h IP
demonstrated a better crystalline pattern. PXRD patterns of
TFG-EDA, TFG-DETA, and TFG-TETA showed two distinct
diffraction peaks at ∼3.7° and 25° corresponding to the (100)
and (001) planes, indicating lateral (in-plane) and vertical
(stacked) growth of the COFs. Minor diffraction peaks at ∼6.5°
and ∼11.7° were also observed, attributed to the (200) and (210)
reection planes, respectively. No other signicant diffraction
peaks were detected in the PXRD spectra, except for slight peak
broadening at around 25°, which may be due to the inherent
exibility of aliphatic diamine-based COFs. These ndings
conrm the formation of well-dened crystalline covalent
organic frameworks via interfacial polymerization, using scan-
dium triate as a catalyst. The diffraction patterns are consis-
tent with previously reported COFs.50–54 Further, structural
simulation was performed using the materials studio to eluci-
date the crystalline structure of synthesized COF thin lms. The
structural models of the COFs were constructed using materials
studio, and their geometries were optimized using the Forcite
model with a universal force eld. The experimental PXRD
pattern and simulated proles, along with the residual values
for TFG-EDA, TFG-DETA, and TFG-TETA, are shown in Fig. 3A–
C. The structural simulation study revealed that crystallized in
This journal is © The Royal Society of Chemistry 2023
the P1 space group with two-dimensional eclipsed AA stacking
(Fig. S13, ESI†). In addition, Pawley renement elucidated an
imperceptible difference between the experimental and simu-
lated diffraction patterns. The unit cell parameters for TFG-EDA
were calculated using Pawley renement based on experimental
data as a = 19.78 Å, b = 30.54 Å, c = 3.53 Å, a = 92.08°, b =

92.02°, and g = 121.59°, with residual Rwp = 2.81% and Rp =

1.86%. For TFG-DETA, the parameters were a = 25.05 Å, b =

28.24 Å, c = 3.57 Å, a = 85.9°, b = 84.27°, and g = 110.7° with
residual Rp = 3.92%, Rwp = 5.88%. For TFG-TETA, the param-
eters were a = 31.58 Å, b = 33.61 Å, c = 5.99 Å, a = 90.5°, b =

91.2°, and g = 109.8° with residual Rp = 2.16%, Rwp = 2.62%.
The structural renement data revealed that TFG-EDA, TFG-
DETA, and TFG-TETA possess a well-dened crystallinity with
an ordered hexagonal porous architecture (shown in Section
S13, ESI†).29,55 The experimental PXRD pattern shows good
agreement with the simulated pattern, as indicated by low
residual values and negligible prole differences. The distance
between two adjacent COF layers was calculated from the
transverse direction and found to be 0.316, 0.32, and 0.323 nm
for TFG-EDA, TFG-DETA, and TFG-TETA, respectively.

To support the PXRD data, small angle X-ray scattering was
performed on the synthesized COFs to obtain information on
the crystallinity and porous nature of the thin lms. As shown in
Fig. 3D–F, the wider and clear scattering patterns with rings for
all synthesized COFs indicate the crystallinity nature, which
correlates with the PXRD data.55 The corresponding scattering
spectra displayed by COFs around ∼0.02 nm−1 matched well
with the 100 facets of the crystal.56 The higher scattering
intensities for all synthesized COFs describe their higher
porosity nature. The scattering intensity is proportional to
a negative power of Q and can be used to model the scattering
curves (I(q) = AQ−a + B), where A is the constant and a is the
power exponent. The obtained power law exponent (a < 3) for all
COFs indicates the lamellar morphology of COFs originating
from the stacking of individual COF nanosheets.57,58 Similar
sheet-like morphology was also observed from SEM and TEM.
Furthermore, we have plotted the Guinier plot, ln(I) vs. q2 over
a broad range which indicates the presence of monodispersed
pore size. The Guinier approximation, lnI ¼ lnI0 � q2R2=3

g ; was
used to estimate the particle radius of gyration (Rg), where I is
the scattering intensity and I0 is the extrapolated scattering
intensity. The Rg was calculated from the slope of the lower part
Guinier regime and found to be 2, 2.16, and 2.39 nm for TFG-
EDA, TFG-DETA, and TFG-TETA, respectively. It was also
observed that the gyration of micro voids increases with
increased diamine length, which is in good agreement with
theoretical approximation.59 The Guinier curve of TFG-EDA,
TFG-DETA, and TFG-TETA has a large linear region indicating
the presence of monodispersed porous morphology. To char-
acterize the porous structure of synthesized COFs, the scat-
tering curve was further analyzed by plotting the Porod plot with
point-collimation [ln{q4I(q) = lnKP + a2q2}], by plotting between
q2 vs. lnq4I (shown in Fig. 3I). For all COFs, s was observed to be
∼0.4 to 0.7, suggesting the smoother pore surface with almost
no deviation, further assuring the presence of a sharp pore
boundary without any fractal surface.60,61 Overall, the SAXS
J. Mater. Chem. A, 2023, 11, 16321–16333 | 16325
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Fig. 3 Characterization of TFG-EDA, TFG-DETA, and TFG-TETA thin films. (A–C) the PXRD pattern with experimental PXRD pattern (circles),
Pawley refinement plot (line), and difference between experimental and simulated profiles. (D–F) SAXS scattering data of TFG-EDA, TFG-DETA,
and TFG-TETA, respectively. The inset figures in (A–C) show the 2D scattering image of corresponding COFs. (G) Corresponding log–log plot of
SAXS profile, (H) Guinier plot. (I) Porod plot with point-collimation, which shows a linear plateau without any deviation.
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analysis suggests the higher crystallinity, uniform, and stable
porous architecture of synthesized COFs, which could be
benecial for molecular separation applications.

2.3 Surface charge and mechanical properties of COF
nanolm membranes

Zeta potential and water contact angle measurements were
performed to evaluate the surface charge and water wettability
properties of COF membranes. Surface charge is a crucial factor
affecting the molecular separation and fouling properties of
membranes. The streaming potential of COF membranes was
studied using an electrokinetic analyzer over a pH range of 2–9.
As shown in Fig. 4A, the isoelectric point (IEP) of TFG-EDA, TFG-
DETA and TFG-TETA membranes were found to be at pH 3.4,
4.5, and 4.9, respectively. A positive zeta potential value at lower
pH can be attributed to the protonation of the imine and –NH–

groups of the COF frameworks, while a negative zeta potential at
16326 | J. Mater. Chem. A, 2023, 11, 16321–16333
higher pH can be explained by deprotonation and the avail-
ability of negative charges on the >C]O groups of the COF
skeleton. Additionally, a slight increment in the IEP value and
positive streaming potential was observed, which could be
explained by the presence of more –NH groups in the order of
EDA > DETA > TETA. In conclusion, all COF membrane exhibit
positive charges at pH ∼4 to 4.5 and negative charges when the
pH is above ∼4.6, as evident from the zeta potential analysis.
The water contact angle was used to assess the surface wetta-
bility of COF membranes, and the results indicate that all COF
membranes possess a hydrophilic surface. As shown in Fig. 4B,
the contact angle of TFG-EDA, TFG-DETA, and TFG-TETA was
found to be 56, 49, and 43°, respectively. The lower contact
angle for TFG-TETA can be attributed to the presence of more
polar groups and –NH moieties on its framework, which
enhances the water affinity via hydrogen bonding.62
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Surface and mechanical properties of COFmembranes. (A) Zeta potential of COF membrane as a function of pH, (B) water contact angle.
Force-displacement curves obtained from the AFM based nanoindentation experiments (C) TFG-EDA, (D) TFG-DETA, (E) TFG-TETA, and (F)
modulus of COF membranes.
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Furthermore, stacking of a higher number of COF nanosheets
endows the COF membranes with higher hydrophilicity.

To evaluate the fouling resistance of the COF membranes,
a protein adsorption study was conducted using BSA, and the
results are presented in Fig. S14A (ESI†). The amount of BSA
adsorbed on TFG-EDA, TFG-DETA, and TFG-TETA membranes
was found to be 24.83, 23.17, and 20.67 mg cm−2, respectively.
To visualize the adsorbed BSA protein, uorescein iso-
thiocyanate conjugate-BSA was allowed to adhere to the
membrane surface for a specied period, and the resulting
uorescence images are shown in Fig. S14C–E (ESI†). The
images indicated minimal protein adsorption, resulting in
lower uorescence intensity. This suggests that COF
membranes possess strong resistance against the BSA foulant,
which could be due to the increased hydrophilicity, negative
zeta potential, and the presence of abundant secondary amine
(–NH) groups, resulting in a buffered hydrated layer on the COF
surface that resists protein adsorption.63

To ensure applicability in industrial and real-eld settings,
the mechanical properties of thin lm COF membranes are
crucial. AFM-based nanoindentation experiments have been
successfully used to assess the nanomechanical properties of
various materials, including graphene, 2D boron nitride,
molybdenum sulde, etc.64,65 We performed similar experi-
ments to investigate the nanomechanical properties of inter-
facially crystallized COF thin lms of ∼105 nm thickness on
a cleaned Si wafer. The resulting force–displacement curves are
shown in Fig. 4C–E. A schematic representation of a thin lms
behavior during the nanoindentation experiment is provided in
Fig. S15 (ESI†). Quantitatively, the elastic modulus of COF thin
This journal is © The Royal Society of Chemistry 2023
lm was estimated by tting the low deection portion of the
retract curve of the force–displacement curve (F–S curve) using
the JKR model. The resulting modulus values for TFG-EDA,
TFG-DETA, and TFG-TETA lms were 0.144 ± 0.005, 0.17 ±

0.014 and 0.153 ± 0.007 GPa, respectively. Slight variations in
the elastic modulus for different COF lms can be attributed to
their distinct molecular architecture/composition, with a higher
elastic modulus resulting from a covalently bonded framework,
presence of crystalline domains, and higher crystallinity that
requires more load to destroy the internal architecture and tip
penetration. These observations conrmed that the fabricated
COF lms showed good mechanical stability, making them
suitable for various nanoltration applications.
2.4 Permeation and separation performance analysis

2.4.1 Molecular weight cut-off (MWCO) analysis. To esti-
mate the pore size of COF membranes before using them for
permeation and ltration applications, we employed the
neutral-solute (PEG) transport method. Different molecular
weight PEG solutions were passed through the COF membrane,
and based on the rejection analysis, we calculated the pore size
and distribution of the COF membrane. The results are pre-
sented in Fig. S16 (ESI†). The MWCO of TFG-EDA, TFG-DETA
and TGF-TETA membranes were found to be 0.38, 0.57 and
0.71 kDa, respectively. The pore size was determined based on
the Stoke diameter of PEG solutes, and the sizes were found to
be 0.91, 1.14 and 1.29 nm for TFG-EDA, TFG-DETA, and TFG-
TETA, respectively. The PEG exclusion data were tted to
a sigmoidal curve model, and the MWCO probability
J. Mater. Chem. A, 2023, 11, 16321–16333 | 16327
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distributions indicated that the COF membranes exhibited
a narrow pore size distribution. The presence of sub-2 nm pores
with narrow distribution and enhanced hydrophilicity in the
COF membranes improves the permeability and facilitates the
rejection of various small molecules.

2.4.2 Organic solvent nanoltration. The developed COF
membranes were extensively characterized and found to have
uniform, nanosized porous morphology, narrow pore size
distribution, and p–p stacking arrangement, making them
suitable for separation applications. Before conducting the OSN
experiments, the stability of COF membranes was assessed by
immersing a piece of COF membrane in DMF and hexane for
48 h. As anticipated, the crystallinity and morphology of the
COFs remained intact, indicating the robustness and stability of
COF membranes in organic mediums (Section 12.1, Fig. S17,
ESI†). To achieve a balance between solvent permeation and
molecular rejection, the thickness of the selective layer plays
a crucial role. Therefore, we evaluated the water permeance and
dye rejection with COF membranes of different thickness. As
shown in Fig. S18 (ESI†), the thinner TFG-EDA (∼20 nm)
membrane exhibited a higher water permeance (∼680 L m−2

h−1 bar−1) but lower congo red (CR) rejection (∼40%). As the
layer thickness increased, the water permeance decreased while
the CR rejection sharply increased. This is because a thicker
membrane provides greater resistance to molecule transport
and increased pore tortuosity.66 Among all tested membranes,
those with ∼120 nm layer thickness demonstrated the most
promising trade-off between water permeance and CR rejection.
Hence, COFs membrane with ∼120 nm thickness was selected
for further OSN studies. To assess the pressure-dependent
Fig. 5 OSN performance of COF membranes. (A) Pure water flux at diff
pressure. (B) Pure ethanol permeance. (C) A phenomenological mode
viscosity, and molar diameter of solvents. (D) Molecular rejection pe
concentration. (E) Effect of concentration of CR on permeance and rejec
TFG-DETA membrane.

16328 | J. Mater. Chem. A, 2023, 11, 16321–16333
ltration properties and the compression resistance of the
COF layers, we performed the solvent permanence experiment
by varying the pressure range from 1 to 7 bar. The results shown
in Fig. S19 (ESI†), revealed no signicant decrease in water ux
was observed, and the water ux increased linearly with applied
pressure. These ndings indicate that the porosity within the
COF layer remained unchanged even with increased compres-
sion. The COF membrane exhibited excellent mechanical
properties and could withstand high ltration pressures, as
evidenced by nanoindentation experiments. No surface cracks
or pinholes were observed, and the surface remained exible
and uniform aer the ltration with 7 bar applied pressure,
demonstrating the robustness of the COF layer (Fig. S20A–C,
ESI†). Furthermore, XRD analysis conrmed that the COF
membrane retained its crystallinity aer the pressure-
dependent ltration test, highlighting its unique structural
and mechanical stability (Fig. S20D–F, ESI†). The OSN experi-
ment with COF membranes was conducted under different
pressure at ambient temperature and the results are shown in
Fig. 5. The water ltration studies revealed a linear increment of
pure water ux with applied pressure, indicating that the
porosity and structural integrity of COF membranes remained
intact with increasing compression. The water ux of TFG-EDA,
TFG-DETA, and TFG-TETA was 531, 658, and 720 Lm−2 h−1 (at 3
bar), respectively. The higher ux for TFG-TETA than TFG-EDA
and TFG-DETA can be attributed to its increased pore diameter
and enhanced hydrophilicity, providing less ow resistance.
The obtained water ux is comparatively higher than previously
reported NF membranes, and the reason can be explained by its
higher surface hydrophilicity and ordered porous morphology,
erent pressures and congo red rejection (50 ppm) at 3 bar of applied
l for pure solvent permeance and is related to solubility parameters,
rformance of different size/charge solutes in ethanol with 50 ppm
tion. (F) Long-term solvent permeance test of ethanol and water using

This journal is © The Royal Society of Chemistry 2023
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which facilitates the solvent molecules diffusion process
through the COF membrane. Compared with aromatic linkers,
these COF frameworks possess aliphatic diamines that enhance
structural exibility and could provide a loose nanoltration
channel with a less tortuous path for permeation.67 In addition,
all the COF membranes exhibit more than 98% congo red (CR)
rejection at 3 bar.

To further showcase the potential of COF membranes, we
conducted OSN experiments using various polar and nonpolar
solvents. Before the test, the membranes were soaked in the
respective solvents, and ltration data were collected aer
achieving stable permeance. Initially, we tested the pure
ethanol permeance through the membrane, which was found to
be 60, 83, and 91 L m−2 h−1 bar−1 for TFG-EDA, TFG-DETA, and
TFG-TETAmembranes, respectively. Like water ux, the ethanol
ux also exhibited a linear increment with applied pressure for
the TFG-DETA membrane, demonstrating the robustness of the
COF layer on the porous support (Fig. S21, ESI†). Compared to
traditional NF membranes, such as polyamide, poly-
acrylonitrile, metal–organic framework, and graphene, our
designed COFmembranes exhibited higher ethanol permeance.
This can be attributed to the COF's exible molecular archi-
tecture, unique surface functionality, structural persistence,
and abundant narrowed micropores. Moreover, it should be
noted that the kinetic diameter of the ethanol molecule is
around ∼0.4 nm, which is lower than the membrane pore
diameter.68

We also conducted permeance tests for various solvents,
such as methanol (MeOH), ethanol (EtOH), isopropanol (IPA),
hexane, acetone, dimethylformamide (DMF), and water, and the
results are depicted in Fig. 5C. Highest and lowest permeance
values were observed for water and isopropanol, respectively.
Interestingly, acetone exhibited lower permeance despite
having a much lower viscosity than water. Thus, we assume that
viscosity is not the only factor affecting the ow parameter.
Standard continuum models for solvent transport in NF
membranes generally assume that viscosity is the sole liquid
parameter that affects permeance. However, for NFmembranes,
especially for OSN, permeance can be inuenced by many
factors, in addition to viscosity. Buekenhoudt et al. developed
a phenomenological model relating the diameter of the solvent
molecule, dynamic viscosity, and solubility parameters for the
permeance of various solvents in NF membranes.68 Livingston
and co-workers successfully adopted this model for thin poly-
amide NF membranes.68,69 This model particularly focuses on
exploring the correlation of three parameters: the interaction
between solvent and membrane, the effect of excluded volume
on the transportation of species, and the momentum diffusion
of solvents through the membrane. A comparison among
different models was obtained (Fig. S22, ESI†), suggesting that
the solvent ux is attributed to the combined effects of the total
Hansen solubility parameter, kinetic diameter, and viscosity of
solvents. This phenomenological model utilizes various
parameters, including solubility parameter, viscosity, and
kinetic diameter, where the permeance scales linearly with the
solvent parameters kds/hdk. The proposed equation is given
below:
This journal is © The Royal Society of Chemistry 2023
p ¼ kds

h dk
(1)

where k is the proportionality constant that describes the solute
transport parameter, ds is the Hansen solubility parameter, h is
the solvent viscosity, and dk is the kinetic diameter of solvents.
Our solvent permeance results are well tted with the above
model (R2 ∼ 0.98), suggesting that the transport phenomenon
of solvent molecules through the COFs membrane is inuenced
by both COF-solvent interactions and its kinetic diameter and
viscosity.

2.4.3 Molecular separation performance. We evaluated the
rejection performance of COF membranes using different-sized
and charged solutes (Table S4, ESI†) with a concentration of
50 ppm in ethanol at 3 bar of applied pressure. The permeance
was collected aer reaching a stable ux, and the percentage of
rejection was calculated using a UV-vis spectrophotometer. A
slight decrement in rejection percentage for TFG-TETA
compared to TFG-EDA, implying a strong dependency
between the porosity of COF membranes and rejection perfor-
mance. The COF membrane exhibited remarkable permeance
with high dye separation efficiency. The rejection of dyes by the
COF membrane can be attributed to three main mechanisms:
(a) adsorption of dyes on COF substrate, (b) size sieving effect
from the nanochannels of COF membranes, and (c) Donnan
exclusion, which describes the electrostatic interaction between
charged dye molecules and negatively charged surface observed
from zeta potential. The presence of aromatic rings and polar
groups on COFs could facilitate the dye adsorption, which in
turn can lead to loss in rejection performance and long-term
applicability. Moreover, it is important to mention that under
pressurized conditions, a smaller portion of solutes is adsorbed
on the membrane surface, and it can be easily removed using
a simple washing step. Also, in the case of stronger adsorption,
the dye concentration in retentate remains unchanged with
increasing permeation. Therefore, to determine the separation
mechanism of the COF membrane, we conducted a control
experiment using 50 ppm of Congo red, and the retentate was
collected at different permeate volumes (5, 10, 20 mL). A
signicant increase in the retentate concentration was observed
(Fig. S23, ESI†), indicating that the separation mechanism is
not due to adsorption. From the MWCO analysis, we found that
the pore size of TFG-EDA, TFG-DETA, and TFG-TETA
membranes was 0.91, 1.14 and 1.29 nm, respectively. The
hydrated diameter of dye molecules is much larger than the
obtained pore size; thus, the rejection of dye molecules is
dominated by the size-sieving effect. However, due to its nega-
tive zeta potential value, the electrostatic interaction of dye
molecules with the membrane cannot be neglected. Therefore,
we conducted dye rejection experiments using dyes of almost
similar molecular size but with different charges (in this case,
rhodamine B (RhB) is positively charged, and orange G is
negatively charged). We observed lower rejection for RhB
compared to orange G, even though orange G has a smaller size,
conrming that the rejection performance can also be inu-
enced by Donnan exclusion. Positively charged RhB is attracted
by the negatively charged COF surface, resulting in higher
J. Mater. Chem. A, 2023, 11, 16321–16333 | 16329
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permeance with lower rejection (Fig. S24, ESI†). As a result, we
conclude that the molecular size-sieving effect and Donnan
effect are jointly associated with the rejection of dye molecules,
while ethanol, having a diameter of ∼0.4 nm, can easily pass
through the COF membranes.

Congo red rejection was performed by varying the concen-
tration from 50 ppm to 500 ppm, using TFG-DETA as the model
membrane to further demonstrate the advantage of the
designed COF membranes. TFG-DETA membrane showed
superior performance with more than 90% rejection up to
500 ppm without compromising permeation properties. The
lower permeance with dye solution compared to pure ethanol
can be attributed to the concentration polarization.70 This leads
to the deposition of dye molecules on the membrane surface
and reduces the permeation. However, the ethanol permeance
from the dye solution was comparable or better than previously
reported literature, indicating superior performance. Further-
more, the OSN performance of TFG-EDA, TFG-DETA, and TFG-
TETA membranes was compared with previously reported state-
of-the-art NFmembranes (shown in Fig. 6A, Table S5, ESI†). Our
COF membranes exhibited simultaneously higher ethanol per-
meance and superior molecular rejection, exceeding the upper
bound of previously reported NF membranes.

2.4.4 Long-term ltration and antifouling efficacy. In
addition to permeance and rejection performance, the long-
Fig. 6 COFs membrane performance comparison and rejection and lon
membranes with the state-of-the-art NF membranes for water purificati
in a sequential manner (after each 4 hours of ethanol permeance a rejectio
red rejection cycle was repeated for four cycles on the same TFG-DET
membrane post 24 h sequential permeation-rejection tests.

16330 | J. Mater. Chem. A, 2023, 11, 16321–16333
term operational stability of COF membranes with different
solvents is a crucial parameter for OSN performance. To
demonstrate this, we performed a long-term solvent permeance
test using ethanol and water as solvents. Aer reaching a steady
ux, we collected ltration data and found that the TFG-DETA
membrane showed superior operational stability for several
hours of ltration. There was no signicant decline or abrupt
increment in permeance value, indicating the stability and
absence of surface cracks or pinholes on themembrane surface.
To ensure the stability of the COF layer, we performed
a sequential stability test (Fig. 6B), which showed that the pure
water permeance and CR rejections value did not decrease
signicantly over a 24 h operational cycle. The structural and
morphological stability of TFG-DETA membrane was assessed
aer 24 h of sequential OSN performance test. The results
shown in Fig. 6C and D, indicate no surface defects or structural
changes aer OSN operation, signifying the stability of the COF
membrane towards long-term OSN ltration test. Additionally,
we collected the retentate aer the long-term ltration cycle and
lyophilized it but did not observe any trace of solid COFs
product, further assuring the stability of the COF layer on the
PET membrane support. The long-term stability of the COF
membrane was evaluatedby conducting multiple cycles of dye
rejection tests. Fig. S26 (ESI†) shows that the COF membranes
consistently maintained dye rejection with ux recovery
g-term stability analysis. (A) Filtration performance comparison of COF
on, (B) stability test of the membrane using long-term OSN experiment
n test with congo red was performed). The ethanol permeation-congo
A membrane. (C) FESEM and (D) PXRD characterization of TFG-DETA

This journal is © The Royal Society of Chemistry 2023
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throughout ten consecutive cycles. This indicates that the
membranes retained their selective separation properties.
Furthermore, the long-term dye rejection performance was
assessed over an extended period of 14 hours, and the results
demonstrate no signicant change in the rejection performance
(Fig. S27, ESI†). This stable permeance with long-term rejection
illustrates the COF membrane's unique stable morphology,
mechanical stability, microporosity, and chemical stability
towards enhanced long-term stability in ltration performance.

Apart from structural andmorphological stability, fouling on
the membrane surface is another common and undesirable
phenomenon in the case of NF membranes. Foulants can
spontaneously adhere to the membrane surface, resulting in
a deterioration of membrane performance. To verify the fouling
resistance of COFmembranes, a dynamic BSA ltration test was
conducted using 50 mg L−1 solution and the results are shown
in Fig. S28A (ESI†). As expected, all COF membranes exhibited
almost complete BSA rejection (>98%) due to the larger hydro-
dynamic size of BSA molecules compared to the COF pores. A
higher ux recovery ratio was observed for all COF membranes,
indicating their superior fouling resistance. Aer the cleaning
cycle, COF membranes could recover ∼92% of their initial ux.
The major causes of total fouling are adsorption, deposition,
and pore-clogging with BSA molecules on the membrane
surface. To further examine the antifouling mechanism, we
have calculated different fouling resistance parameters such as
total fouling (Rt), reversible fouling (Rr, removable), and irre-
versible fouling (Rir, irremovable).71 As shown in Fig. S28B
(ESI†), the COF membrane displays higher reversible fouling,
signifying a weak interaction of BSA molecules with the COF
surface. In summary, the designed COF membranes exhibit
superior OSN, rejection, long-term solvent ltration, and anti-
fouling performance, which is benecial for industrial
applications.

3. Conclusions

In summary, we synthesized and fabricated COF membranes
for OSN applications. The COF membranes were synthesized
through liquid–liquid interfacial polymerization, using
different aliphatic diamines bridged covalently to modify their
pore size and chemistry. We found that the use of aliphatic
linear diamines resulted in exible COFs with comparable
mechanical properties to those synthesized with conventional
aromatic diamines. By varying the diamine chain length, we
were able to tune the pore size and, therefore, the solute and
solvent transport phenomenon. The growth process of COF
nanolms was controlled by varying polymerization time and
analyzed using various techniques to conrm the formation of
b-Ketoenamine bonds and the complete reaction of both
monomers at the interface. The fabricated COF membrane
showed superior solvent permeance, precise molecular separa-
tion, and substantial fouling resistance in both static and
dynamic conditions. Additionally, the COF membranes exhibi-
ted good operational stability for 24 hours of continuous solvent
permeance and multicycle ltration without any surface defects
or disruption in permeance activity. Overall, this study
This journal is © The Royal Society of Chemistry 2023
demonstrates the potential of linear diamine-based COF
membranes for various membrane ltration applications,
particularly in water purication and organic solvent nano-
ltration. The ndings of this work may contribute to the
development of envisioned COF-based NF membranes for
various separation applications.
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