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Exploiting sulfonated covalent organic
frameworks to fabricate long-lasting
stability and chlorine-resistant thin-film
nanocomposite nanofiltration membrane

% Check for updates

Wengiao Meng'?, Qiang Xue'?, Jinyuan Zhu'? & Kaisong Zhang © *

Incorporating hydrophilic and charged porous nanofillers to prepare high-performance thin film

nanocomposite (TFN) nanofiltration (NF) membranes is an effective method to achieve efficient water
treatment. In this study, we synthesize the sulfonated covalent organic framework nanosheets (S-
CONs) with higher hydrophilicity and electronegativity by immobilizing sulfonic acid groups (-SO3H)
on TpPa-1 nanosheets. The S-CONSs are incorporated in the PA layer by interfacial polymerization (IP)
reaction. The results indicated that the S-CONs could modulate the hydrophilicity, thickness, and
electronegativity of TFN-NF membranes. At the optimal addition of S-CONs (0.006 g), the pure water
permeance increases t0 8.84 L - m~2-h™! . bar !, which is about 1.75 times than the TFC membrane,
with a high Na,SOy4 rejection reaching 98.97%. The improvement of the separation performance
mainly results from the reduction of PA layer thickness (from ~178.00-198.00 to ~100.00-128.00 nm)
and the increase of surface electronegativity (from —20.37 to —44.41 mV at pH = 7.00). More
interestingly, the amide bond formed between the S-CONs and TMC improved the chlorine resistance
of the membranes. This study reveals the potential of using functionalized 2D CONs as nanofillers to

modify TFC membranes for efficient nanofiltration.

Membrane technology is a promising solution that has been developed in
recent years to address freshwater shortage and pollution problems'’.
Nanofiltration (NF) is a low-energy water treatment technology for the
removal of divalent ions from water based on size and charge exclusion
effects™ with separation accuracy in the range of 0.50-2.00 nm*. TFC-NF
membrane is the core component of nanofiltration technology, which is
synthesized by the interfacial polymerization (IP) reaction of piperazine
(PIP) with 1,3,5-Trichlorobenzoylchloride (TMC) on a porous ultrafiltra-
tion (UF) substrate. However, the perm-selectivity trade-off remains a
bottleneck for further development of TFC nanofiltration’. Since Jeong et
al’ proposed the modification of TFC by dispersing NaA zeolite nano-
particles in a polyamide layer in 2007, researchers have found that incor-
porating most of the nanomaterials (e.g., graphene oxide (GO)’, MoS,", and
quantum dots’) into the PA layers could increase the water transport
channel and the effective filtration area of the membrane, thereby enhancing

the water permeance and breaking the inherent limitations'’. The mem-
branes prepared by this method are named thin-film nanocomposite (TFN)
membranes. It also has been discovered that the addition of nanomaterials
helps to improve the membrane’s anti-fouling performances and chemical
durability (e.g., acid/alkaline resistance and chlorine resistance)'' ™. Zhao
etal." introduced MWCNTs into the PA structure and found that the TEN
membrane had enhanced hydrophilicity and increased negative surface
charge, which led to improved antifouling properties. Moreover, the
electron-rich MWCNTSs protected the active sites in the PA layer from free
chlorine attachment, thus improving the chlorine resistance of the TFN
membrane. Liu et al.” prepared a hollow fiber (HF) TFN membrane with a
water permeance of 14.30L- m~2 - h™' - bar ! by adding MoS, nanosh-
eets into the PA layer. Meanwhile, it was also found that the high electro-
negativity of the membrane surface could not only realize high selective
separation but also effectively prevent the contact between active chlorine
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and the membrane surface, thus preventing the active chlorine from
destroying the PA layer, which has better chlorine resistance. However,
some of these inorganic nanomaterials may suffer from severe agglomera-
tion and poor chemical compatibility with the PA selective layer, resulting in
undesirable permeance (pore blockage or increased thickness) and selec-
tivity (generation of non-selective voids or defects)'®. Consequently,
breaking through these limitations is the key to preparing high-performance
TFN membranes.

As an emerging 2D nano-porous material, the pure organic covalent
bond structure enables COFs better compatibility with PA layer'” and offers
tremendous advantages over classical inorganic nanomaterials in the pre-
paration of TEN-NF membranes'®. More significantly, the inherent pores of
covalent organic frameworks nanosheets (CONs) can provide nanochan-
nels for rapid water permeate”. Wang et al.”’ prepared PA-SNW-1/PES
membranes with Na,SO, rejection above 80.00% by dispersing COFs
(SNW-1) in the aqueous phase, which exhibited long-term (70 h) opera-
tional stability. Khan et al.”' incorporate CTN in the PA matrix, the syn-
thesized PA-CTN TFC membrane exhibited higher hydrophilicity and
better antifouling properties with Na,SO, rejection above 95%. In our
previous experiment™’, we prepared TpPa-1 COFs nanosheet (CONs) TFN-
NF membranes with superior separation performance (pure water per-
meance up to 8.84L-m~2-h™' - bar™' and Na,SO, rejection reached
98.10%) and excellent long-lasting operation stability (35-day) than the
TFC-NF membranes. The main reasons for the excellent performance of
TEN in these studies include: (1) The suitable pore size and higher porosity
of COFs, and the nano-pores formed between COFs and polyamides pro-
vided additional nanochannels for water molecules; (2) The incorporation
of COFs modulates the roughness of the membrane surface, provided
additional sites for membrane-water contact; (3) COFs increased the
hydrophilicity of the membrane surface and reduced the mass transfer
resistance, all of which contributed to improving the water permeance. The
effect of COFs on the degree of cross-linking of the PA layer helped to
sharpen the pore size distribution and improve the size effect of the TFN
membranes. The charge groups carried by COFs increased the electro-
negativity of the TEN membrane surface, which enhanced Donnan rejec-
tion of multivalent anions. In addition, COFs were covalently linked with
the PA matrix via the reaction between the -NH groups and the -COCI
groups of TMC, which ensured membrane stability.

However, the NF separation processes are always affected by the
combination of chemical-, charge- and size-based interactions”. We found
that the enhancement of membrane surface properties was limited by
relying only on the hydrolysis of the unreacted acyl chloride (-COCI)
groups to generate carboxyl (-COOH) groups and the oxygen-containing
functional groups carried by TpPa-1 CONs™. Therefore, a more hydrophilic
and more strongly charge-negative porous nanomaterial is needed to
strengthen the TFN-NF membrane separation performance. In recent
years, researchers have found that charged functional groups (e.g., hydroxyl
(-OH), carboxyl (-COOH)™, and sulfonic acid groups (-SO3H)*) on the
nanomaterials would synergistically regulate the hydrophilicity and anion
rejection of the NF membranes” ™. Zhu et al.”’ incorporated sulfonated
MoS, nanosheets as nanofillers into the PA layer to construct a thinner and
more hydrophilic selective layer, which resulted in the high separation and
antifouling performance of the TFN membrane. Xue et al.’" explored the
effects of carboxyl-, hydroxyl- and amino-functionalized MWCNTS on the
TFN performance. As for functional COFs, Xu et al.” prepared an efficient
TFN-FO membrane by doping hydrophilic COF-COOH into the PA layer,
the abundance of -COOH groups in COF-COOH results in increased
hydrophilicity and electronegativity of the PA layer. This indicates that
functionalized COFs are expected to play an important role in the pre-
paration of TFN-NF modification.

Inspired by the above efforts, we propose to prepare sulfonated CONs
(S-CONs) modified TFN-NF membranes. Compared with TpPa-1 CONs,
the abundant -SO;H groups of S-CONSs ensure great potential for further
modification to achieve the tailored design of TFN membrane™. As for the
preparation of S-CONs, different from the post-modified methods of
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loading sulfonic acid groups on MoS, by heat treatment”, we chose the
sulfonated amine monomer (Pa-SOsH) to prepare S-COFs, which could
ensure the uniform distribution of ~-SO;H groups. As for the preparation of
TFN-NF membranes, we chose to disperse the S-CONs in the organic phase
and then embed them into the PA layer by IP reaction. In this way, the
sulfonated nanosheets will be embedded in the upper part of the PA layer
either flatly or tiltedly under the effect of their own gravity and chemical
covalent bonding (formed by the reaction between TMC and S-CONs)™.
Meanwhile, compared with dispersion in the aqueous phase, dispersion in
the organic phase could make full utilization of the inherent hydrophilicity,
electronegativity, and nano-pore of the S-CONs™*.

In this study, we investigated the effects of S-CONs on the membrane
physicochemical properties, separation performance, long-lasting stability,
and anti-fouling performance of the TEN-NF membranes compared to
those of the pristine TFC membrane comprehensively. Moreover, we
explored the interactions between the S-CONs and the PA layer by FTIR
and XPS characterization and found that the covalent bonds were conducive
to improve the chlorine resistance of the TEN-NF membranes. It provides
an idea for organic nanofillers to modify TFC membranes and a feasible way
for saline wastewater separation and treatment.

Results and discussion

Characterization of S-CONs

In this work, S-COFs were obtained by solvothermal synthesis, and the
chemical and 3D structure of the S-COFs were given in Supplementary
Fig. 1. Then, the S-CONs were exfoliated by mechanical grinding. It has
been reported in the literature that the mechanical grinding method only
increases the aspect ratio of nanomaterials without changing their crystal
structure™.

Both SEM (Fig. 1a) and TEM (Fig. 1b) results observed that the pre-
pared S-CON’s show a good lamellar structure with a rough surface. EDX
demonstrated that the main element component of S-CONs was C,N, O, S
(Fig. 1c). The disappearance and appearance of the peaks in ATR-FTIR (Fig.
1d) indicated the successful synthesis of TpPa-SO;H COFs (S-COFs). The
magnified images further demonstrated that the chemical structure of
S-CONSs has not changed after exfoliation. The XPS (Fig. le) further con-
firmed that S-CONs consists of C,N, O, S. The Cls, Ols, S2p of S-CONs and
S-COFs were given in Supplementary Fig. 2. The P-XRD (Fig. 1f) observed
the crystal structure of the nanosheets, the diffraction peaks around 5°, 14°,
and 26°correspond to 100, 010, and 001 planes, respectively. It reaffirmed
the successful synthesis and that the mechanical grinding method did not
change their crystal structure.

AFM tested the thickness of S-CONSs at around 1.35-1.57 nm (Fig. 2a),
which is much thinner than the thickness of S-COFs (~7.25 nm, Supple-
mentary Fig. 3a). ZetaPALS measured the zeta-potential of S-CONs at
pH =2.00-10.00 (Fig. 2b) and the particle lateral size distribution in
n-hexane (Fig. 2c). Compared with S-COFs (Supplementary Fig. 3b),
S-CONss have stronger electronegativity of —45.20 mV at pH = 7.00, while
S-COFs have only —40.70 mV. The particle lateral size distribution of
S-CONss ranged from 458.70 to 1106.00 nm (Supplementary Fig. 3¢), with
an average particle lateral size of ~578.00 nm, which is much smaller than
that of S-COFs (particle lateral size distribution: 825.00-1484.00 nm,
average particle lateral size: ~1083.00 nm). This implied that mechanical
exfoliation can produce smaller nanosheets. The lateral size and thickness
characteristics allow S-CONS to be better dispersed flat or inclined in the
upper part of the PA layer™”.

The reaction between S-CONs and TMC was confirmed by FT-IR and
XPS. A certain amount of S-CONs and TMC were added into the n-hexane
and stirred at 400 rpm/min for 30 min. The powder was washed with
n-hexane three times and dried in a vacuum oven at 60 °C for character-
ization. The FT-IR results showed the formation of amide bonds (N-C=0)
at 1633 cm™ " (Fig. 2d)"". The XPS spectrum of N1s in Fig. 2e for the reaction
powder could be divided into peaks at the binding energy of 397.81 and
401.51 eV, corresponding to the N-H and N-C=O0, respectively”. These
results indicated that S-CONSs react with TMC to form covalent bonds
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Fig. 2 | Characterization of S-CONSs and its reaction with TMC. a AFM, b zeta-potential, ¢ particle lateral size distribution, d FT-IR of the reaction, and e XPS of the

reaction.

during the IP process. In addition, the nanosheets are also encapsulated by
the PA layer formed during the IP process, which can be seen in SEM images
(Supplementary Figs. 4, 5), allowing them to be better stabilized on the
surface of the membrane™. Moreover, the covalent bonds could greatly
enhance the compatibility and long-lasting stability of the membranes.

Characterization of S-CONs nanocomposite membrane

The influences of different S-CONs additions on the surface morphology of
M1-M6 (which represent the addition amounts at 0.000, 0.004, 0.006, 0.007,
0.009, and 0.0100 g, respectively) were observed by FE-SEM. In Fig. 3a, the
M1 (TFC) membrane illustrated a comparatively smooth surface with
smaller spherically shaped bumps, which was a typical nodular structure
formed by the reaction of PIP with TMC™”. Figure 3b-d and

Supplementary Figs. 4, 5 exhibited a random distribution of S-CONs
(marked with red dashed circles) on the M2-M6 (TFN) membrane surface.
However, it should be noted that with the gradual increase of the addition
amount, the S-CON aggregation occurs on the membrane surface. There-
fore, it is necessary to avoid excessive aggregation by controlling the
amount added.

The effects of S-CONs on the membrane’s surface roughness were
observed by AFM 3D scanning (5.00 x 5.00 um, three randomly selected
points, Fig. 3e, f, Supplementary Fig. 6 and Fig. 6). Supplementary Table 1
summarized the roughness parameters (mean roughness Ra and root mean
square roughness Rq) of the membrane’s surface. Owing to the distribution
of S-CONs in the upper part of the PA layer, the surface roughness of the
TFN membranes with S-CONs added was all higher than the TFC control
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Fig. 3 | SEM and AFM characterization of M1 and M3. aand b the surface images of M1 and M3 (scale bar 1000 nm), c and d the cross-sectional images of M1 and M3 (scale

bar 1000 nm), and e and f the AFM images of M1 and M3.

membrane (Ra = 10.60 + 0.50 nm). And at the additional amount 0of 0.009 g,
the surface roughness of M6 reached the maximum value
(Ra=26.60+2.10nm). In addition, the increased roughness not only
implied that the nanosheets had been successfully anchored into the PA
layer but also provided more contact area for water permeation, which
facilitated the enhancement of membrane permeance™**. However,
excessive addition would lead to agglomeration in the membrane PA
layer*>*, as mentioned in the SEM images, thus resulting in the reduction of
its salt rejection ability. Therefore, the optimal addition amount needs to be
further determined by testing the membrane separation performance.
TEM further confirmed that the S-CONs were successfully
embedded in TFN membranes (Fig. 4a, b), as indicated by the red
arrow. Through the analysis of the PA layer thickness in the TEM
image, it was found that the addition of S-CONs also contributed to
the reduction of the PA layer thickness from ~178.00-198.00 to
~100.00-128.00 nm, which might facilitate reduce the solvent

transport pathway and allowed the membrane to have a higher
permeance. The fluorescent qualities of the S-CONs can be char-
acterized by LSCM in the green light field, as shown in Fig. 4c, d. The
M1 did not show fluorescence, while M3 exhibited fluorescence,
indicating the presence of the S-CONs. It is worth noting that the
brightness and contrast of the image are mainly influenced by the
flatness of the sample cross-section, independent of the specific
distribution of the S-CONs. The presence of S elements in the M3
surface EDX (Fig. 4e) also validates the presence of nanosheets.
XPS is a sensitive technique for elemental composition measurement.
In the full-scan spectrum (Fig. 5a), the characteristic peak of S 2p at
166.00 eV can be distinctly observed on the surface of M3, which also can be
observed by EDX (Fig. 4e). Supplementary Table 1 demonstrates the ele-
ment’s composition on the surface of the prepared membrane. The content
of elemental S on the TFN membrane surface gradually increases with the
increase of S-CON’s addition, indicating that more nanosheets are dispersed
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in the PA layer, which also contributes to the roughness of the membrane
surface.

To obtain information about the functional groups on the membrane
surface and to determine the effect of S-CONs on the degree of network
crosslinking (DNC) of the PA layer, the spectra of Cls, N1s, and Ols on the
surfaces of the TFC (M1) and TEN (M3) membranes were split-peak fitted,
and the results are shown in Table 1 and Supplementary Fig. 7. Compared
with M1, the DNC of the PA layer gradually increased with the addition of
S-CONSs. The increased DNC may be due to the fact that the added S-CON’s

react with TMC to form an amide bond (-N-C=0)*. This would contribute
to improving the membrane selectivity***.

The water contact angle (WCA) of the membranes was used to mea-
sure the membrane hydrophilicity (Fig. 5¢). At the amount of S-CONs
added was 0.009g, the WCA decreased from 62.98 +3.94° (TEC) to
45.14 +2.00° (M6), which means the membrane surface became more
hydrophilic. This improvement was attributed to the S-CONs loaded with
abundant hydrophilic sulfonic acid groups(-SOsH), hydroxide (-OH), and
ammonium (-NH,) on the TEN-NF membrane surface. Besides, the zeta-
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Table 1 | Relative content of surface functional groups of different membranes

No. Cis Nis Ois
C-H /C-C /C=C (%) C-N (%) N-C=0/0-C=0 (%) R-NH, (%) N-C=0 (%) R-N"H3 (%) N-C=0 (%) 0-C=0 (%)

M1 54.77 31.84 13.34 25.04 66.44 8.52 53.54 46.46
M2 53.44 34.76 11.80 27.27 66.52 6.20 58.60 41.40
M3 52.30 35.58 12.12 11.88 67.48 20.64 63.23 36.77
M4 51.38 36.71 11.91 16.17 68.79 15.05 66.29 33.71
M5 50.50 36.94 12.56 12.56 68.95 18.49 72.81 15.99
M6 49.95 37.22 12.83 19.49 69.21 11.29 73.69 26.31

potential test results in Fig. 5d (Supplementary Table 1) indicated that the
abundance of charging groups on the S-CONs also enhances the membrane
electronegativity. At pH = 7.00, the electronegativity of the M3 membrane
was —28.50+227 mV, M6 was —44.41 +1.26 mV, while M1 was only
—20.37 £2.22 mV. It is well known that the Donnan effect caused by the
electronegativity is a key factor for anion rejection, therefore, the
enhancement in electronegativity of the TFN membranes would help to
improve the salt rejection. In addition, the free volume of the membrane
affects the water permeance. Using the “Atom Volume & Surface” module
of the MD simulation, a Connolly surface was constructed with a spherical
probe (the radius of the probe was set to 0 A)*". The free volumes of M1 and
M3 were measured to be 38.07% and 39.08%, respectively. The higher free
volumes of M3 could be more favorable for higher water permeance.

Separation performance of S-CONs NF membrane

Nanofiltration performance of S-CONs NF membrane. The separa-
tion performance of NF membranes is mainly reflected in two aspects:
pure water permeance (PWP) and salt rejection. To determine the
optimum loading concentrations of S-CONS, a series of TFN membranes
were prepared by varying the concentration of S-CONs in the organic
phase from 0.004 t0 0.0100 g per 100 ml n-hexane, respectively. As shown
in Fig. 6a, with the addition of S-CONs, the pure water permeance gra-
dually increased and reached a maximum (8.84 Lm>h™'bar™!) at an
addition of 0.006 g, which was 1.75-folds larger than TFC (also named as
M1, the membranes prepared without S-CONs, 5.07 Lm™>h™'bar™)
prepared under the same conditions. This could be attributed to the
reduced PA layer thickness (Fig. 4a, b), improved roughness (Supple-
mentary Table 1), and increased hydrophilicity (Fig. 5¢). More impor-
tantly, the intrinsic pore of S-CONs, the pore formed between the
S-CONs and the polyamide, and the pore formed by incomplete cross-
linking simultaneously provide nanochannels for speedy transmission of
water molecules and enhance the water permeance. However, the pure
water permeance tended to decrease as the addition continued to
increase. It is possible that the decrease of pure water permeance was
caused by two simultaneous causes: one is that the increase in DNC
makes the PA layer denser, and the water channels are reduced. The
second is that the aggregation of S-CONs blocks the nanochannels®*.
The trend of permeance first grows and then declines with increasing
S-CON s addition also applies to the salt solutions (Fig. 6b). In Fig. 6¢, the
inorganic salt rejection of the membranes followed the classical sequence
in the literature: Na,SO4>MgSO4>MgCl,>NaCl**. It appeared that the
salt rejection increases at first and then declines as the S-CON’s addition
amount increases. We attribute this to the fact that the increased DNC
reduces the membrane pore size, which favors the size exclusion effect.
And the abundance of sulfonic acid groups (-SO;H), hydroxide (-OH),
and ammonium (-NH,) on the S-CONs enhances the Donnan effect of
the membrane”. Figure 6d illustrates a schematic of water flow and ion
separation of the TFN-NF membranes. Figure 6e was the water density
along the z-axis (perpendicular to the membrane) for membranes with
and without S-CONs calculated by MD simulations. This calculation
provides a theoretical basis for the superior water permeance of TFN
membranes™. The PEG test results in Fig. 6f demonstrated that the

effective pore diameter (y,,) of TEN was only 0.36 nm, which was smaller
than the pristine TFC membrane (0.38 nm).

The pressure resistance of the membranes was characterized by testing
the membrane flux at different operating pressures (1.0-5.0 bar, step by
0.5 bar). First, the water flux corresponding to different operation pressures
was obtained experimentally to get the data points in Fig. 6g. Then, the data
points were fitted linearly to obtain the simulation results of R’, which
represented the linear relationship between the operation pressure and pure
water flux. The better linear relationship of M3 indicated that the addition of
S-CONs resulted in a higher compaction resistance of the TFN
membrane™*. By comparing the experimental data of other nanomaterials
embedded as nanofillers in the PA layer in Fig. 6h (detailed information was
given in Supplementary Table 2), it can be concluded that both the inherent
pore structure and the abundant charge groups of S-CONs help to enhance
the membrane permeance and Na,SO, rejection.

Anti-fouling performance and stability of S-CONs NF membrane.
The membrane anti-fouling performance was directly affected by surface
hydrophilicity and electronegativity. In order to display the effect of
S-CONs addition on membrane anti-fouling performance more intui-
tively, pure water (pH = 7.00) and BSA solution (1000 ppm, pH = 6.00)
were used as the feed solution in turn for testing. As can be seen in Fig. 7a,
the normalized flux of M1 and M3 declined to 0.80 and 0.96, respectively,
at the end of the first “BSA contamination—pure water wash” cycle. After
three “BSA-pure water” filtration cycles, the normalized flux of M1
decreased to 0.68, while M3 decreased only to 0.91, which exhibits pro-
mising anti-fouling performance. The improved anti-fouling perfor-
mance was facilitated by the superior electronegativity and hydrophilicity
of the M3. The enhanced electronegativity facilitates electrostatic
repulsion between the membrane surface and the BSA. The strong
electronegativity enhances the electrostatic repulsion between the
membrane and the BSA, as both are negatively charged. In addition, the
enhanced hydrophilicity means that the ability of the hydrated layer to
adsorb contaminants is also enhanced, resulting in superior anti-fouling
performance of the TEN membrane.

Long-lasting operational stability of M1 and M3 was tested for 51 days
using Na,SO, (2000 ppm) as feed solution (Fig. 7b). The pristine TFC
membrane (M1) permeate flux and Na,SO, rejection decreased by 27.70%
and 2.60%, respectively, while M3 decreased by only 13.90% and 0.94%. The
superior long-term operation stability of M3 also demonstrated that the
S-CONss can be stably fixed on PA layers, which was attributed to the
covalent bond formed between the PA layer and S-CONs (Fig. 2d, e). The
intrinsic pore size of the nanosheets provides a stable nano-channel for
water permeation, while the charge loaded by the nanosheets provides stable
electrostatic repulsion and maintains a high Na,SO, rejection.

Chlorine resistance of S-CONs NF membrane. Whether in use or in
the cleaning process, NF membranes were inevitably exposed to hypo-
chlorite disinfectants, and the cross-linked network formed by the che-
mical bonding and internal hydrogen bonding of the PA layer can be
destroyed by chlorine oxidation (Supplementary Fig. 8)*'. Therefore, the
chlorine resistance of membranes is also an important factor in
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quantifying the durability of membranes. Ettori et al.”” found that the
N-chlorination of amide bonds and the accompanying Orton rearran-
gement cyclic chlorination® could break the chemical bonds in the
membranes and disrupt the integrity of the membrane structure, which
in turn decreased the separation performance of the membranes.

In this section, we explored the chlorine resistance of M1, M3, and M6
at different pH (pH = 5.00 and 10.00) and chlorine exposure intensities. The
results (Fig. 8) indicated that the addition of S-CONs facilitates

the improvement of the membrane chlorine resistance, and the higher the
addition amounts of S-CONS, the smaller the decrease in water permeance
and Na,SO, rejection. There are several reasons for the improved chlorine
resistance of TFN membranes. (1) The S-CONs featured rich secondary
amide groups might covalently manipulate the PA layer by the formation of
tertiary amide groups (Figs. 8c and 2d, e), which are less susceptible to
chlorine attack due to the lack of -N-H amide groups™. (2) The functional
groups of S-CONs could enhance the intermolecular hydrogen bonding
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effect. Thus, the TEN-NF membranes had better chlorine resistance than
the TFC-NF membrane™. (3) The high electronegativity of M3 and M6
could effectively prevent the contact between active chlorine and the
membrane surface by more powerful electrostatic repulsion and thus pre-
vent the active chlorine from disrupting the polyamide layer’”**. Moreover,
separation performance decreased significantly more at pH = 5.00 than at
pH = 10.00. This was attributed to the fact that active chlorine is more easily

converted to HOCI under acidic conditions™*’
brane structure more severely*™*".

In summary, this study successfully incorporated sulfonated covalent
organic framework nanosheets (S-CONGs) as nanofillers into the PA layer to
modify the TFC membrane. The results showed that the charged groups
(such as -SO;H, -NH,, and -OH) loaded on S-CONs can effectively

improve the hydrophilicity and electronegativity of the TFN membranes.

, which damages the mem-
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The pure water permeance reached 8.84 L m>h™' bar™' (about 1.75 times
that of the TFC membrane), and the Na,SO, rejection improved to 98.97%
when the S-CONs added amount was 0.006g. More interestingly, the
chlorine resistance of the membranes was improved due to the formation of
amide bonds between S-CONs and TMC. This study reveals the potential of
using 2D functionalized COFs as nanofillers to modify TFC membranes for
efficient nanofiltration.

Methods
Materials
The pure water permeance and BSA rejection of lab-made supporting
substrates PSf-UF membrane was about 300.00 Lm > h ™' bar ™' and 99.00%,
respectively. 2,4,6-Triformylphloroglucinol (Tp, 297%, Macklin) and 1,4-
Phenylenediamine-2-sulfonic acid (Pa-SO3H, 299%, Macklin) were used to
synthesis Tp Pa-SO;H COFs (S-COFs). 1,4-Dizacyclohexane (PIP, 99%,
Macklin) and 1,3,5-Trichlorobenzoylchloride (TMC, 98%, Macklin) were
used for interfacial polymerization (IP) reaction to prepare PA layers. In
addition to PIP, DL-10-Camphorsulfonic acid (CSA, 99%, Macklin), N,
N-diethylethanamine (TEA, 99%, Macklin) and dodecyl-sulfonic-acid
sodium (SDS, 99%, Macklin) are added as additives to the aqueous phase,
while TMC was dissolved in n-hexane (97%, Macklin) as the organic phase.
The separation performance was examined with four inorganic salts:
Na,SO, (99%), MgSO,4 (98%), NaCl (99.5%), and MgCl, (99.5%), which
were all purchased from Sinopharm. The molecular weight cut-off
(MWCO) was measured by a nanofiltration experiment with PEG (Poly
(ethylene glycol)) of different molecular weights at 200, 300, 400, 600, and
1000 Da, purchased from Aladdin Reagent Company. All reagents are used
according to the purchase specifications and no further follow-up was
carried out.

Preparation of S-CONs

In this study, the S-COFs were synthesized by the solvothermal synthesis
method. More specifically, Pa-SOsH and Tp were dissolved in a certain
amount of ethanol by ultrasonic dispersion. The homogenized solution was
packed into a PTFE reactor, and then the autoclave was filled with nitrogen
and sealed off. The S-COFs were obtained after heating 72 h at 120 °C. Prior
to characterization and further experiments, the red-brown powder was
washed with N, N-dimethylformamide (DMF), and ethanol sequentially.
The pure sample free of unreacted monomers was obtained by vacuum-
drying (12 h, 60 °C).

According to our previous studies it has been demonstrated that the
mechanical grinding method would not change the crystal structure and
chemical structure of the COFs?. Therefore, we still exfoliated S-COFs with
a mechanical grinding method to obtain S-CONs™. In particular, 50 mg
S-COFs and 1-2 drops of methanol were added to a mortar
(i.d. =75.00 mm). After grounding continuously for 0.5 h, the powder was
dispersed in about 0.1 L methanol, centrifuged at 7000 rpm/min for 10 min,
and dried at 50 °C for 12 h to acquire S-CONs powders for the next step.

Characterization of S-CONs

The micro-morphology of S-CONs was observed by FE-SEM (S-4800,
HITACH], Japan, 5kV, 10 uA) and TEM (Talos-S, FEI, USA, 100kV,
20 pA); the elemental composition and chemical structure were character-
ized by EDX (Oxford 6587, HITACHI, Japan, attached to the FE-SEM) and
ATR-FTIR (iS10, Thermo, USA) spectroscopy as well as XPS (Thermo
Escalab 250 Xi, USA); the crystal structure of the nanosheets was tested by
P-XRD (X’Pert Pro, PANalytical, The Netherlands, 40 kV, 40 mA); the
thickness was tested by AFM (Dimension 3100, Bruker, USA); the zeta-
potential at pH =2-10 in water and particle lateral size distribution in
n-hexane were measured by ZetaPALS (Zetasizer Nano S90, Malvern
Panalytical, UK).

Preparation of S-CONs NF membrane
Before the experiments, the lab-made PSf substrates were soaked in distilled
(DI) water for 12h, and freshwater was substituted every 3 h to remove

Table 2 | The aqueous and organic phase solution
preparation scheme

Aqueous phase DI water (Wt%) CSA TEA PIP SDS
solution (Wt%) (Wt%) (Wt%) (Wt%)
95.95 1.50 1.50 1.00 0.05
Organic phase n-hexane (wt%) TMC SA-CONSs (g/100 ml)
solution (Wt%)
99.85 0.15 0-0.0100

NaSOsH from the membrane surface. It was added to keep the freshness of
the substrate. Then the PSf substrates were glued on the epoxy frame with
double-sided adhesive, and the water droplets on the surface of the sub-
strates were removed with a soft paper towel meticulously”. Simultaneously,
the aqueous phase (distilled water as solvent) and organic phase (n-hexane
as solvent) solutions were formulated according to Table 2. Then the TFC/
TFN-NF membranes were prepared by the conventional IP reaction in the
laboratory. Firstly, a 50 ml aqueous phase was poured into the epoxy frame
for 80 s to obtain a substrate impregnated with PIP. Then, the surplus
aqueous solution was poured out, and the substrate was dried at room
temperature. Thirdly, 50 ml organic phase solution was poured into the
epoxy frame and removed after 5s. Finally, the membranes were heat-
treated at 50 °C for 1 min to enhance the cross-linking. The obtained NF
membranes were socked in distilled water at 4°C for subsequent
experiments.

The experiments were conducted at room temperature
(25.00 + 3.00 °C) with humidity of 60.00-70.00%. To ensure reproducibility,
each identical recipe was carried out at least 10 times, and each time, at least
five membrane samples were taken for performance testing.

The main steps in the preparation of S-CONs and TFN-NF mem-
branes are shown in Fig. 9a.

S-CONs were added in units of n-hexane per 100 ml, and the addition
amounts of M1-M6 were 0.000, 0.004, 0.006, 0.007, 0.009, and 0.0100 -8
respectively.

Characterization of S-CONs NF membrane

The surface and cross-sectional micro-morphology of the membranes were
investigated by FE-SEM (S-4800, HITACHI, Japan, 5kV, 10 pA). The
samples for cross-sectional detection were obtained by rupturing the
nonwoven-free PSflayer in liquid nitrogen. All the membrane samples were
sputtered with Ptby a Q150T turbo-pumped sputter coater with a current of
25 mA for 120 s before SEM characterization.

The thickness of the PA layer was evaluated by TEM (Talos-S, FEI,
USA, 100kV, 20 pA). The membrane samples were embedded in epoxy
resin and then cut into slices (about 100 nm in thickness) by an ultra-
microtome (Leica Ultracut R). Then, the slice-shaped samples were fixed on
the carbon-coated copper grid.

AFM (Dimension 3100, Bruker, USA) was conducted to analyze the
membranes roughness with 5 um x 5 pm; XPS (Thermo Escalab 250 Xi,
USA), P-XRD (X’Pert Pro, PANalytical, The Netherlands, 40 kV, 40 mA)
and EDX (Oxford 6587, HITACHI, Japan) were applied to check the surface
elemental composition, measure the crystallinity of membrane surface.

The degree of cross-linking (DNC) value of the PA layer according to
Eq. (1):

C7CONH7

Degree of crosslinking (%) = %100 (1)

C_conn- + C_coo-

where C_ oy means the amide groups content and C_oo_ means the
carboxyl groups content in the PA layer.

SurPASS 3 (Anton Paar, Australia), a streaming potential analyzer, was
used to assess the zeta potential. The gap height was adjusted to about
100.00 £ 5.00 pum, 10 mM KCl was used as the background electrolyte
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Fig. 9 | Synthesis scheme and testing apparatus. a The synthesis scheme of S-CONs and S-CONs nanocomposite membrane, b the lab-assembled dead-end testing

apparatus.

solution, and 50 mM HCl and 50 mM NaOH were used as pH regulators,
respectively™>®,

DSA100 (KRUSS, German) was used for investigating the membrane
hydrophilicity properties with DI water as the reference solvent, the water
contact angle for each sample was repeated for at least ten random points,
and the average data was reported.

Separation performance of S-CONs NF membrane

The characterize experiments were performed using the lab-assembled
dead-end apparatus as shown in Fig. 9b. The characterization of membrane
separation performance mainly included a nanofiltration experiment,
pressure-flux test, anti-fouling performance test, long-lasting operation
stability test, and chlorine resistance test. Except for the pressure-flux test, all
tests were performed at an operating pressure of 4.0 bar. Each membrane
was normalized by pre-compressed at least 30 and 10 min pre-filtration test,
followed filtration test for 20 min to achieve a stable experimental state. The
weight changes of the permeate solution were collected by the electronic
balance and connected to a computer for storage. To ensure reproducibility,
each identical recipe was carried out at least 10 times, and each time, at least
five membrane samples were taken for testing, and the average value was
calculated to obtain the results.

Nanofiltration experiment of S-CONs NF membrane
The nanofiltration experiment included a pure water permeance test and an
inorganic salts (2000 ppm) rejection test.

The pure water permeance P, (L - m~2 - h™! - bar™') was calculated
by Eq. (2):

@

in which Vrefers to the total permeate volume (L), ¢ refers to the NF test time
(h), and A is the actual permeate area of each membrane (m?), AP is the
operation pressure (4 bar).

The rejection of each membrane was calculated by Eq. (3):

G
R=1-——x100%
o

(€)

in which C, (g - L") and C; (g - L") represent the permeate con-
centrations and feed concentrations, respectively. For the salt solution, the
conductivity of the solution was measured with a conductivity meter to
calculate the values of C, and Cy.
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For the PEG solution, the total organic carbon content (TOC) was
measured to acquire the values of C, and C;. The pore diameter was cal-
culated according to the Stokes radius formula shown in Eq. (4):

a=16.73x 10710057 (4)

in which a (cm) means the Stokes radius and M means the PEG molecular
weight.

The MD simulation of the water-solvated membrane system was
performed in the NPT ensemble at 300 K and 1 atm. And a graphene sheet
was used as a virtual piston to control the pressure.

Anti-fouling performance and stability test of S-CONs NF
membrane

Anti-fouling performance tests were carried out with pure water and BSA
(1000 ppm) solution alternately as feed solution. We define the stable flux
obtained after the first 30 min pure water nanofiltration as the initial flux
(Jo), the flux at moment t is recorded as J,. The flux recovery rate (FRR) was
calculated to assess the membrane anti-fouling performance by Eq. (5):

FRR =]l X 100% (5)

0

in which J was the tested permeate and J, was the stable permeate. J and J,
were calculated by Eq. (6)

J= (6)

\4
At
A long-lasting operation stability test was carried out with 2000 ppm

Na,SO, at 4 bar pressure for 51-day nanofiltration, the salt solution per-
meance and Na,SO, rejection were calculated using Egs. (6) and (3).

Chlorine resistance test of S-CONs NF membrane

The chlorine resistance of the membrane was tested by static accel-
erating chlorination experiments. M1, M3, and M6 were immersed in
500 ppm NaClO solution under dark conditions for 5 h discontinuity
at pH =5.00 and pH =10.00, which was regulated with 100 mM HCI
or 100 mM NaOH, respectively. At one-hour intervals, the mem-
branes were washed and soaked in pure water for 24 h. Then the
membranes were subjected to nanofiltration experiments with pure
water and 2000 ppm Na,SO, solution under 4.0bar to test the
membrane performance. The degree of chlorination was represented
by the total exposure to free chlorine amount (ppm-h). Normalized
pure water flux and normalized Na,SO, rejection were calculated by
Egs. (7) and (8) to better investigate the influence of chlorination on
the membrane.

Normalized pure water flux = ;—x x 100% %)
0

R
Normalized Na, SO, rejection = R—x x100% ()]
0

in which J, and R, were the pure water flux and the Na,SO, rejection after x
(x=1-5) h of chlorine exposure, respectively. J, and R, were the pure water
flux and the Na,SO, rejection before chlorination experiments. The cal-
culation of J and R were given in Egs. (6) and (3).

Data availability
All data generated or analyzed during this study are included in this pub-
lished article (and its supplementary information files).
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