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| Abstract

Two-dimensional covalent organic framework (COFs) membranes have shown promise for organic solvent nanofiltration applications. However, the ability to modulate the chemical
properties of the membranes and their effects on the molecular transport process has not yet been explored. Here, we demonstrate the synthesis of two COF membranes (TFP-MP_ F
and TFP-MPF) with the same scaffold structures but different internal chemical properties. The presence of hydroxyl groups in the TFP-MP_ F membranes resulted in a significant
improvement in polar solvent permeability. In contrast, the hydrophobic TFP-MPF membranes offered excellent permeability to nonpolar solvents, which was 130 — 235% higher
than the TFP-MP F and commercial polymeric membranes. In addition, both COF membranes exhibited precise molecular sieving capacity with an apparent molecular weight cut-
off (MWCO) of 800 g mol and excellent stability. A deviation from the pore-flow model was observed for the TFP-MP, F membranes, which was due to the specific interactions

between solvent molecules and polar channel walls.

© 2022 FIMTEC & MPRL. All rights reserved.

1. Introduction

Organic solvent nanofiltration (OSN) has gained much appeal in economic feasibility, and environmental friendliness [1-6]. However,
recovering organic solvents from waste in the chemical, textile, and the solvent permeability and molecular sieving capacity of current OSN
pharmaceutical industries due to its superior energy efficiency, attractive membranes are very limited due to the nature of the amorphous polymer
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membranes used, which are generally dense and unstable in organic solvents
[6-9]. In this context, crystalline materials with well-defined pore structures
have great potential to overcome the permeability-selectivity trade-off which
exists in polymeric membranes [10-14]. Covalent organic frameworks (COFs)
have been recognized as alternative membrane materials due to their well-
defined pore structures and tunable pore size, which can simultaneously
achieve high flux and high selectivity [15-20]. Currently, researchers are
mainly focusing on the fabrication of ultrathin, defect-free COF membranes
with high crystallinity [21-26]. These ultrathin crystalline COF membranes
have been shown to have very high solvent flux as well as considerable
molecular sieving capacity [27,28]. Considerable efforts have also been made
to correlate solvent permeability with the pore size of COF membranes [25].
Banerjee et al. fabricated crystalline COF membranes showing pore diameters
between 3.0 and 1.6 nm by designing monomers with different lengths and
observed corresponding changes in solvent permeance were observed [29, 30].
In our previous work, we developed crystalline COF membranes possessing
pore diameters between 1.7 and 0.9 nm by using different lengths of carbon
chains. This has improved our fundamental understanding of the relationship
between pore size and molecular separation efficiency [15,31,32].

However, the specific interactions between solvent molecules and channel
walls also play an important role in molecular separation [9,33,34]. A
fundamental understanding of solvent-COF interactions and the mechanism of
the mass transport through COF membranes is particularly important for the
development of high-performance membranes for OSN applications. Although
recent simulation studies have shown the significant effects of surface chemical
properties of COF membranes on solvent permeability and solute rejection
[35,36], experimental demonstrations are still rare. Here, two innovative
diamine monomers, 9-methyl-9-propyl-9H-fluorene-2,7-diamine (MPF) and 3-
(2,7-diamino-9-methyl-9H-fluoren-9-yl)  propan-1-ol  (MPo4F)  were
synthesized and had an identical molecular structure but different pendant
groups. Subsequently, the two COF membranes, TFP-MPo4F and TFP-MPF
were prepared, with the same framework structure but different internal
chemical properties. The TFP-MPouF membranes have relatively hydrophilic
channels with flexible polar hydroxyl groups on their pore walls, which have a
favorable affinity for polar solvents. On the other hand, the alkyl groups make
the TFP-MPF membranes relatively hydrophobic so that they exhibit higher
permeability to nonpolar solvents. The mechanism of solvent transport also
correlated with the chemical properties of both COF membranes.

2. Experimental Section

2.1 Preparation of COF Membranes

The procedure for synthesizing monomers (MPF and MPoyF) is provided
in the supporting information (Precursor synthesis). TFP-MPF and TFP-
MPouF membranes were prepared by a Schiff base condensation reaction on
the air-water interface. First, the stock solutions of precursors were prepared.
TFP (6.3 mg) was dissolved in toluene (10 mL), and MPF (11.37 mg) was
dissolved in toluene (10 mL), whereas the other diamine precursor MPouF
(12.06 mg) was dissolved in a mixture of toluene (8 mL) and acetonitrile (2
mL) in the presence of a catalytic amount of acetic acid (0.5 mL) at room
temperature. The TFP and MPF/MPqyF solutions were mixed well and then
sonicated at room temperature for 15 minutes (Fig. S1). For the synthesis of
two COF membranes, the resulting amount of solution (0.05 to 0.20 mL) was
carefully dropped onto the water surface using a micropipette. The reaction
bottles were capped and kept for 48 hours at 20 °C. The unceasing light yellow
film of both COFs was formed on the water surface after the completion of the
reaction. By changing the volume of the precursor solutions, the membrane
thickness could be controlled from 20 to 80 nm (Fig. S1b). The formed COF
membrane was carefully transferred to a silicon wafer, polymer support, or
anodic aluminum oxide (AAO) disk and dried at room temperature. The
detailed characterization of the membranes is provided in the supporting
information (Membrane characterization).

2.2 Permeance studies

OSN measurements were performed using a homemade dead-end filtration
system. A series of polar and nonpolar solvents were added to the feed chamber
and then passed through the membrane at 25 °C, applying a transmembrane
pressure of 1 bar. After waiting for 2 h until a stable flux was reached, the
solvent permeate was collected, and the solvent permeance was calculated as
follows,

P =V / (AALAp) @)

where V is the solvent volume; A, At, Ap, Prefer to the effective area,
permeation time, applied pressure, and solvent permeance, respectively.

The molecular weight cut-off (MWCO) of COFs membranes was
investigated by separating a series of dyes. A stock solution of each dye was
prepared at a concentration of 50 ppm. The dye solution was added to the feed
chamber of the same filtration setup in which the OSN measurements were
performed. The volume of the feed side is about 2 L, which is sufficient to keep
the feed concentration almost constant during the study period. Dye rejection
was calculated,

R=(1-C,/C_)x100% @

where Cp and Cr refer to the permeate and feed concentration, respectively.
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Fig. 1. The synthesis of TFP-MPoxF and TFP-MPF by a Schiff-base condensation
reaction.

3. Results and discussion

The TFP-MPouF and TFP-MPF membranes were fabricated by
condensation of 9-methyl-9-propyl-9H-fluorene-2,7-diamine (MPF) or 3-(2,7-
diamino-9-methyl-9H-fluoren-9-yl)  propan-1-ol (MPosF) and  1,3,5-
triformylphloroglucinol (TFP) on water surface, respectively. Typically, a
certain volume of the precursor solution containing monomers and acetic acid
was dropped on the water surface. The polymerization reaction was engaged at
room temperature for 48 h to allow the two monomers (Figs. 1 and S1a). The
thickness of the membranes can be well regulated from 20 to 80 nm by
adjusting the volume of the precursors (Fig. S1b). The resulting COF
membranes were robust enough to be transferred onto various substrates for
structural characterization and solvent permeation experiments. Both surface
and cross-sectional SEM images showed that the synthesized TFP-MPouF and
TFP-MPF membranes were compact and defect-free (Fig. 2).

The crystallinity of TFP-MPoyF and TFP-MPF membranes was
investigated by X-ray powder diffraction (PXRD). The PXRD patterns of TFP-
MPoyF and TFP-MPF showed reflection peaks at 5.8, 10.1, 15.4, and 23-28°
corresponding to the (100), (100), (220), and (001) reflection planes,
respectively (Figs. 3a and d). The presence of broad peaks around 23-28° was
attributed to the bulky alkyl groups within the pores [32]. All possible
simulated structures were prepared using the self-consistent charge density-
functional tight-binding method (SCC-DFTB) with London dispersion
corrections, and the correct unit cells were determined (Fig. 3b, ¢ for TFP-
MPoyF and Fig. 3e, f for TFP-MPF) [32,37]. The diffraction pattern of the
prepared COF membranes resembled that of an inclined eclipsed-stacking
model. Pawley refinement was performed to determine the exact unit cell
parameters. It was found that there was little difference between the
experimental and simulated PXRD patterns. The unit cell values are refined: (a
=26.54 A,5=26.34 A, c=15.03 A; a=40.05°, B =89.52°,y = 119.52°; Rwp
=5.02 %, Rp = 8.61 %) for TFP-MPouF, (a=26.19 A, b =25.93 A, ¢ =14.93
A; 0=38.99°,B=90.37°v=119.26°; Rwp = 5.11 %, Rp = 9.21 %) for TFP-
MPF.
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Fig. 3. (a) The both (simulated and experimental) PXRDs of TFP-MPowxF and their fitting pattern results; (b and c) top face and side view of TFP-MPonF simulated structure, respectively;
(d) the both (simulated and experimental) PXRD patterns of TFP-MPF; (e, f) top face and side view of TFP-MPF simulated structure, respectively.

The formation of p-ketoenamine bonds in both COF membranes was
confirmed using Fourier transform infrared spectroscopy (FT-IR) by the
presence of the characteristic stretching peaks of the -C=0 and —C-N bonds
at 1577-1589 and 1254 cm-1, respectively (Fig. 4a, b) [15]. The chemical
structure of the as-prepared COF membranes was also confirmed by XPS (X-
ray photoelectron spectroscopy). The C 1s (high-resolution profile) at 284.37,
284.76, 286.41, and 287.79 eV were attributed to C=C, C-C, C-O, and C=0,
respectively. The peak at 399.99 eV (N 1s) was assigned to C-NH bonds, and
the O 1s peaks at 531.24 and 532.62 eV were attributed to C=0 and C-O bonds,
respectively. The XPS results further confirmed the formation of p-
ketoenamine bonds (Fig. S2). Moreover, the 3C CP-MAS NMR solid-state
spectrum of TFP-MPoyF and TFP-MPF showed the characteristic signals at

183.8 and 184.2 ppm, corresponding to the S-ketoenamine linkage (Fig. 4c, d)
[38].

The pore size distribution of two COF membranes was determined using
the non-local density function theory (NLDFT). The measured pore size was
1.67 and 1.71 nm for the TFP-MPouF and TFP-MPF membranes, respectively
(Fig. 4e, f), which was in good agreement with the simulated values (Fig. S3).
The Brunauer-Emmett-Teller (BET) surface areas were 324 m? g (Fig. 4g)
and 345 m? g' (Fig. 4h) for TFP-MPouF and TFP-MPF membranes,
respectively. The water contact angles of TFP-MPo4F and TFP-MPF
membranes are 61.0° and 78.3°, respectively (Fig. S4), indicating that the TFP-
MPouF membrane is more hydrophilic owing to the presence of hydroxyl
groups.
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COF membranes were then deposited onto the anodic aluminum oxide
(AAO) support (pore size: 20 nm) for organic solvent permeation
measurements. Considering that TFP-MPouF and TFP-MPF membranes have
different chemical structures, both polar and nonpolar solvents were tested for
their permeance through COF membranes. The TFP-MPoF membrane showed
high permeance to polar solvents: acetonitrile (442 LMH bar*), methanol (376
LMH bar?), water (343 LMH bar?), ethanol (165 LMH bar™), and moderate
permeance to nonpolar solvents: heptane (124 LMH bar?) and hexane (97
LMH bar?), as shown in Fig. 5a. The TFP-MPF membrane showed a similar
transport trend but slightly lower permeance for polar solvents in the order
acetonitrile (302 LMH bar?) > methanol (218 LMH bar?) > water (128 LMH
bar?) > ethanol (101 LMH bar). The higher permeance performance of the
TFP-MPouF membrane can be attributed to the relatively hydrophilic channels
with hydroxyl groups, which have a favorable affinity for polar solvents. In
contrast, the TFP-MPF membranes have relatively hydrophobic channels,
resulting in higher permeance to nonpolar solvents such as hexane (384 LMH
bar?) and heptane (286 LMH bar™), which are four and two times higher than
the TFP-MPoyF membranes, respectively. Note that both the TFP-MPouF and
TFP-MPF membranes have exceptionally high permeation performance for
organic solvents compared to previously reported membranes (Table S1). In
particular, the TFP-MPouF membrane has methanol permeance of 376 LMH
bar?, ~ 780-folds higher than the commercial DuraMem DM150 membrane
(0.48 LMH bar?) [6]. The ultra-high solvent flux is ascribed to the intrinsic
microporosity and ordered structure of the COF materials, which promote rapid
solvent transport.

Subsequently, the molecular transport mechanism through COF
membranes was investigated. The permeance of various solvents of the TFP-
MPF membrane was first plotted along with their viscosity in Fig. 5b.
Remarkably, the solvent permeance is linearly proportional to the reciprocal of
viscosity (1/n), indicating negligible interactions between the solvents and the
channel walls in TFP-MPF membranes [8]. The solvent permeance is estimated
by the Hagen-Poiseuille equation, P=nnd*/128nLt. Moreover, the production
of permeance and viscosity is independent of the total Hansen solubility
parameters, as shown in Fig. 5c¢, indicating that the behavior of solvent
transport through TFP-MPF membranes follows the pore-flow model. This
finding is consistent with our previously reported COF membranes with alkyl
chains [15, 31]. However, the TFP-MPoyF membranes show a distinct trend,

i.e., the production of permeance and viscosity increases linearly with the total
Hansen solubility parameters (Fig. 5d). This linear correlation deviates from
the pore-flow behavior and the Hagen—Poiseuille law will not be applicable to
TFP-MPonF membranes. Such a deviation has been observed for ceramic and
dense polymeric membranes, indicating that there exist interactions between
the channel walls and the solvents [34]. It should be noted that the favorable
affinity for solvents, especially polar solvents, has promoted the permeation
performance of TFP-MPoyF membranes with ordered channel structures.
While the strong interactions between dense polymeric membranes and
solvents usually result in high transport resistance [6].

The molecular sieving capacity of TFP-MPoyF and TFP-MPF membranes
was investigated using a variety of dye molecules with a wide range of
molecular dimensions. These dyes were dissolved in water and methanol as
feed solutions, respectively. The 3D bulky chemical structures of the dyes with
their molecular weights (139-1314 DA) and molecular dimensions are shown
in Fig. S5. Since the membranes of TFP-MPoyF and TFP-MPF have
comparable pore sizes, they showed similar rejection behavior with a sharp cut-
off value molecule weight of around 800 g mol™ (Fig. 6a). The separability of
the membrane is usually defined by the MWCO and the rejection rate is 90%.
In contrast, the inclination of the sieve is determined via the MWRO and the
rejection rate is 10%. It can be seen that MWCO and MWRO are 800 and 650
Da, respectively (Fig.6a). The small variation between MWCO and MWRO of
the two membranes is because the COF membrane has a very short molecular
sieve because of its well-ordered crystalline structure. The zeta potential results
indicated that both TFP-MPoyF (-11 mV) and TFP-MPF (-8 mV) membranes
are negatively charged at neutral conditions (Fig. S6). Since the ionic dyes can
not be dissociated in common organic solvents, and the electrostatic repulsion
mechanism can be excluded. Therefore, dye separation is determined by size
exclusion. The selective removal of dye molecules (NP) from dye mixtures (NP
and RG) was also demonstrated. For this purpose, a TFP-MPouF membrane
was sandwiched between two glass chambers. One chamber was filled with RG
and NP (1:1, v/v), while the other was filled with fresh methanol. Since RG is
blue and NP is yellow, mixing these two dyes results in a green mixture (Fig.
S7a). After 24 hours, the left chamber turns yellow, indicating that only NP can
pass through the TFP-MPouF membrane, while the larger RG molecules were
blocked (Fig. S7b).
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respectively.
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The stability of both COF membranes was also assessed. The long-term
solvent permeance performance (ethanol and hexane) of the TFP-MPouF
membranes was measured to evaluate the membrane stability (Fig. 6b). The
results indicated that the permeance was stable for 30 hours of both solvents.
The water flux was constant at different pH values, indicating that both COF
membranes were stable under acidic and basic conditions (Fig. S8). In addition,
thermogravimetric analysis (TGA) confirmed the good thermal stability of both
membranes. The membranes were found to be stable up to 350 °C (Fig. S9).
These results reveal that the TFP-MPouF and TFP-MPF membranes are
thermally and chemically stable and have great potential for solvent
nanofiltration and molecular sieving.

4. Conclusions

In summary, we have fabricated two COF membranes with similar pore
sizes but distinct chemical structures for OSN applications. The hydroxyl
groups in the channel walls make the TFP-MPouF membranes more
hydrophilic than TFP-MPF membranes with alkyl chains. As a result, the TFP-
MPowF membranes have a higher affinity for polar solvents and exhibit higher
permeance, while the relatively hydrophobic inner channels of TFP-MPF
membranes facilitate the rapid transport of nonpolar solvents. The organic
solvent transport behavior through TFP-MPF membranes follows the pore-
flow model, while a deviation was observed for TFP-MPosF membranes,
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which is related to the specific interactions between channel walls and solvent
molecules. Moreover, both COF membranes showed excellent dye separation
performance with a sharp molecular weight cut-off of 800 g mol* and excellent
chemical stability.
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