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Abstract

Covalent organic framework (COF) membranes are eminent candidates in filtration and
separation applications due to their high porosity, ordered pore size, versatile molecular
structure, inherent mechanical properties, and excellent stability. However, large-scale
COF membranes suffer from several issues, including stacking and crystal defects, which
negatively impact their rejection performance. In this study, a continuous thin film of
porphyrinic-based COF (i.e., COF-TCPP (Fe)) with various thicknesses was fabricated
on a PVDF support layer via a vacuum-assisted interfacial polymerization method. The
composite membranes were then characterized, and their filtration and dye/salt separation
performance were evaluated using a dead-end filtration cell. The results showed that the
rejection efficiencies of Congo red and acid fuchsin for the optimal proposed membrane
were 99.5% and 95.8%, respectively. In comparison, the corresponding values for the
pristine membrane were 73.3% and 62.8%. The results also showed that with an increase
in the COF loading concentration during synthesis, the membrane flux decreased, while
the rejection efficiency increased. This study proposes a simple and effective method to
mitigate the large-scale issues of COF-based membranes and to enhance the separation
performance of existing polymeric membranes.

Keywords: covalent organic frameworks; vacuum-assisted interfacial polymerization; dye
separation; nanofiltration; composite membrane

1. Introduction

Despite water covering up to 71% of the Earth’s volume, accessing freshwater for
daily use remains challenging [1]. The shortage of freshwater resources has become a
significant concern over the last two decades, primarily due to the issue of overpopulation,
particularly in developing countries where water resources are contaminated with various
chemicals [2,3]. On the other hand, various commercial and industrial sources discharge
wastewater into the living environment. The wastewater typically contains a diverse range
of hazardous pollutants, including inorganic salts, dyes, heavy metals, pharmaceuticals,
and other impurities [4,5]. It was stated that approximately 700,000 tons of dyes are
produced annually worldwide for various applications [6], with 60% of these used in the
dyeing process and textile factories [7]. The discharged wastewater from the textile factories
is usually high in salt and dye concentrations [8]. These chemicals can cause serious harm

Compounds 2025, 5, 34

https://doi.org/10.3390/ compounds5030034


https://doi.org/10.3390/compounds5030034
https://doi.org/10.3390/compounds5030034
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/compounds
https://www.mdpi.com
https://orcid.org/0000-0002-0743-9839
https://orcid.org/0009-0008-5006-3997
https://doi.org/10.3390/compounds5030034
https://www.mdpi.com/article/10.3390/compounds5030034?type=check_update&version=1

Compounds 2025, 5, 34

2 of 20

to the environment. Therefore, it is of great importance to develop an effective method for
separating salt and dye.

Various separation methods have been developed, including advanced oxidation, pho-
tocatalysis, adsorption, biological, and membrane separation methods [9]. However, these
methods are limited in their use due to low removal efficiency, high cost, long processing
times, and high dependence on specific conditions [10]. Among all the membrane sepa-
ration technologies, nano-filtration (NF) membranes, which consist of polymeric porous
substrate and dense selective layer, are considered to be effective and a promising method
as they can offer high water flux and rejection efficiency for multivalent ions and dyes with
a molecular weight cut-off (MWCO) varying from 100 to 1000 Da as well as operate at
low pressure [8]. However, commercially available NF membranes achieve high rejection
for both salts and dyes. Accordingly, the loose nano-filtration (LNF) membrane has been
introduced to satisfy this limitation as the selective layer of LNF is designed to yield high
dye rejection efficiency but low salt rejection efficiency [11]. LNF membranes are widely
used in dye production processes to enhance the quality of the dye and improve dye
recovery ability, as salts are added during dye synthesis [12].

Over the last few years, various porous materials have been utilized as selective
layers in LNF membranes to achieve high water flux and efficient rejection. Metal-organic
frameworks (MOFs) were considered a suitable choice due to their porous structure [13-15].
However, a series of studies has revealed that MOFs are susceptible to degradation by
water [16-18] and exhibit low resistance to environmental conditions [19-21].

To overcome these limitations, covalent organic frameworks (COFs) have been pro-
posed as a selective layer in LNF membranes used in filtration, separation, and water
desalination applications [22,23]. COFs possess high porosity, ordered pore size, a versatile
molecular structure, inherent mechanical properties, and excellent stability [1]. Several COF-
based membranes have demonstrated competitive performance in dye separation [24-36].
COFs demonstrate a high potential in fabricating nanofiltration membranes. However,
they are usually synthesized in the form of an insoluble powder, and hence it is not easy
to form them as a large-scale membrane [37]. This is due to the higher crystallinity of
the COF powder compared to that of the COF membrane [38]. Therefore, the reported
COF membranes suffered from crystal and stacking issues, which affected the separation
performance and the mechanical properties of the membranes [38]. Kong et al. [39] at-
tempted to fabricate a defect-free COF membrane by using trimesoyl chloride (TMC) to
stitch the defects among the COF crystals and cross-link the COF cavities, resulting in a high
degree of cross-linking network. The resulting membrane exhibited a water permeability of
0.81 L m~2 h~! bar! and achieved a significant enhancement in NaCl rejection, increasing
from almost negligible to 93.3% at 5 bar. Additionally, a continuous, selective layer of COF
was formed on the substrate. Zhang et al. [40] fabricated a COF-TATP/nylon membrane
that had an exceptional dye rejection (100%) against Congo red (CR). They used CR to
stitch the defects in the COF layer through a chemical procedure. The results showed that
the presence of CR in the solution of other dyes could improve their rejection efficiency.

On the other hand, the COF layers tend to aggregate owing to the strong interactions
of the interlayer dipole [41]. This can affect the fabrication of ultrathin membranes, which
negatively influence the permeability of the membrane during the separation process.
Among the various methods attempted to prevent the aggregation issue, introducing
macrocycles into the COF system can be considered an ideal solution [42].

Porphyrin is a typical planar and rigid macrocycle featuring low rotational freedom,
which can produce crystalline structures to build COFs and MOFs networks [43]. The
porphyrin served as the main backbone and directly contributed to the building of the
frameworks of COFs/MOFs [44]. A few porphyrinic-based MOF membranes have been
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reported in the literature for nanofiltration and dye separation applications. For instance,
Hussain and Peng [45] synthesized Fe-TCPP MOF nanofibers and applied them as a selec-
tive layer of thin-film nanocomposite membrane for nanofiltration. The resulting membrane
featured a continuous interlayer and yielded an enhanced water flux of 3.5 times compared
to the membrane without the selective layer. Additionally, the membrane exhibited high
rejection efficiency against the dyes and demonstrated good antifouling characteristics.

From the above, it can be concluded that the presence of the porphyrin in the COF
framework can produce a free-defect interlayer in composite nanofiltration membranes
and improve their permeability and selectivity performance. However, it seems that using
a porphyrin-based COF/polymeric composite membrane in the application of dyes/salts
separation and filtration has not been reported. Therefore, a porphyrinic-based COF
nanocomposite membrane was fabricated and tested for nanofiltration and separation
of salts and dyes. COF-TCPP (Fe) was first synthesized and then deposited onto PVDF
porous membranes (0.22 um) using the vacuum-assisted interfacial polymerization method.
Various salts and dyes (i.e., NaCl, Na;SO4, MgCl,, CaCl,, MgSO,, Congo red, and acid
fuchsin) were used to evaluate the performance of the fabricated membrane. Furthermore,
the proposed membrane was produced at different concentrations of COF-TCPP (Fe) to
quantify the effect of COF loading on the membrane’s performance.

2. Materials and Methods
2.1. Materials

Flat sheets of PVDF membrane with a pore size of 0.22 ym and a thickness of 100 pm
were purchased from Tianshan Precision Filter Material Co., Ltd. (Hangzhou, China).
The moisture diffusivity of the pristine membrane used in this study was measured in a
previous study to be approximately 1.62 x 10~% m?/s [46], indicating good water perme-
ability and justifying its selection. All the other chemicals, including COF regents, dyes,
salts, and solutions, were purchased from Sigma-Aldrich (Chengdu, China) and used
without purification.

2.2. Synthesis of TMCPP (5,10,15,20-Tetrakis (4-Methoxycorbonyl Phenyl) Porphyrinate)

Methyl 4-formylbenzoate (0.1 mol, 16 g) was dissolved in 350 mL of propionic acid
and refluxed at 140 °C, and distilled pyrrole (10 mL) in 15 mL of propionic acid was added
dropwise over 30 min. The mixture was stirred and refluxed together for approximately
1 h. After that, the mixture solution was cooled to room temperature and filtered under
vacuum and washed with MeOH. Purple crystals of TMCPP were collected and dried [47].

2.3. Synthesis of TMCPP (5,10,15,20-Tetrakis (4-Methoxycorbonyl Phenyl) Porphyrinate) with
Fe (1)

TMCPP (1 g, 0.01 mol) was dissolved with 2 qu. of Iron (II) chloride tetra hydrate in
200 mL of DMF. The mixture was refluxed together at 150 °C for about 6 h under N, gas.
The reaction was then exposed to air overnight. The solution was filtered under vacuum

and washed twice with water. The yield was dried in an oven to obtain a brown powder of
TMCPP Fe(IlI) [48].

2.4. Synthesis of TCPP (Fe (III))

TMCPP(Fe) (1 g, 0.001 mol) was dissolved with 1 M of KOH in 50 mL THF and 50 mL
MeOH, and then refluxed at 66 °C for about 72 h. We added 1 M of HCI and water to the
solution. The solution was filtered under vacuum and washed twice with water. The yield
of the TCPP (Fe(IIl)) synthesis was dried overnight in an oven [48]. The synthesis steps of
the TCPP(Fe) ligand are shown in Figure 1.
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Figure 1. Synthesis steps of TCPP(Fe).

2.5. Synthesis of COF-TCPP (Fe)

TCPP(Fe) (88.6 g, 0.1 mol) was dissolved with Benzenediamine (22 g, 0.2 mol) in
40 mL of THE. The solution was added to a mixture of solvent N,N-Diisopropylethylamine
(DIPEA) as the base and N,N’-dicyclohexylcarbodiimide (DCC) as the catalyst. The mixture
was stirred on a magnetic stirrer in a Pyrex tube. The Pyrex tube was placed in an oven at
120 °C for approximately 72 h. Then, the solution was filtered under vacuum and washed
twice with EtOH. The yield was dried in an oven overnight [49,50]. Figure 2 shows the
chemical structure of COF-TCPP (Fe).

2.6. Membrane Pre-Treatment

Firstly, the membrane samples were treated in the chamber of the plasma cleaner (O;)
at a temperature of 25 °C for 10 min. The membrane samples were then treated using
APTES. The samples were soaked in an APTES-toluene solution of 2% (v/v) for 1 day under
Ny. Later, the samples were washed three times with acetone/ethanol and dried.

2.7. Preparing COF-TCPP (Fe)@ PVDF Membrane

The vacuum-assisted interfacial polymerization method was used in this study to
fabricate the modified membrane, which can be considered a scalable method [51]. It can
produce a composite membrane within a large area based on the inner diameter of the
vacuum cell. Furthermore, the method does not require a heating device, thereby it can
be used in laboratories to fabricate large-scale membranes. The preparation of COF-TCPP
(Fe)@ PVDF membranes is described in Figure 3. Firstly, the PVDF membrane is treated as
explained above. After treating the surface of the membrane and enhancing the interaction
between the COF-TCPP(Fe) and PVDF membrane, the stable suspension of COE-TCPP (Fe)
was prepared by dispersing the powder in DI water under ultrasonication for 2 h. After
that, the mixture was filtered on the treated PVDF membrane under a vacuum pressure of
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80 kPa. The filtration mixture was prepared at various COF concentrations, including 4, 8,
12, and 16 mg mL !, and the corresponding resultant membranes were represented as M1,
M2, M3, and M4, respectively, while M0 represented the pristine PVDF membrane. In this
study, the inner diameter of the dead-end cell was 5 cm; thereby, the area of COF-TCPP (Fe)
was 19.6 cm?. Figure 4 shows the digital photos of the resultant membranes. The photos
demonstrated a uniform distribution of COF-TCPP (Fe) particles on the surface of the
substrate without any defects or cracks. The presence of the NH, group on the surface of
the treated substrate assisted the COF particles in creating chemical bonds with the surface
and attaching firmly to the substrate.

HOOC COOH

O
/ + 2HNONH2

\ p-Phenylenediamine
HOOC COOH
TCPP (Fe) DCC, DIPEA
THF/ 72 h

COF-TCPP (Fe) ©

Figure 2. Chemical structure of COF-TCPP (Fe).
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Figure 3. Schematic representation of COF-TCPP (Fe)@ PVDF membrane preparation.
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Figure 4. The resultant COF-TCPP (Fe)@ PVDF membranes at different COF concentrations.

2.8. COFs and Membranes Characterization

The surface function of the membranes (hydrophobicity /hydrophilicity) was exam-
ined through the water contact angle (WCA) by using a goniometer (£3°). The membrane
surface charge was quantified by measuring the Zeta potential using a SurPASS electroki-
netic analyzer (Anton Paar compony, Graz, Austria). Potassium chloride (KCl) with a
concentration of 0.01 M was used as an electrolyte solution. The morphology of the pristine
and modified membranes was revealed using scanning electron microscopy (FE-SEM,
JEOL-JSM 6490 AF, JEOL Ltd.—Japan Electron Optics Laboratory, Tokyo, Japan) at an
accelerating voltage of 15 kV. The X-ray diffraction patterns (XRD) of the COF, pristine,
and modified membranes were examined using a GBC-MMA X-ray diffractometer (GBC
Scientific Equipment Pty Ltd, Victoria, Australia) with a diffraction angle (26) ranging
from 5 to 40°. TGA-DSC was conducted using NETZSCH STA 449F Jupiter simultaneous
analyzer (NETZSCH-Gerdtebau GmbH, Selb, Germany), which was connected to a multi-
channel temperature controller (TR004). The samples were heated from 25 to 500 °C with a
heating rate of 10 °C/min under a N /O, atmosphere, with a flow rate of 20 cm3/min. The
thickness of the deposited layers of COF was measured using a Veeco dektak 150 Stylus
profilometer (Veeco Instruments Inc, Plainview, New York, NY, USA). The thickness of
each sample was recorded at four positions and then averaged. The Fourier transform
infrared spectra (FTIR) test was conducted using a Nicolet iS5 instrument (Thermo Fisher
Scientific, Waltham, MA, USA). The samples were scanned in the range of 4000 to 600 cm L,
The gas adsorption test was performed for the COF-TCPP (Fe) powder using the Quan-
tachrome Autosorb MP device (Quantachrome Instruments Inc., Boynton Beach, FL, USA).
We implemented 99.99% pure N in the tests. The surface area was then calculated based
on Brunauer-Emmett-Teller (BET). A Shimadzu EZ-S universal test device (Shimadzu
Corporation, Kyoto, Japan) was used to perform tensile tests for the examined membranes
to estimate the mechanical properties.

2.9. Nanofiltration Experiments

The water permeability and the rejection efficiency of the pristine and modified
membranes were determined using a dead-end filtration cell with a diameter of 5 cm. To
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reach the steady state, each membrane was first pre-pressed at 6 bar for 30 min and then
tested at room temperature and a pressure of 5 bar with magnetic stirring. The pure water
flux (PWF) was calculated from the following Equation (1) [8]
A%
PWF = — 1
StP M
where V is the volume of permeate in L, S is the area of the membrane (19.625 cm?), tis the
time of the test in h, and P is the trans-membrane pressure in bar.
The rejection efficiency (R) of the salts and dyes was calculated from Equation (2) [8]

CP
R=1[1-="] x100% (2)
Ct
where C, (mg/L) and C¢ (mg/L) are the salt/dye concentration at the permeate and feed
solution, respectively.

The salt concentration in the permeate/feed solution was determined from the electri-
cal conductivity, while the dye concentration in the permeate, feed, and retentate solutions
was measured using the maximum absorption wavelength of the UV absorbance graph.

3. Results and Discussion
3.1. Membrane Characterization

The membrane surface morphology was investigated using SEM, and the results are
presented in Figure 5. The pristine membrane consisted of enormous fibers with micron-
sized pores (Figure 5a). The images of M2, M3, and M4 are presented in Figure 5b—d,
respectively. It can be observed that there is a uniform deposition of the COF particles on
the surface and within the pores of the membrane. The images also show that the surfaces
of M2 and M3 were approximately covered with COF particles. However, it was fully
covered for the case of M4 due to the increase in the COF concentration. In addition to
the SEM micrographs, the thickness of the COF-deposited layers of M2, M3, and M4 was
measured and is presented in Figure 6. The measurement was conducted at four random
positions on each membrane. It is evident that with an increase in the COF loading, the
thickness of the deposited layer also increases. The average thicknesses of M2, M3, and M4
were 0.324, 0.536, and 0.764 pum, respectively.

Figure 7a shows the XRD patterns of the COF-TCPP (Fe) powder, pristine membrane,
and the modified membrane. It can be seen that the COF powder exhibits diffraction
peaks at 3.5° (strong) and 7.2° (weak) [49]. To explore the structure of COF-TCPP (Fe)
and estimate the unit cell parameters, a structural model was built using VESTA software
version 3.5.8 (Figure 7b). The distinct wavelength (A) of Cu Ko radiation was taken as
0.15406 nm [52]. A quasicrystal unit cell with a Lattice parameter of a = 27.5879 A was
proposed, which offered good agreement between the experimental and simulation PXRD
patterns of the COE-TCPP (Fe). The presence of hydrogen bonds can efficiently prevent
the movement of the molecular chains during the formation of COF and thus mitigate the
formation defects and improve the crystallinity [53]. The groups of N-H and O=C in the
structure of COF-TCPP (Fe) can bond together to create hydrogen bonds. The presence of
the intramolecular hydrogen bond (N-H---O=C) enhances the structural rigidity of COF
and subsequently improves the crystallinity.

The pattern of the pristine membrane shows diffraction peaks at 18.6°, 20.7°, 26.5°,
and 36.7°, which agree well with the pattern reported in Ref. [14]. The XRD pattern of
the modified membrane shows the clear peaks of COE-TCPP (Fe), indicating a successful
deposition of the COF particles on the surface of the membrane.
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Figure 5. SEM images of surface morphology for (a) MO0, (b) M2, (c) M3, and (d) M4.
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Figure 6. The thickness of the COF deposited layer of M2, M3, and M4.

To confirm the formation of an amide bond between Benzenediamine and COF-TCPP
(Fe), an FT-IR test was conducted. As presented in Figure 8, the FT-IR spectrum of TCPP
(Fe) exhibited a peak at 800 and 1070 cm ! for the porphyrin structure, which includes
the CH bond of the benzene and pyrrole rings, and a peak at 3200 cm ™! of N-H. The
vibration absorption peak of the C=N bond appears at 1626 and 1017 cm ! for the Fe-N
bond [54]. The vibration absorption peaks of the benzene ring appear at 3250, 1725, and
1255 cm ™1, corresponding to the -OH, C=0, and C-O stretching vibrations in the carboxyl
groups, respectively [55,56]. The FI-IR spectrum of COF-TCPP(Fe) indicates the vanishing
of the vibration absorption peak of -OH and C-O of carboxyl groups. They appear at about
1740 and 1577 cm ™!, attributed to the C=O and NH, of the O=C-NH, and at 3345 cm ™!,
attributed to the NH of Benzenediamine [57].
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Figure 7. (a) XRD patterns of the COE-TCPP (Fe) powder (EXP.), COF-TCPP (Fe) (Sim.), pristine
membrane, and the modified membrane; (b) space-filling model of COF-TCPP (Fe).
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Figure 8. FT-IR spectra of TCPP (Fe) and COF-TCOO (Fe).

The TGA was measured for COF-TCPP(Fe), and the result is illustrated in Figure 9. It
can be seen that the sample lost 1.8% of its weight when the temperature increased from
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70 °C to 180 °C. This might be due to the loss of the moisture, H,O, and solvents. The TGA
results of COF-TCPP (Fe) also showed that the sample was stable at 200 °C [57].

30
s | {1 100
1.8% | 99
20 |
? 41 98 .
o
<15 | | g &
= £
€ .20
o0t 19 g
b =
o {1 95
5 -
1 94
or 1 93
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 92
0 100 200 300 400 500

Temperature (°C)

Figure 9. TGA-DSC curves of COF-TCPP (Fe) at a heating rate of 10 °C/min and N, /O, with a flow
rate of 20 cm? /min.

Figure 10 shows N, adsorption—desorption isotherms and the pore diameter distribu-
tion of COE-TCPP (Fe). The adsorption—desorption graphs showed a pattern that agreed
well with type-I isotherms, as N; uptake increased steeply under low relative pressures,
indicating the microporous structure of COE-TCPP (Fe). A small hysteresis loop was asso-
ciated with the sharp increase in N, uptake at higher relative pressures (P/Pg > 0.9), which
can be attributed to the presence of a minor fraction of mesopores. The pore distribution
supports this finding, as the curve exhibited a narrow and intense peak at approximately
2 nm. After that, the curve gradually extended to the mesoporous region (>2 nm). This
behavior indicated a predominantly uniform microporous-small mesoporous framework,
with limited mesopores likely responsible for the hysteresis at the higher relative pres-
sures. The behavior was similar to ones reported in previous studies for porphyrin-based
COF [58,59]. The specific surface area (Sppr) and the average pore diameter were estimated
as 860.53 m?g~! and 1.86 nm, respectively.
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>
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Figure 10. Adsorption-desorption and pore size distribution of COF-TCPP (Fe) at N, purity of 99.99%
and temperature of 77 K.
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3.2. Membrane Surface and Mechanical Properties

The surface hydrophilicity and charge of the investigated membranes were examined
using static water contact angles and zeta potentials, respectively. Figure 11 shows the
water contact angle (WCA) and zeta potential of the various membranes. The pristine
PVDF membrane exhibited low hydrophilicity, with a WCA of 74.3° £ 5.4°. The deposition
of COF-TCPP (Fe) on the membrane surface improved its hydrophilicity, as the WCA of
M1 was lower than that of M0 by about 14°. However, the further increase in the loading
of COF-TCPP (Fe) had almost no effect on the membrane hydrophilicity, as the WCA of
M2, M3, and M4 was approximately the same.

1:2 Water contact angle 80

80 B Zeta potential 1 -70
igo 70 :50 E
s 60 7/ .:_g
g ” % 40 S
£ 30 / 7 g
g % -20

iz % -10

Figure 11. The water contact angle and Zeta potential of the tested membranes.

Surface charge can significantly affect the filtration and dye/salt separation perfor-
mance of membranes [8]. The charge of the membrane surface was evaluated by measuring
the zeta potential of the investigated membranes at pH 7 and a temperature of 25 °C. The
results are also presented in Figure 11. The pristine PVDF membrane had a negative zeta
potential of —38.7 £ 2.6 mV, which is attributed to the existence of PVDEF polar molecules’
inherent dipolar polarization effect on the base polymer [60]. The value of the zeta po-
tential of the modified membranes decreased steadily with the increase in the loading of
COF-TCPP (Fe) until reaching —12 £ 1.4 mV for M4. This might be due to the deposited
layer of COF that covered the surface of negatively charged PVDE.

The mechanical properties of the examined membranes were evaluated using stress—
strain graphs. Figure 12 shows the stress—strain curves of the pristine PVDF and COF-
TCPP (Fe)@ PVDF(M3) membranes. It can be seen that the tensile strength of the pristine
membrane was increased from 1.68 x 107 to 1.77 x 107 Pa by depositing the COF-TCPP
(Fe) particles, as the thickness increased after the deposition. The elastic modulus improved
marginally from 4.83 x 108 Pa for the pristine membrane to 4.98 x 108 Pa for the COF-based
membrane. The break elongation was 10.75% and 10.12% for the pristine and COF-based
membranes, respectively.

3.3. Performance of COF-TCPP (Fe) @ PVDF Membrane
3.3.1. Permeability /Selectivity Performance

The perm-selectivity performance of the pristine PVDF and the modified membranes
was evaluated through a nanofiltration test. Figure 13 shows the pure water flux (PWF) and
NaCl/Congo red rejection efficiency for the various investigated membranes. The pristine
PVDF membrane yielded a PWF of 133.6 L m~2 h™! bar~! and a Congo red rejection
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efficiency of 73.3%, with a negligible NaCl rejection efficiency of 2.4%. The PWF decreased
gradually from 92.2 to 64.1 L m~2 h~! bar~!, while the rejection efficiencies of Congo red
and NaCl increased steadily from 94.8 to 99.6% and from 7.8 to 19.4%, respectively, as
the loading of COF-TCPP (Fe) increased from 4 to 16 mg mL~!. Although the water flux
was still able to penetrate through the COF layer, the increase in the thickness of the COF
layer would cause more penetration resistance, consequently decreasing the water flux and
increasing the rejection efficiency. The thickness of the deposited layer was proportional to
the concentration of the COF-TCPP (Fe) during the vacuum filtration process, as evident
in Figure 6. Considering the trade-off between permeability and selectivity, a loading
concentration of 12 mg mL~! (M3) was chosen for further examination.

20

18 | e PVDF
——— COF-TCPP (Fe)@ PVDF

16
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Figure 12. Stress—strain curves of the pristine PVDF and COF-TCPP (Fe)@ PVDF (M3) membranes.
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Figure 13. The water flux and Congo red /NaCl rejection efficiency of the various membranes tested.

3.3.2. Single Salt/Dye Separation

The sieving performance of the chosen membrane (M3) toward several salts and
organic dyes was examined, and the results are illustrated in Figure 14. It can be seen that
the membrane yielded salt rejection efficiencies of 29.9% (NaySQOy), 15.4% (NaCl), 7.8%
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(MgClp), 9.3% (MgSOy), and 6.1% (CaCly). Those results were 4, 6.3, 4.4, 2.9, and 2.4 times,
respectively, higher than the corresponding values of the pristine membrane. However, the
rejection efficiencies of M3 were relatively low due to the electrostatic attraction between
the positively charged salts and the negatively charged membrane (Donnan effect) [8]. The
rejection performance of bivalent salts (MgCly, MgSQOy, and CaCl,) was lower than that of
the monovalent salts (Na,SO,4 and NaCl) as the attraction force formed between bivalent
ions (Mg* and Ca™) was higher than that of the monovalent ion (Na*) [61,62].

160 R o
:_;140 i @EM3 @®EMO eM3  XMO \—>f :Z
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< |\ PR g o i g i | w0 2
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Figure 14. Membrane flux and rejection efficiency of M0 and M3 against various dyes and salts.

Two negatively charged dyes, Congo red (Mw: 696.66 Da, dimension ~ 2.56 nm x 0.73 nm)
and acid fuchsin (Mw: 585.54 Da, dimension &~ 1.17 nm x 1.13 nm), were used to evaluate
the dye rejection performance of the modified membrane (M3). The dyes were dissolved
in water at a concentration of 50 ppm and used as a feed solution in the filtration test. It
is evident from the color change in Figure 15 that the membrane offered high rejection
efficiency against the dyes.
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Figure 15. Cont.
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Figure 15. UV-vis absorption spectra of dye molecules of (a) Congo red at a feed concentration
of 50 ppm and A of 200-800 nm, and (b) acid fuchsin at a feed concentration of 50 ppm and A of
200-800 nm.

Figure 14 also shows that the tested membrane exhibited rejection efficiencies of
99.5% (Congo red) and 95.8% (acid fuchsin). Achieving such high values of dye rejection
can be explained in the context of the Donnan effect and the size-sieving mechanism, as
both the membrane surface and the dyes have the same charge (negative), resulting in an
electrostatic repulsive force between them. However, the Donnan effect did not significantly
impact the rejection mechanism, as the rejection efficiencies of Congo red and acid fuchsin
were 73.3% and 62.8%, respectively, for the negatively charged pristine PVDF membrane
(Figure 11). On the other hand, the size-sieving played an essential role in the dye rejection
efficiency. As explained earlier, the COF-deposited particles on the walls of the membrane
pores tend to partially block the pore, making the transport mechanism mainly dependent
on the molecular size of the dye. The dye rejection of the Congo red was higher than that
of the acid fuchsin, as the Congo red has a molecular dimension higher than that of the
acid fuchsin. It is worth mentioning that a negligible portion of dyes was absorbed by the
membrane as evaluated through the mass conservation of the dyes on the three solutions
(i.e., feed, permeate, and retentate).

3.3.3. Salt/Dye Mixture Separation

Dyeing wastewater usually contains a considerable amount of salt. Thus, it is essential
to investigate the influence of salt on the separation performance of dye/salt mixtures.
A mixture of various NaCl concentrations (0.5-2.5 g/L) with a constant concentration of
Congo red (0.1 g/L) was used as the feed solution in filtration. Figure 16 shows the effect of
NaCl concentration on the membrane flux and rejection efficiency of the NaCl/Congo red
mixture of M3. Generally, the membrane flux decreases with an increase in NaCl concentra-
tion. For instance, the membrane flux dropped from 68.1 to 59.7 L m 2 h~! bar ! when the
NaCl concentration increased from 0.5 to 2.5 g/L. This can be attributed to the increase in
the concentration polarization of the NaCl ions on the surface of the membrane [63]. The
Congo red rejection efficiency exhibited decreasing behavior with the salt concentration
due to the presence of NaCl ions, which facilitated a more uniform dispersion of Congo
red molecules in the feed solution. Consequently, the Congo red molecules of the dye/salt
mixture can easily transport through the membrane [8]. On the other hand, the rejection
efficiency of NaCl declined as the concentration of NaCl in the feed solution intensified.
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This is due to the increase in the concentration gradient of NaCl near the membrane surface,
which increases the amount of salt transported through the membrane [64].

100 120
—ah- = NaCl - & - Congo red
o 90 L
- F---9-_ 4 100
© - === -E- -
2 * - L 3 >
—._": 80 Q
o 18
- (%)
E 7 &
; r 41 60 c
= 60 .g
o
% 4 40 &
5 50 &
5 . 4 20
S 40 =~ ) .
30 1 1 1 1 1 0
0 0.5 1 1.5 2 2.5 3

NaCl concentration (g/L)

Figure 16. The effect of NaCl concentration on the membrane flux and NaCl/Congo red rejection
efficiencies of M3.

The cyclic test was conducted to evaluate the performance of the membrane after
regeneration by washing the used membrane with DI water and reusing it in the filtration
test. Figure 17 shows the membrane flux and the rejection efficiency of the optimum
membrane against Congo red and acid fuchsin dyes. It can be observed for both dyes that
the membrane flux decreased as the regeneration cycles increased. This might be due to
the penetration of the dye’s molecules into the passing paths, leading them being blocked
partially and causing more penetration resistance. It seems that washing with water was
not enough to clear the passing paths from the penetrated molecules. For instance, the
membrane flux in the Congo red experiments was 68.34 L m~2 h~! bar~! for the first cycle
and then deteriorated to 56.92 L m~2 h~! bar~! for the fifth cycle. On the other hand,
the rejection efficiency of the membrane against the dyes was also influenced negatively
by the washing process. However, the rejection efficiency of Congo red after five cycles
(decreasing from 99.48% to 97.68%) showed a smaller decline compared to that of acid
fuchsin (from 95.82% to 86.38%). This difference can be attributed to the molecular size, as
Congo red molecules are larger than those of acid fuchsin.
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Figure 17. The regeneration test of M3 for the membrane flux and dye rejection efficiency of Congo
red and acid fuchsin.
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To evaluate the stability of COF-TCPP (Fe) membranes, the membranes were main-
tained in DI water, and their appearance was assessed after a certain period. Figure 18
shows the COF-based membranes after being soaked for about 36 days. It can be observed
that all the membranes demonstrated good apparent stability. There were no damages or
detachment noticed, which can be attributed to the crosslinking between the NH; on the

surface of the substrate and the oxygen group of COF-TCPP (Fe) [8].
\ \ //,
//«
@ ./
/ . /
M = 3 M4 —

Figure 18. Digital photos of the apparent stability of COF-TCPP (Fe) membranes after 36 days in
aqueous solution.

S\ \ 7

To highlight the performance enhancement of the proposed COF-based membrane,
the results of the dye separation of the present membrane were compared to other results
of reported COF-based membranes. The comparison is detailed in Table 1. In general,
membranes with high Congo red rejection efficiency (over 99%) mainly offered low water
flux, of about 50 L m~2 h~! bar~!. The present COF-based membrane under optimized
loading concentration possessed a membrane flux of 68.4 L m~2 h~! bar~!, while the
rejection efficiency was kept high at 99.5%.

Table 1. The comparison of membrane dye separation for the present membrane (M3) with other
composite nanofiltration membranes.

Rejection Membrane Flux

COF Substrate Dye Efficiency (L m—2h-1bar-1) Reference
LzU1 Al O3 Methyl blue 99.2 76 [30]
TpPa PSF Congo red 99.5 50 [65]
TpBd PSF Congo red 99.5 33.6 [66]
TpTGCL PAN Methylene blue 99 24 [24]
COF-300 Al O3 Chrome black T 97.4 79 [67]
TBDH Nylon Congo red 99 4394 [32]
Hz-TFPTZ PSF/PVP Basic blue 41 92 94.7 [33]
TpEB PAN Congo red 99 32.3 [68]
MPD-TEB Nylon Congo red 98.6 94.4 [69]
Tp-TAPA PAN Congo red 99 68.1 [70]
Tp-TTA mPSF Chrome black T 98.1 36.5 [25]
ZIF-8 PA Congo red 99.98 2.26 [71]
PVA PSSNa-PSf Congo red 99.68 7.7 [72]
TA GOQDs-PAN Congo red 99.8 11.7 [73]
Fe(III)-phos-(PEI) HPAN Acid fuchsin 98.99 5.7 [74]
LDHs PEI-M Acid fuchsin 97.5 19.86 [75]
PEI PAA Acid fuchsin 99 2 [76]
GO/NH;-Fe304-8 PVDF Congo red 94 78 [8]
GO/COF-1 PAN Congo red 99.62 31.09 [62]
GO PAN Congo red 98.54 6.73 [62]
DA/PEG-MXene PVDF Methylene Blue 94.11 70.235 [77]

COF-TCPP (Fe) PVDF Congo red 99.5 68.4 Present study
COE-TCPP (Fe) PVDF Acid fuchsin 95.8 64.8 Present study

4. Conclusions

In this study, a composite COF/polymeric membrane was fabricated using the
vacuum-assisted interfacial polymerization method. The particles of COF-TCPP (Fe)
(porphyrinic-based COF) were deposited on a PVDF substrate. Various COF loading
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concentrations were implemented during the fabrication to produce membranes with
different thicknesses of the selective layer. COF and membranes were characterized using
different methods to ensure the synthesis of the desired chemicals. The filtration and
separation performance of the pristine and modified membranes was evaluated using
a dead-end filtration cell. Various salts and dyes were dissolved and implemented as
the feed solution of the cell. The results revealed that the COF loading concentration in
the synthesis solution plays an essential role in the perm/selectivity performance of the
modified membranes. The optimum concentration was 12 mg mL~!. The salt rejection
efficiency of the optimal modified membrane was higher by 4, 6.3, 4.4, 2.9, and 2.4 times
against NapSOy4, NaCl, MgCly, MgSOy, and CaCl,, respectively, compared to the corre-
sponding values of the pristine membrane. The Congo red and acid fuchsin rejection
efficiencies of the optimal modified membrane were higher by 35.7% and 52.6% compared
to the pristine membrane. The modified membrane also demonstrated effective salt/dye
separation performance. The appreciable membrane flux and improved rejection efficiency,
combined with the simplicity of fabrication, can make the modified membrane a promising
candidate for various applications, such as water purification and wastewater treatment.
However, further investigations are recommended to optimize the performance of the
proposed membrane by using different substrate membranes and/or various properties
of the membrane and manipulating the porous properties of the COF, such as the specific
surface area and pore size.
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