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Here we present the preparation of a novel positively charged covalent organic polymer (COP) based nano
filtration membrane. The porous COP selective layer grows on top of a polybenzimidazole (PBI) support from
coupling reaction of 1,3,5-tris(bromomethyl)benzene and 4,4′ − dipyridyl in alkaline conditions. Chemical and
morphological analyses confirm the formation of a thin layer of COP (less than 50 nm), which is also evidenced
by its high water permeance and salt retentions. Moreover, it is shown that COP membranes can form hydrogen
bonds with HNO3, leading to a tighter membrane pore size that increases the NaCl retention from 46% to 75%
without significantly losing its permeance. Further, the composite membranes demonstrated exceptional solvent
and pH stabilities. The COP membranes showed a molecular weight cut off between 400 and 1000 g mol− 1
together with pure solvent permeances of 0.91, 2.4, 3.3, 7.1 and 9.5 Lm− 2h− 1bar− 1 toward dimethylformamide
(DMF), ethanol, acetone, methanol an acetonitrile, respectively. The remarkable performance together with the
stability in harsh environments make the newly developed COP membranes an attractive candidate for extreme
nanofiltration.

1. Introduction
While water is a vital resource for human survival, the number of
people facing severe water scarcity is projected to reach 3.9 billion by
2030 [1]. Besides water scarcity, substantial environmental contami
nation from water pollutants is becoming a major global concern.
Membrane separation provides a number of benefits over classic sepa
ration methods, including low energy inputs, excellent efficiency, low
operational and capital costs, and scalability. Hence, membrane tech
nology has been emerging in response to the aforementioned issues
[2,3]. Nanofiltration is a pressure-driven membrane process that has a
high retention capacity for compounds with a molecular weight over
200 g mol− 1 [4]. Therefore, it is an excellent choice for water softening
and purification, pretreatment in desalination process, and decoloriza
tion of industrial wastewater [5,6]. Positively charged nanofiltration
membranes, in particular, can be used for removing multivalent cations
(e.g., magnesium, calcium, lead and chromium ions) from wastewater or
drinking water due to their high rejections toward these compounds
[7–9].
Nanofiltration membranes have been developed using a variety of
techniques, including interfacial polymerization (IP) [10,11], surface

coating [12–14], layer by layer (LBL) fabrication [4,15], and phase
separation [4]. However, most commercially available nanofiltration
membranes are based on thin film composite (TFC) manufactured
through an IP reaction, where the selective layer, often polyamide (PA)
is produced on top of a porous support at the interface between an
aqueous and organic solution, containing piperazine and trimesoyl
chloride, respectively [16–19]. Efforts to balance the water permeance
and the salt retention of the IP made membranes include, incorporation
of nanomaterials [10], utilization of co-monomers in the aqueous solu
tion [20], surface modification [21,22] and search for new support
membranes [23–25]. In this context, development of new materials as
the selective layer for specialized applications is of great scientific and
industrial importance.
In response, porous materials, including covalent organic frame
works (COFs) [26–31] and metal organic frameworks (MOFs) [31–37]
are rapidly emerging in membrane fabrication. The production of COF
selective layer through IP method has been recently developed and
studied for nanofiltration applications [34,38]. COFs are typically made
using a reversible high-temperature reaction that forms a stable struc
ture at room temperature [30,39]. While crystallinity is a key feature of
COF, making it an attractive membrane material, it is difficult to obtain
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Fig. 1. a) schematic procedure of COP membrane preparation and b) chemical structure of the composite membrane.

an ultrathin and defect free selective layer made entirely from COF [40].
Therefore, alternative approaches have been developed to utilize the
exciting feathers of COFs in membrane preparation. Wang et al. [27]
incorporated SNW-1 COF particles in the aqueous solution during IP
reaction and reported a 92.5% increase in water permeance while salt
rejection remained unchanged as compared to pristine PA membrane.
Yang et al. [41], used COF TpHZ nanosheets as fillers in poly
ethersulfone matrix to prepare so called mixed matrix membranes for
pervaporation applications and reported improvement in both water
permeability and selectivity.
Covalent organic polymers (COPs) are similar to COFs, associated
with highly crosslinked porous structure, functionality and excellent size
sieving characteristics with the difference of having an amorphous to
semi-crystalline nature, making it easier to produce them as selective
layers of the composite membranes [42]. Because of their stability and
simple fabrication procedures, COPs have attracted widespread atten
tion in many areas such as storage [43], separation [44] and catalysis
[45]. Moreover, thanks to the extended covalent bonds, COPs are
insoluble in organic solvents, making them promising membrane
materials.
In this study, we report in-situ synthesis of a positively charged COP
selective layer on top of polybenzimidazole supports from a coupling
reaction of 1,3,5-tris(bromomethyl)benzene and 4,4′ − dipyridyl. The
incorporation of 4,4′ − dipyridyl into the COP structure provides the
polymer backbone with a high cationic charge, thus providing the
membrane with a high retention toward positively charged pollutants. A
series of characterizations including Fourier-transform infrared spec
troscopy (FTIR), field emission scanning electron microscopy (FESEM)
and thermogravimetric analysis (TGA) are used to study the synthesized
composite membranes. The stability and separation performance of the
membranes are put to test in different organic solvents as well as
aqueous solutions at extreme pH.

reagent, ≥99%, anhydrous, Sigma-Aldrich), sodium sulfate (Na2SO4,
anhydrous, Sigma-Aldrich), magnesium sulfate heptahydrate
(MgSO4.7H2O, Merck) and magnesium chloride hexahydrate
(MgCl2.6H2O, VWR Chemicals) were used to determine the salt reten
tion capacity of the membranes. Sodium hydroxide (NaOH, ≥98%
Sigma-Aldrich) and nitric acid (HNO3, 1 mol L-1, Merck) were used to
adjust the pH of the synthesis as well as the filtration solutions. The
solvents including methanol, ethanol, isopropanol (IPA), acetone,
dimethylacetamide (DMAc), dimethylformamide (DMF) and acetoni
trile were obtained from Sigma-Aldrich and used as received.
2.2. PBI support preparation
The concentration of PBI dope was reduced to 16 wt% by adding
DMAc and mixed for 24 h to achieve a homogenous solution. The so
lution was then left overnight for removing the air bubbles. After that, a
250 µm gap casting knife was used to spread the solution on the poly
propylene nonwoven attached to the top of a glass plate, and it was then
immersed in a water bath. Upon solidification, membranes were trans
ferred to a fresh water container and kept overnight to ensure complete
removal of any residual solvent. Next, the PBI membranes were cut into
35 mm round pieces and soaked in fresh IPA. The soaking procedure was
repeated three times to completely replace the water in the membranes.
For crosslinking, the PBI membranes were soaked in a mixture of 2 wt%
DBX in acetonitrile at 80 ◦ C for 2 h with steady mixing and reflux. The
crosslinked membranes were taken from the solution and rinsed with
IPA to remove any remaining DBX before being stored in IPA for future
characterization and use.
2.3. COP membrane preparation
The selective COP layer was prepared on PBI support by a coupling
reaction of tBrMeB and 4,4′ − dipyridyl in alkaline condition. The
experimental procedure is schematically illustrated in Fig. 1. In a 500 ml
flask, 20 ml of anhydrous DMF and 0.2 g 4,4′ − dipyridyl was added
followed by adding a piece of crosslinked PBI support and heating to 100
⁰C. Then 0.3 gr of tBrMeB dissolved in 20 ml anhydrous DMF was
gradually added and kept at 100 ⁰C for 2 h, after that 40 ml of a 0.1 M
NaOH was added and kept stirring for 30 min. Next, the membrane was
withdrawn from the solution and washed thoroughly and stored in
deionized water for further use and characterizations.

2. Experimental
2.1. Materials
A polybenzimidazole (PBI, Celazoles S26, MW = 27000 g/mol) dope
solution with 26 wt% PBI, was acquired from PBI Performance Products
Inc. (USA). Nonwoven fabrics (polypropylene, Novatexx 2471) were
obtained from Freudenberg Group. α,α′ -dibromo-p-xylene (DBX, 97%)
was acquired from Sigma-Aldrich for PBI crosslinking. 1,3,5-tris(bromo
methyl)benzene (tBrMeB, 97%, Sigma-Aldrich) and 4,4′ − dipyridyl
(98%, Sigma-Aldrich) were utilized as monomers for COP synthesis.
Polyethylene glycol (PEG, Mw = 200 g mol− 1 Fluka, 400, 600 g mol− 1
Sigma-Aldrich and 1000 and 1500 g mol− 1 Merck) were employed as
inert solutes for determining the molecular weight cut off (MWCO) and
the pore size distribution of the membranes. Sodium chloride (NaCl, ACS

2.4. COP powder synthesis
COP powder was synthesized for thermogravimetric analysis in a
similar approach to COP membrane preparation. In a 500 ml flask, 20 ml
of anhydrous DMF and 0.2 g 4,4′ − dipyridyl was added and heated to
100 ⁰C. Then 0.3 gr of tBrMeB dissolved in 20 ml anhydrous DMF was
2

A. Asadi Tashvigh and N.E. Benes

Separation and Purification Technology 298 (2022) 121589

Fig. 2. FTIR spectra of a) tBrMeB, 4,4′ − dipyridyl and COP and b) COP membranes before and after pH treatment.

gradually added and was kept at 100 ⁰C for 2 h, after that 40 ml of a 0.1
M NaOH was added and kept stirring for 30 min. The precipitate was
thoroughly rinsed with deionized water and vacuum dried.

Agilent1200/1260 Infinity GPC/SEC series). The MWCO is defined as
the solute’s molecular weight with a rejection of>90% and was calcu
lated by plotting the rejection rates of PEG standards against their mo
lecular weights.
The membrane pore size distribution curves were constructed using
the solute transport experiments. According to Eq. (3), the molecular
weight (Mw) of PEG oligomer is related to the radius of the solute (r).

2.5. Characterizations
The surface chemical structures of the synthesized membranes and
COP powder were examined using an attenuated total reflectance
Fourier transform infrared spectrometer (ATR-FTIR, PerkinElmer) in the
wavelength range of 400 to 4000 cm− 1. A field emission scanning
electron microscope (FESEM, JSM-7610F) was used to observe the cross
section and surface morphologies of the membranes. To prepare the
samples, the IPA in COP membranes was replaced with hexane (soaked
for 30 min, three times). The membranes were then let dry in the air,
freeze fractured in liquid nitrogen, and covered with a 5 nm Pt/Pd layer.
Thermal stability and weight loss of the COP powder were assessed using
thermogravimetric analysis (TGA, STA 449 F3 Jupiler, Netzsch).

r = 16.73 × 10−

The nanofiltration tests were carried out using a dead-end perme
ation cell operating at 10 bar. Eq. (1) was used to calculate the pure
solvent permeance, p (Lm− 2h− 1bar− 1).
V
AtΔp

× Mw0.557

(3)

By plotting the PEG rejections (R) against their diameter on a lognormal probability paper a liner relationship can be obtained suggest
ing a log-normal distribution of the membrane pore sizes. The nominal
mean pore size (µp) is then defined as pore diameter when R = 50%.
The distribution of pore size may be calculated using the effective
pore diameter, dp and the geometric standard deviation (σ p) which is the
ratio of the values of solute diameter at R = 84.13% and R = 50% ac
cording to Eq. (4).
]
[
(lndp − lnμp )2
dR(dp )
1
√̅̅̅̅̅ exp −
(4)
=
ddp
dp lnσ p 2π
2(lnσp )2

2.6. Aqueous and organic solvent nanofiltration tests

p=

12

2.8. pH stability
To assess the pH stability, the water permeance, MWCO and salt
retention performance of the COP membrane were initially measured
using a dead-end permeation cell operating at 10 bar. The pressure was
then removed and the mixture was drained and replaced with a 1 M
NaOH solution and the pressure was applied again for 2 h. Afterward,
the NaOH solution was drained and the nanofiltration performance was
remeasured. The procedure was repeated one more time with filtering a
1 M HNO3 solution through the membrane.

(1)

where, V is the volume of the permeate (L), A is the membrane area (m2),
t the permeation time (h), and Δp the applied pressure (bar).
The salt rejection (R, %) performance was examined by filtering
solutions consisting of 1 g L− 1 of either NaCl, MgCl2, MgSO4, or Na2SO4
through the membrane. The solution was constantly mixed during the
measurements to mitigate concentration polarization. The retention
performance was calculated using Eq. (2):

3. Result and discussion

Cp
R = (1 −
) × 100
Cf

3.1. FTIR analysis

(2)

Here, cp and cf are the salt concentrations (g L− 1) in the permeate and
feed solutions, respectively which were determined using a 3310 con
ductivity meter (WTW, Germany).

FTIR was used to provide qualitative information about the chem
istry of the COP powder and the composite membranes. Fig. 2a com
pares the FTIR spectra of tBrMeB, 4,4′ − dipyridyl and the corresponding
COP powder, whereas Fig. 2b shows the FTIR spectra of the crosslinked
PBI and the composite membranes before and after exposure to extreme
pH. In Fig. 2a, the peaks in the range of 1600 – 1640 cm− 1 and
1100–1180 cm− 1 may be attributed to the ring vibration of pyridinium
salt and CN stretching in the COP structure that is not present in any of
the monomers, suggesting the successful formation of the COP material
[46]. In Fig. 2b the CN stretching peak at 1100 – 1180 cm− 1 is also
present in the composite membrane confirming the successful deposi
tion of a COP layer [46]. While no meaningful difference between the
pristine and alkaline exposed membranes can be observed, the

2.7. Molecular weight cut off and pore size distribution
A standard feed solution consisting of PEG oligomers with varied
molecular weights, 1 g L− 1 each, dissolved in water was used to measure
the MWCO and the pore size distribution of the COP membranes. The
advantage of using PEG molecules as homologous solutes is that the
rejection rate of different PEGs can be determined in one experiment.
The concentrations of PEG oligomers in the permeate and retentate so
lutions were determined by gel permeation chromatography (GPC,
3
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Fig. 3. FESEM images of PBI substrate and COP membrane.

membrane treated with acidic solution shows two distinct peaks be
tween 1300 and 1400 cm− 1 which could be attributed to NO−2 , in nitric
acid which is left in the polymer structure through hydrogen bonding
with COP and PBI.
3.2. Membrane morphology
The surface and the cross section morphologies of the membranes
were studied by FESEM and is presented in Fig. 3. The PBI support has a
relatively rough surface with plenty of prominent pores while after COP
layer deposition, the membrane surface becomes smother and surface
pores diminish. The large fractures in both samples are presumably
occurred during the air-drying process when preparing the samples.
Although the cross section images do not show a very distinct difference
between the PBI support and composite membrane, a COP layer of less
than 50 nm could be observed on top of the PBI support. The actual
thickness of the COP layer may be higher due to the penetration of COP
into the surface pores during synthesis.

Fig. 4. Thermal gravimetric analysis of COP powder.

3.3. Thermal stability analysis
TGA was used to examine the thermal stability of the COP powder.
The thermal degradation begins at 100% mass, as shown in Fig. 4.
Accordingly, it is clear that, up to around 120 ◦ C, COP is found to be
4
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Fig. 5. a) water permeance and b) salt rejections of the COP membranes before and after pH filtration.

Fig. 6. a) Molecular weight cut off and b) pore size distributions of the COP membranes before and after pH treatment.

Lm− 2h− 1bar− 1, that may be explained by membrane compaction and
fouling. The NaOH treatment could also facilitate the rearrangement of
the COP structure and eliminate the surface defects. On the other hand,
after acidic treatment, the permeance further drops to 10.9
Lm− 2h− 1bar− 1, which could be explained by extra crosslinking in the
COP structure caused by HNO3 doping. This phenomenon have been
previously reported where a polyprotic acid forms hydrogen bonds with
the N atoms present in the polymer backbone, reducing its pore size
[47]. This could also explain the sharp increase in salt retention, as the
membrane becomes tighter and more positively charged.
PEG molecules, with Mw of 200, 400, 600, 1000 and 1500 g mol− 1
were used to determine the MWCO and the pore size distribution of the
COP membranes. The rejection of the PEGs versus their molecular
weights is depicted in Fig. 6a. The MWCO of the pristine COP membrane
was found to be 1010 g mol− 1, while after exposure to alkaline solution,

thermally stable. Beyond that, there is a slight loss of mass until 200 ◦ C
and then loss of mass is sharp up to 350 ◦ C which could be attributed to
the solvent trapped inside the nanostructure of the COP. Furthermore, at
the decomposition temperature of 350 ◦ C, approximately 25% of the
mass is lost which may be partly attributed to the loss of quaternary
amine groups in COP.
3.4. Aqueous nanofiltration performance
Fig. 5 shows the water permeance and salt rejections of the COP
membranes before and after exposure to extreme pH. The order of salt
rejections are as follows: MgCl2 > MgSO4 ≈ NaCl > Na2SO4 in agree
ment with the positive charge of the nanofiltration membranes. The
fresh COP membrane exhibits a high permeance of 14.4 Lm− 2h− 1bar− 1,
while after alkaline exposure the permeance drops to 12.3

Fig. 7. a) The permeance of various solvents as a function of their physiochemical properties and b) 10 h performance of the COP membrane (operating pressure =
10 bar, feed = methanol, and MWCO measured at the end of the experiment).
5
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Table 1
Comparison of the nanofiltration performance between the current work and recently reported membranes.
Membrane assembly

Membrane

Solvent

Permeance (Lm− 2h− 1bar− 1)

MWCO (g mol− 1)/ solute retention

Reference

COF selective layer

TFP-DHF 2D COF

Acetonitrile
Methanol
Water
Water
Methanol
Water
Ethanol
Acetone
Water
Water
Ethanol
Water
Water
DMF
Water
Water
Water
Ethanol
Water
Water

100
40
27.99
80
9.75
3.86
1.5
194
185.7–400
0.3
69.2
76.7
5.1
16.9
2.9
12.4
19.25
7.98
15.5
10.9–14.4

MWCO 900

[29]

MWCO > 1000
MWCO 410
MWCO 992
Na2SO4 90

[55]
[56]
[42]
[57]
[58]
[36]
[37]
[31]

Ethanol
Acetonitrile
Acetone
DMF

2.4
9.5
3.3
0.9

MWCO 1100
Congo red > 95
NaCl, 50
MWCO 1300
MgCl2 12.5
NaCl 55.2
Allura Red 97.4
NaCl 98.9
NaCl 30
Na2SO4 83.5
Rhodamine B 99.4
MWCO 234, MgCl2 94.2
NaCl 46.5–75.4
MgCl2 88.9–94.7
Na2SO4 28.3–54.5
MWCO 400–1000

Tp-TTA/mPSFx COF
COF-300
CTP/PAN Support
FS-COM-1
MOF selective layer

MOF mixed matrix
COF mixed matrix
COP selective layer

M− TpTD
Ni-MOF
UiO-66(Zr)–NH2
PCN-250
ZIF-8
Cu-THQ/PA
UiO-66-NH2/PA
SNW-1/PA
SNW-1/PA
NCOF/PA
COP-PBI

it was reduced to 600 g mol− 1 which is in agreement with the water
permeance and the salt retention results. As expected, the MWCO was
further reduced to 400 g mol− 1 after filtration of HNO3 through the COP
membrane. Fig. 6b depicts the pore size distribution of the COP mem
branes before and after pH exposure. The pristine COP membrane shows
pore sizes in the range of 0.04–3 nm while after alkaline filtration, the
pore size distribution moves slightly to the lower values. Interestingly,
after acid treatment, the membrane pore size distribution further shifts
to the left and becomes narrower, proving the extra crosslinking effects
of HNO3 doping. The nominal pore diameter (µp) of the membranes can
be estimated using the diameter of the solute at a rejection 50% and is
presented in Fig. 6b. Duong et al. [48] conducted both mathematical and
experimental studies and reported that pH can have a significant influ
ence on both permeance and the selectivity of COF membranes.

[35]
[33]
[34]
[27]
[28]
[59]
This work

membranes and compares it with other COP and COF based membranes
reported in the literature. The COP membranes demonstrate a compa
rable performance to the membranes with COF/MOF selective layer,
while outperforming the mixed matrix membranes particularly in terms
of salt retention, thanks to positively charged structure.
4. Conclusions
We have designed and synthesized positively charged COP mem
branes from the commercially available and inexpensive monomers. The
selective layer has been prepared on top of a crosslinked PBI support,
making the composite membrane suitable for a wide range of applica
tions from nanofiltration at extreme pH to organic solvent nano
filtration. The porous COP membrane showed an excellent water
permeance, as well as high retention to salt solutions, owing to its highly
positively charged structure. It was shown that alkaline treatment could
rearrange the polymer structure and to a certain extent heal the surface
defects, improving its selectivity. Further, through FTIR and pore size
distribution analyses, it was shown that HNO3 could form hydrogen
bonds with the COP membrane, reducing the membrane pore size and its
MWCO by 2.5 times. The outcomes of this research show that the pro
posed COP material has a lot of promise for the production of highly
permeable and selective membranes for application in extreme separa
tions. Moreover, the strategy may be useful in developing other porous
COP membranes with varied charge and functionalities by changing the
monomers.

3.5. Organic solvent nanofiltration
Organic solvent nanofiltration (OSN) is a new technology for mo
lecular separation and purification in organic solvent context [49–51].
The main criteria for OSN membranes is high resistance in contact with
various organic solvents [52,53]. As the both PBI support and COP layer
are highly crosslinked, the composite COP membrane could be a good
candidate for OSN process. The OSN performance of the COP mem
branes was evaluated by measuring the permeance of various organic
solvents including methanol, ethanol, acetone, acetonitrile and DMF.
Fig. 7 a illustrates the correlation between the solvent permeances and
their physiochemical properties through the COP membranes, δpη-1v-1
[54] where δp represents the Hansen solubility parameter for polarity, v
is the molar volume, and η is the dynamic viscosity.
In order to illustrate the stability of the composite COP membranes,
long term tests were performed by filtrating methanol through the
membrane. Fig. 7b, depicts the evolution of methanol permeance over
10 h. it can be seen that after a relatively rapid decline in the first 2 h, the
permeance stays relatively stable and the MWCO is comparable to that
of the pristine membrane (1010 g mol− 1). Therefore, the composite COP
membranes may have reasonably stable nanofiltration performance for
long-term industrial applications.
To illustrate the separation performance of the newly developed COP
membranes, Table 1 lists the performance of the current COP
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