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A B S T R A C T

Covalent organic frameworks (COFs) are regarded as important candidates for the preparation of advanced
membranes with remarkable performances on account of their uniform and tailorable channels and good che-
mical stability. The development of COFs-based membranes is burgeoning, and there remains lacking of facile
and mild methods to prepare to these membranes. Herein, we report on the unidirectional diffusion synthesis
(UDS) of TpPa (an imine-based COFs) on commercial polyvinylidene fluoride (PVDF) microfiltration substrates
for the preparation of composite COFs-based membranes at room temperature. The p-phenylenediamine (Pa)
aqueous solution and 1,3,5-triformylphloroglucinol (Tp) n-hexane solution were separately charged into the two
sides of a diffusion cell. With the suitable solution pairs and molar ratio of two precursors, only Pa molecules can
pass through the macropores of PVDF to react with Tp molecules at the phase interface formed by this solution
pairs, leading to the in situ synthesis of TpPa layer on the top side of PVDF substrates. The membrane fabricated
with a synthesized duration of 24 h exhibits a superior selectivity for dyes (> 90%) and appreciable water
permeance (60 L·m−2·h−1·bar−1). The permeance of the resultant membrane is ∼2–20 times higher than other
reported membranes with comparable dye rejections. The UDS offers a facile and mild process to directly grow
COFs on porous polymeric substrates to construct composite membranes capable of efficient separations of dye
molecules.

1. Introduction

Covalent organic frameworks (COFs) are a new category of crys-
talline porous polymers with predesigned skeletons and two or three-
dimensional (2D or 3D) well-ordered nanopores, and constructed with
molecular building units via strong covalent bonds [1–6]. These unique
features of facilely tailored functionalities, outstanding chemical sta-
bility, permanent porosity as well as ordered and tunable pore structure
endow COFs a broad range of potential applications including optoe-
lectronics [7–10], semiconductors [11–13], gas storage and separation
[14–18], energy conversion [19–21], catalysis [22–24]. In particular,
imine-based COFs are superior to other COFs counterparts with regard
to crystallinity and chemical stability (including water, acid and base
stability) [25,26], making them greater possibility for water treatment
in harsh environment [27–30].

Recently, some significant progresses including fabrication of COFs
to form high-performance separation membranes by solid-state mixing
approach [27,28] and in situ growth [31–34], as well as enhancement of
membrane performances by introducing COFs interlayers [35] or

matrix [36–38] for gas separation and liquid purification have been
reported. In these studies, COFs usually synthesized under solvothermal
conditions which require elevated temperatures, long durations and
aggressive solvents, such as mesitylene, 1,4-dioxane, N, N-di-
methylformamide (DMF), and N, N-dimethylacetamide (DMAc) [1,39].
Clearly, it is extremely harsh for most of polymeric substrates to bear
the aggressive solvents and high temperature conditions for a long
duration in the solvothermal synthesis procedure to form COFs-based
composite structure. As a result, some solvent-resistant and tempera-
ture-resistant inorganic substrates such as anodic aluminum oxide
(AAO) [40] and tubular/disk-like alumina substrates [31,32] are
usually used for in situ growth to fabricate composite membranes de-
spite the high costs of inorganic substrates [41]. Therefore, there still
remains a tremendous challenge for the preparation of COFs-based
membranes via a facile and cost-effective approach under mild condi-
tions. Especially, there are lack of appropriate strategies of combining
COFs with polymeric substrates to construct composite structure for the
real-world application of COFs materials in membrane separation.

Therefore, room-temperature synthesis is very desirable for
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fabricating COFs-based membranes with polymeric substrates.
Progresses in synthesizing COFs thin films at room temperature are
prosperous [42,43], but most of thus-synthesized thin films are hard to
apply in membrane separation due to the problems of lateral sizes and
structural integrity. There are also some investigations have been re-
ported for room-temperature interfacial synthesis of imine-based COFs
membranes. For example, Dey et al. [29], Matsumoto et al. [44] and
Valentino et al. [45] individually employed interfacial polymerization
to fabricate free-standing COFs films, and then transferred them to
porous supports by various means to form nanofiltration membranes for
dye separation. Lai and co-workers [46] adopted the Langmuir-Blodgett
(LB) method to prepare ultrathin COFs films, which were then trans-
ferred onto porous support to form multilayered composite membranes
for organic solvent nanofiltration (NF). However, aside from the issue
of using aggressive solvents, the transfer process in these works makes
these preparation methods more tedious and complicated. Moreover,
there might also exist the problem of the adhesion between the COFs
layer and the substrates as well as the mechanical property of thus-
prepared composite membranes. Therefore, room temperature synth-
esis of COFs directly on polymeric substrates to form composite struc-
tures should be a practicable way to deal with the aforementioned
problems.

In our previous work, we reported interfacial polymerization of
COFs directly on porous polysulfone (PSF) ultrafiltration substrates to
prepare nanofiltration membranes within 1min [30]. We consider that
the permselectivity of the COFs-based composite membranes can be
further promoted by reducing surface pores shrinkage of ultrafiltration
substrates during the heat treatment process and improving the crys-
tallinity of COFs by the means of extending synthesized durations.
Hence, we have designed a novel procedure for unidirectional diffusion
synthesis (UDS) of COFs selective layers directly on the commercial
polyvinylidene fluoride (PVDF) microfiltration membranes. To

demonstrate the feasibility of our proposed methodology, a common 2D
imine-based COF (TpPa) is selected as a model COF material in this
work. For a typical process, the p-phenylenediamine (Pa) aqueous so-
lution and 1,3,5-triformylphloroglucinol (Tp) n-hexane solution were
simultaneously charged into the corresponding side of a diffusion cell.
During the reaction process, Pa molecules can pass through the PVDF
substrates fixed on the diffusion cell and react with Tp molecules to
produce TpPa crystallites composited with substrates. It turns out that
the TpPa/PVDF membranes fabricated by UDS method possess re-
markable performances which are superior to other reported mem-
branes with similar dye rejections.

2. Experiments

2.1. Materials

The substrates of macroporous polyvinylidene fluoride (PVDF)
membranes (diameter: 25mm, nominal pore size: 0.22 μm) were or-
dered from Millipore. 1,3,5-triformylphloroglucinol (Tp, 98 wt%) and
dyes (acid fuchsin, chrome black T, Congo red, Evans blue, methyl blue,
methyl orange and reactive blue 19) were supplied by Chengdu
Tongchuangyuan Pharmaceutical Co. Ltd. (Sichuan, China) and
Institute of Chemical Reagent (Tianjin, China), respectively. Ethanol
(99.8 wt%) and p-phenylenediamine (Pa, 97 wt%) were purchased from
Aladdin. Hydrochloric acid (HCl, 37 wt%), sodium hydroxide (NaOH,
96 wt%), n-hexane (99 wt%), p-toluene sulfonic acid monohydrate
(PTSA·H2O, 99.5 wt%), deionized water (DI water, conductivity:
8–20 μs cm−1, pH: 6.8, Wahaha Co.) were received from local suppliers.
All the materials and chemicals used in this work have not been further
purified.

Fig. 1. Schematic of preparation process of the COFs-based membranes via the UDS method. (a) Schematic illustration of diffusion cell for TpPa growth by UDS. (b)
Schematic illustration of the formation TpPa selective layer on the top sides of PVDF support via unidirectional diffusion of Pa and PTSA (catalyst) molecules through
the pores of the PVDF support to react with Tp molecules. (c) Synthesis of TpPa with a keto form through the condensation of Tp (blue) and Pa (red). (d) The
schematic illustration of intergrowth appearance of the TpPa/PVDF membranes after synthesis. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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2.2. UDS of TpPa/PVDF membranes

To prepare precursors solutions for the UDS procedure, 0.03mmol
of Tp (6.3 mg) was sufficiently dissolved in 40mL of n-hexane as well as
0.90mmol of Pa (97.4mg) and 1.80mmol of PTSA·H2O (342.4 mg)
were adequately dissolved in 40mL of water. The PVDF substrate was
firstly fixed on a diffusion cell and then 10mL of the Pa aqueous so-
lution and Tp n-hexane solution were simultaneously added into the
corresponding side of diffusion cell (Fig. 1a, Fig. S1). The apparatus was
kept at room temperature for designed synthesized durations in un-
disturbed condition. TpPa/PVDF membranes were collected by re-
moving the two side solutions of the diffusion cell with a syringe and
washed with water and ethanol.

2.3. Characterization

The X-ray diffraction (XRD) patterns of the COFs composite mem-
branes were recorded on an X-ray diffractometer (Rigaku SmartLab,
Japan) with the 2θ range of 2–40° and scanning step of 0.02°. The
chemical structure of the monomers (including Tp and Pa) as well as
PVDF substrates and TpPa/PVDF membranes surface was investigated
by a fourier transform infrared spectra (FT-IR, Nicolet 8700) with a
scanning range of 4000–600 cm−1. A field emission scanning electron
microscope (FE-SEM, Hitachi S-4800, Japan) was employed to char-
acterize the microscopical morphologies (including surface, bottom and
cross-section) of the PVDF substrates and TpPa/PVDF membranes. The
samples for SEM characterization were treated by spraying a thin pla-
tinum layer on their surface under vacuum condition to enhance their
conductivity. The PVDF substrates and TpPa/PVDF membranes surface
topographies were examined by an atomic force microscopy (AFM, XE-
100, Park Systems) at non-contact mode. The distribution of TpPa
crystallites in the composite membrane was analyzed by the cross-
sectional fluorescent images which obtained from the Leica TCS/SP2
confocal microscope. The zeta potentials of the TpPa/PVDF membranes
surface and dyes in solution were tested by the SurPASS (Anton Paar,
Austria) and Zetasizer Nano ZS ZEN3600 (Malvern, UK) electrokinetic
analyzer, respectively. The surface wettability of the resultant mem-
branes was investigated by a contact angle goniometer (Krüss DSA100,
Germany). A UV–vis absorption spectrophotometer (NanoDrop 2000c,
Thermo) was employed to measure the dye solutions concentrations
during the rejection test.

2.4. Filtration and separation tests

The pure water permeances (PWP) and dye rejections of the re-
sultant membranes with various synthesized durations were measured
at room temperature in a stirred filtration cell (Amicon 8003, Millipore)
with a testing pressure of 2 bar. In order to obtain a stable water per-
meance, there was a half hour prepressing process at 2.5 bar prior to the
PWP test. The PWP (L·m−2·h−1·bar−1) was calculated by the following
equation:

PWP = V / (S t ΔP)

Where V (L), S (m2), t (h), and ΔP (bar) are volume of the permeate,
effective filtration area, testing duration, and testing pressure, respec-
tively.

For the rejection test, dyes including acid fuchsin, chrome black T,
Congo red, Evans blue, methyl blue, methyl orange and reactive blue 19
were separately dissolved in DI water at the concentration of 50 μmol/L
and then the dye solutions were used as feed solutions to test the na-
nofiltration performance of TpPa/PVDF membranes. In order to obtain
a stabilized rejection, the initial filtrate (around 1mL) was abandoned
and the next filtrate was collected for the analysis of separation per-
formance. The concentrations of the feed (CF, μmol/L), permeate (CP,
μmol/L) and retention (CR, μmol/L) solutions were obtained from the

UV absorbance at the maximum absorption wavelength of each dye.
The detailed information of various dyes is given in Table S1. The re-
jection (R, %) was calculated by the following equation:

R = (CF− CP) / CF× 100%

2.5. Long-term stability and chemical stability tests

To evaluate the long-term performance stability of the TpPa/PVDF
membranes in the separation process, a 12 h continuous separation test
was conducted at room temperature with a trans-membrane pressure of
4 bar and the 50 μmol/L acid fuchsin aqueous solution was used as feed
solutions. The chemical stability was evaluated by testing the perfor-
mances of the membranes which were separately soaked in the strong
acid (2M HCl) and strong base (2M NaOH) aqueous solution for a week
and comparing with those of the membrane without treatment.

3. Results and discussion

The fabrication of TpPa/PVDF membranes was realized in the dif-
fusion cell by the UDS method (Fig. 1a). In order to realize the uni-
directional diffusion of one kind of monomer through the macropores of
the PVDF support (Fig. 1b), we elaborately designed the experimental
scheme from two aspects. On the one hand, immiscible water and n-
hexane were selected as the solution pairs to create a phase interface.
Here Tp can be dissolved in n-hexane with a solubility at least larger
than 0.15 wt% and Pa is highly soluble in water. However, Tp and Pa
exhibit neglectable solubility in water and hexane, respectively. The
discrepancy of solubility of the two monomers in water and n-hexane
enables the UDS of COFs across the substrate. Therefore, Tp molecules
can hardly pass through the created phase interface, and the reaction
(Fig. 1c) between the two precursors of Tp and Pa only occurs near the
n-hexane side (top side). On the other hand, the molar ratio of Pa to Tp
is 30, which is far higher than the stoichiometric proportions of 1.5.
That is to say, Pa molecules are excessive near the phase interface as
well as the condensation reaction between the two precursors will occur
promptly. As a result, Tp molecules will be consumed immediately once
the Tp molecules diffuse to the phase interface from the bulk solution.

The reaction, occurring at the phase interface, between the two
precursors of Tp and Pa is illustrated in Fig. 1c. In general, the total
reaction involves two steps. A reversible Schiff-base condensation re-
action occurring between the precursors result in the formation of un-
stable enol-imine structure in the first step, which provides a self-cor-
rection mechanism to improve the crystallinity. The irreversible
tautomerization from unstable enol-imine structure to stable β-ketoe-
namine structure in the second step enhances the chemical stability of
TpPa crystallites [47]. The highly chemically stable COFs synthesized
by the method of combining a reversible and an irreversible organic
synthetic route make it possible to apply COFs in water treatment. We
expect that the TpPa crystallites primarily grew along the pore walls on
the top side of PVDF substrates by the way of conformal growth to form
a selective layer (Fig. 1d) [30].

The synthesis of TpPa on PVDF substrates was first examined by FT-
IR (Fig. 2a). The stretching bands of the aldehyde groups (–CHO,
2892 cm−1 and –C=O, 1643 cm−1) of Tp and amino groups
(3100–3300 cm−1) of Pa appeared in the monomers and vanished en-
tirely in the TpPa/PVDF membranes, which indicates the entire con-
sumption of the monomers. The simultaneous appearance of new peaks
of –C=C (1578 cm−1) and –C–N (1248 cm−1) in the resultant mem-
branes indicates the successful formation of TpPa with a keto form on
the surface of PVDF supports [30,37,48,49]. Similar to other works
[31–33,45], the XRD characterization of COFs grown on substrates is a
tricky issue although the crystallinity of COFs powder synthesized
under the same or similar conditions of membrane fabrication is ap-
preciable. As shown in Fig. S2, XRD analysis reveals that the
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characteristic diffraction peaks of TpPa located at 4.7° (100) and 27°
(001) still appear although the strong peak intensity of the PVDF sub-
strates obscures the peaks originated from TpPa crystallites, which is in
line with other works [25,50]. In order to eliminate the effect of sub-
strates to the XRD analysis, we selected AAO substrates with nominal
pore size of 100 nm to replace PVDF substrates to fabricate TpPa/AAO
membranes for XRD characterization because the AAO substrates are
amorphous [40]. The XRD pattern of the TpPa/AAO membrane pre-
sents an appreciable crystallinity evidenced by peaks at around 4.7° and
27° (Fig. 2b), which match well with those of TpPa powders. Conse-
quently, we draw a conclusion that the desired crystalline TpPa has
been successfully generated on the PVDF substrates.

It is clear that TpPa crystallites are uniformly generated on the
membrane surface because the resultant membrane surface displays a
uniform orange color after synthesis (Fig. S3). The change of micro-
scopic morphology was then observed by SEM. The SEM top view
shows a continuous and dense TpPa layer (Fig. 2d), which is distinctly
different from the pristine PVDF substrate having a macroporous
morphology (Fig. 2c). The cross-sectional morphologies also show tre-
mendous change after synthesis comparing with the pristine PVDF
substrate (Fig. 2e). Clearly, the cross-sectional SEM image of TpPa/
PVDF membrane (Fig. 2f) reveals the intergrowth appearance between
TpPa crystallites and PVDF substrates. From the megascopic appear-
ance of the resultant membrane in Fig. S3, we can easily find that TpPa
crystallites just grow on the top side of the PVDF substrate and hardly

exist on bottom side, which is consistent with our previous experiment
design. As shown in the cross-sectional fluorescent images (Fig. 2g, Fig.
S4), there exists an intensive distribution of TpPa crystallites near the
top side of the membrane with a fluorescent layer thickness of
∼6.5 μm, which further demonstrated the single-side growth of TpPa
crystallites on the substrates.

We prepared a series of TpPa/PVDF membranes by the UDS method
at room temperature with different synthesized durations. The influ-
ence of synthesized durations for UDS on the nanofiltration membranes
performances is shown in Fig. 3 and the permselectivity of the mem-
branes presents a typical trade-off effect [51]. The PWP is progressively
declined from 86 to 16 L·m−2·h−1·bar−1 while the rejection of the re-
sultant membranes to acid fuchsin is gradually increased from 78.0% to
96.2% with extended synthesized durations. We speculate that the
change of permselectivity could be attributed to the effect of reducing
effective pore size of the membrane surface by increasingly more
crystalline TpPa grown along the substrates pore wall [30]. Although
the intrinsic permanent aperture of TpPa is able to allow water to pass
[52,53], the excess TpPa crystallites still leads to the surface of mem-
branes much denser and consequently brings increased water resistance
during filtrations, which results in decreasing PWP.

To verify the aforementioned interpretation, we systematically
characterized the TpPa/PVDF membranes prepared under different
synthesized durations by FT-IR, AFM and SEM. As shown in Fig. S5, the
intensity of TpPa characteristic peaks (including –C=C at 1578 cm−1,

Fig. 2. Structural characterization. (a) FT-IR spectra of PVDF substrate (black), precursors of Tp (blue) and Pa (red), as well as TpPa/PVDF membrane (orange) (b)
XRD patterns of simulated TpPa with an eclipsed stacking model (black) and TpPa/AAO membranes (red). (c–f) SEM images of the surface and cross-sectional
morphologies of the pristine PVDF substrates (c, e) and TpPa/PVDF membranes (d, f). (g) Fluorescent image of the cross-section of TpPa/PVDF membranes. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

R. Wang, et al. Journal of Membrane Science 586 (2019) 274–280

277



–C=C(Ar) at 1455 cm−1 and –C–N at 1248 cm−1) presents a slight but
gradual increase with prolonging synthesized durations, revealing the
increasing number of TpPa crystallites on the membrane surface
[29,46]. The AFM topography images in Fig. S6 further exhibit the
quantity change of TpPa crystallites formed on the PVDF substrates
because increasing TpPa crystallites can slightly reduce the surface
roughness (Fig. S6f). As shown in Fig. S7, no pinholes, cracks, or other
defects are observable in the magnified SEM images of the top surface
of the resultant membranes prepared after TpPa growth for various
durations. The bottom surface maintains the topography of the pristine
PVDF substrates, which well meets the expectation of single-side
growth on the substrates. Besides, there also exists an intensive dis-
tribution of TpPa crystallites near the top side of the membrane with a
thickness of 6–7 μm in all of the cross-sectional SEM images, which is
consistent with the fluorescent characterization (Fig. 2g, Fig. S4). In
addition, from the water contact angle (WCA) tests (Fig. S8), we can
find the membranes prepared under various synthesized durations are
weakly hydrophilic, implying the suitability of their application in
water treatment.

Considering the trade-off effect, we believe that the optimal syn-
thesized duration is 24 h. Thus, the TpPa/PVDF membrane prepared
under this condition was selected to evaluate its sieving performance
towards various negatively charged dyes including acid fuchsin,
chrome black T, Congo red, Evans blue, methyl blue, methyl orange and
reactive blue 19. As shown in Fig. 4, the resultant membranes with a
PWP of 60 L·m−2·h−1·bar−1 (Fig. 3) exhibit rejection values of 82.8%
(methyl orange), 84.7% (chrome black T), 90.4% (acid fuchsin), 92.7%
(reactive blue 19), 98.7% (Congo red), 96.5% (methyl blue) and 98.8%
(Evans blue), respectively. The UV–vis absorption spectra in Fig. S9
indicates that the size-sieving plays a leading role comparing with the
adsorption because there is a significant increase of the retention so-
lutions concentrations for all separation tests. The 24 h static adsorption
of TpPa/PVDF membranes to the acid fuchsin aqueous solution also
demonstrates the adsorption is negligible (Fig. S10).

The molecular weight cut-off (MWCO) [31,54] is often used to
evaluate separation capability of a membrane. From Fig. 4, MWCO is
read approximately as 600 Da. We can also find that the rejection rate
to small dyes, such as methyl orange, acid fuchsin and reactive blue 19,
with a relatively small size of 1.1–1.6 nm is also considerably high even
though the inherent aperture size of TpPa crystallite is simulated from
crystallographic data to be ∼1.8 nm [47]. A possible reason for this
result could be the staggered pores which results from the intergrowth
structure of TpPa [31]. Another reason may be the Donnan effect due to
the same charged nature of TpPa/PVDF membranes (Fig. S11) and dye

molecules (Fig. S12). That is to say, the electrostatic repulsion pays a
positive role as well. The negatively charged nature of TpPa/PVDF
membranes could be ascribed to the existence of the structure of α, β-
unsaturated ketones in the backbone of TpPa because the strong effect
of electron withdrawing of double bond makes oxygen atoms in car-
bonyl groups display negative electricity. Furthermore, the TpPa/PVDF
membranes display very stable dye rejections (Fig. 5a) benefiting from
the outstanding stability of TpPa [25,26]. Meanwhile, there is no no-
ticeable change on the membranes performances after being treated
with strong acid (2M HCl) and strong base (2M NaOH) aqueous so-
lution for a week (Fig. 5b), which displays its outstanding acid and base
resistance.

As mentioned above, the TpPa/PVDF membranes prepared with a
synthesized duration of 24 h presents a stable rejection rates to dyes
(such as, acid fuchsin of 90.4%, Congo red of 98.7%) and an appreci-
able PWP of up to 60 L·m−2·h−1·bar−1. In order to highlight the su-
perior performances, we conducted a comparison of performances be-
tween the TpPa/PVDF membranes and other reported membranes
where the polymer used as substrates or matrix (Fig. 6). In spite of
appreciable rejection rates (e.g.>75%), majority of the reported
membranes exhibit a moderate PWP of less than 25 L·m−2·h−1·bar−1.
That is, the PWP of our membranes are∼2–20 times higher than that of
other reported membranes including those prepared using some new
materials [55,56]. Such a remarkable PWP of the membranes synthe-
sized in this work should be attributed to the synergistic effect of the
applications of macroporous PVDF substrates with less mass transfer
resistance and ordered channel structure of TpPa crystallites for water
permeation.

4. Conclusions

In summary, continuous and compact imine-based COFs selective
layers have been successfully synthesized on the polymeric substrates
by a unidirectional diffusion synthesis (UDS) method. Porous and
crystalline TpPa separation layers with a thickness up to 6–7 μm on the
top side of PVDF substrates were fabricated. The UDS method offers a
facile and cost-effective way to directly grow COFs on the one side of
polymeric substrates under mild conditions due to the elaborate se-
lection of suitable solution pairs and appropriate molar ratio of two
precursors during the synthesis process. The performances of TpPa/
PVDF membranes can be effectively governed by the synthesized
durations and the composite membrane prepared with a synthesized

Fig. 3. Influence of synthesized durations for UDS on the TpPa/PVDF mem-
branes performances.

Fig. 4. Rejection of TpPa/PVDF membranes to various dyes (the embedded
photograph shows the color change of various dye solutions before (Fe) and
after (Fi) filtration). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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duration of 24 h achieves considerable pure water permeance (PWP) of
up to 60 L·m−2·h−1·bar−1 and desired dyes (molecule size > 1.1 nm)
rejection higher than 90%. The resultant membranes also display ex-
cellent long-term performance stability and chemical stability (treated
by 2M acid/base for a week). The composite membranes are expected
to apply in many fields including the treatment of dyeing wastewater,
recovery of high value-added species and removal of pharmaceutical
wastes in harsh conditions. Moreover, we expect that the UDS method
can be further extended to the synthesis of other COFs-based mem-
branes with small apertures for desalination as well.
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