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A B S T R A C T

Mesoporous polymers derived from supramolecules of phenolic resins (PRs) and block copolymers (BCPs)
containing highly uniform pores with sizes down to a few nanometers, are expected to deliver promising
membrane separation performances. Here we report on the preparation of mesoporous phenolic membranes
exhibiting tight ultrafiltration properties through a pore-filling strategy. Solutions of PR/BCP supramolecules
are filled into the macropores of polyvinylidene fluoride (PVDF) microfiltration membranes (substrates),
followed by thermopolymerization to solidify the solution in the pores. Subsequently, the filled PVDF substrates
are treated in hot H2SO4 to remove the BCP components, thus producing mesopores in the PR framework. The
produced composite membranes are mechanical robust and ductile as mesoporous phenolic resins are tightly
embedded in the pores of the PVDF matrix. The mesoscale porosity in the PR phases endow the composite
membrane a tight ultrafiltration performance with the molecular-weight-cut-off (MWCO) down to 2350 Da. The
separation properties can be tuned simply by adjusting the dosage of supramolecule solutions used to fill the
macroporous substrates. Considering the tight and uniform pore sizes and the robustness of phenolic resins,
this strategy opens a new avenue to ultrafiltration membranes with low MWCOs or even nanofiltration
membranes.

1. Introduction

Self-assembly of precursors and block copolymer (BCP) additives
via hydrogen bonding to form supramolecules has been proven to be a
versatile strategy to produce mesostructured polymers [1]. In parti-
cular, research is now extensively centered on supramolecules of
phenolic resins (PRs) involving resol precursors and poly(ethylene
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-PPO-b-
PEO) BCPs which are known as Pluronics [2–5]. Evaporation of the
solvent induces the self-assembly of the resol/BCP supramolecules to
ordered structures, in which resol is hydrogen-bonded to PEO domains
of the BCP [6]. Mesoporous materials containing well-defined sub-
10 nm mesochannels can be obtained after thermal crosslinking of
resols to yield PRs and selective degradation of the BCP components in
the supramolecules [7]. The periodically ordered mesopores featured
with tunable pore diameters and pore geometries, and narrow pore-size
distributions, large surface areas, chemical and thermal stability, and
affordable costs make thus-produced mesoporous materials attractive
in many applications. Significant successes have been achieved by
using these mesoporous materials in the fields of absorption, catalysis,

and energy conversion and storage [6–8].
Attractively, the aforementioned inherent mesoporous structural

characters of such materials are also expected to be very promising in
membrane separations. Despite a growing interest in tailoring pore
sizes and morphologies, only a few studies to date have pursued their
separation performances. In most works, mesopores were mainly
generated by thermally degrading BCP components. The PEO-b-PPO-
b-PEO BCP can be degraded either at medium temperatures of ~350–
450 °C where the PR frameworks are hypercrosslinked to form
Bakelite, or at high temperatures above 600 °C to transform the
polymeric frameworks to carbonaceous structures [2,9–11]. The
sparsity of filtration studies is mainly attributable to the inherent
fragile nature of these highly crosslinked or carbonaceous mesoporous
materials that not allowing pressure-driven separations, and also the
harsh conditions required to degrade the BCP components that most
polymeric substrates used to support the separation layer cannot
tolerate. Moreover, in the separation processes for aqueous systems,
hydrophilic membranes are required for the sake of enhanced water
permeation and fouling resistance [12,13]. However, in the cases of
calcination, the PR-based materials exhibited strong hydrophobicity
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because of the elimination of organic groups during BCP removing at
high temperature, thus severely limiting their applications as mem-
branes in water treatment. Diameter shrinkage also takes place under
these conditions, thus leading to the deformation of pore shapes and
macroscopic structures [14]. A nonporous layer or microporous layer
on the surface of the PR materials was frequently observed, thus
disabling the size-discriminating function of the mesopores underneath
the skin layer in these materials [14,15]. Wang et al. took advantage of
this dense skin layer and used the skinned carbon membranes derived
from mesoporous PR in gas separation, and they stated that a special
care must be taken to prevent the carbon membranes from bending
and cracking [15]. There are only two previous works using free-
standing mesoporous carbon membranes in aqueous separations,
however, concentration gradient instead of pressure [16] or very slight
pressure [17] was used to drive the separation because of the
fragileness of the carbon membranes. Moreover, prewetting was
required to enable the aqueous separation of the carbon membranes
[16].

Recently, two alternative methods including acid extraction and
Friedel-Crafts alkylation have been explored to remove BCPs from PR/
BCP supramolecular systems [18,19]. Based on the facts that (1) these
non-calcination approaches own advantages on preserving organic
groups of PRs as well as smaller diametrical shrinkage, and (2) these
approaches are carried out at relatively low temperatures ( < 100 °C),
we speculate that by using the non-calcination strategy to create
mesopores in PR/BCP supramolecules there exists the possibility to
use polymeric substrates to mechanically support the originally fragile
mesoporous PR layers as the selective layers to produce robust, water-
permeable, and selective membranes with a composite structure. In
this work, we demonstrate this possibility and report on the prepara-
tion of mesoporous phenolic membranes exhibiting a tight ultrafiltra-
tion property by filling PR/BCP supramolecules into the pores in the
polyvinylidene fluoride (PVDF) macroporous substrates followed by
acid extraction to remove the BCP components. Thus produced
composite membranes are mechanical strong and ductile as the fragile
mesoporous phenolic resins are tightly embedded in the pores of the
PVDF matrix, and the mesoscale porosity in the PR phases endow the
composite membrane a tight size-sieving performance with the mole-
cular-weight-cut-off (MWCO) down to 2350 Da.

2. Experimental

2.1. Materials

The block copolymer, PEO-b-PPO-b-PEO, commercially known as
Pluronic F127 (Mw=12600, EO106-PO70-EO106), was purchased from
Sigma-Aldrich Corp. PVDF microfiltration membranes were provided
by Merck Millipore Ltd. in the form of round coupons with the
diameter of 2.5 cm. According to the manufacturer, the PVDF mem-
branes have a nominal pore size of 0.22 µm and a porosity of ~70%,
and its pure water permeability was determined to be ~5800 L/
(m2 h bar). Sodium hydroxide (NaOH, 96 wt%), phenol, aqueous
formaldehyde solution (37 wt%), ethanol, hydrochloric acid (HCl,
37 wt%) and sulfuric acid (H2SO4, 96 wt%) in the analytical grade
were obtained from local suppliers. Poly(ethylene glycol) (PEG) with
five different molecular weights of 600, 1500, 4000, 10,000, and
20,000 Da respectively, were supplied by Sigma-Aldrich Corp. All
chemicals were used as received without further purification.
Deionized water (conductivity: 8–20 µs/cm, Wahaha Co.) was used in
all the experiments.

2.2. Methods

2.2.1. Preparation of resol/F127 supramolecular solutions
Low-molecular-weight, soluble resol precursors for the phenolic

frameworks were prepared by polymerizing phenol and formaldehyde

in a base-catalyzed reaction [7]. Specifically, 0.61 g of phenol was
melted at 45 °C for 10 min in a vial and then mixed with 0.13 g of 20 wt
% NaOH. After stirring for 10 min, 1.05 g of 37 wt% formaldehyde was
added dropwise. Further stirring at 75 °C for 1 h, the mixture was
cooled down to room temperature, and titrated to pH 7 with 0.6 M HCl
and vacuum-dried at 45 °C for 15 h. The obtained product was
redissolved in 5 mL ethanol and the resol precursor solution was
prepared after filtering the precipitated NaCl with 0.2 μm syringe
filters. Subsequently, 1.49 g F127 was dissolved in 5 mL ethanol under
stirring for 30 min. The homogeneous resol/F127 supramolecular
solution was obtained after mixing the resol precursor solution with
the F127 solution and stirring for 30 min. The molar ratio for F127/
phenol/formaldehyde was set to be 1.8/100/200.

2.2.2. Preparation of mesoporous phenolic-filled PVDF membranes
The resol/F127 supramolecular solution was dripped onto the

surface of the PVDF membranes at the dosage of 20–50 μL of the
supramolecular solution per cm2 of surface area of PVDF support. The
solution was quickly sucked into the macropores of the PVDF support
due to the capillary force. The resol-filled support was allowed to stand
in air room temperature for 3 h to evaporate the solvent, and was then
thermally treated at 100 °C for 24 h to polymerize the resol filled in the
pores of the PVDF support. Afterwards, the polymerized samples were
immersed in 48 wt% H2SO4 at 95 °C for 12 h to create pores in the PR
phases by removing the F127 [18]. Finally, the samples were removed
from the acid bath and washed with DI water and ethanol to remove
residual reagents followed by drying at room temperature for 3 h.

2.3. Characterizations

Fourier transformation infrared (FT-IR) spectra were acquired on a
Nicolet 8700 infrared spectrometer in the attenuated total reflection
(ATR) mode. Thermal gravimetric analyses (TGA) were performed on a
Netzsch STA 409PC thermal analyzer in the temperature range of 20–
800 °C with a heating rate of 10 °C/min in N2 atmosphere. The surface
and cross-sectional morphologies of the mesoporous phenolic mem-
branes were examined with a Hitachi S4800 field emission scanning
electron microscope (FESEM) operated at the voltage of 5 kV. Prior to
SEM characterization, the samples were sputter-coated with a thin
layer of platinum to enhance their conductivity. Membranes with the
size of 5×20 mm2 were prepared for tensile strength tests operated in a
universal testing machine (CMT-6203, MTS). The tensile strength (TS,
MPa) and elongation (E, %) at break were calculated by Eqs. (1) and
(2), respectively:

TS P
A

=
(1)

where P (N) is the maximum load, A (mm2) is the area of the fracture
surface of the membrane measured before test.

E ΔL
L

= × 100%
(2)

where ΔL (mm) and L (mm) are the displacement value at break and
the original testing length of the membrane, respectively.

2.4. Separation performances

The water permeability and retention tests were performed under
the pressure of 2 bar in a stirred filtration cell (Amicon 8010, Millipore)
which has a 10 mL working volume and an effective membrane area of
4.1 cm2. PEG with the molecular weight of 4000 (PEG4000) dissolved
in water at a concentration of 1.0 g/L was used to measure the
retention properties of the mesoporous phenolic membranes.
Concentrations of the feed and filtrate solutions were measured via
gel permeation chromatography (GPC, Waters 1515). The pure water
permeability (PWP, L/(m2 h bar)) and PEG4000 rejection (R, %) were
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calculated by Eqs. (3) and (4), respectively:

V
A t P

PWP =
×∆ × (3)

where V (L) represents the volume of permeated water, A (m2) is the
effective membrane area,∆t (h) is the operation time, and P (bar) is the
transmembrane pressure (TMP).

⎛
⎝⎜

⎞
⎠⎟R C

C
= 1 − × 100%P

F (4)

where CP and CF are PEG4000 concentrations of permeation and feed
solution, respectively. The MWCO of the mesoporous phenolic mem-
branes (defined as the rejection of 90%) was estimated using mixed
solutions of five PEG molecules with molecular weights of 600, 1500,
4000, 10,000, and 20,000 Da (the concentrations were 1.0, 1.0, 1.0, 1.0
and 0.5 g/L, respectively). Concentrations of PEG solutions were also
analyzed by GPC. The pressure resistance tests were carried out by
measuring the water fluxes of the mesoporous phenolic membranes
under varied TMPs.

3. Results and discussion

3.1. Preparation of the mesoporous phenolic membranes

Fig. 1 illustrates the preparation procedure of the mesoporous
phenolic membranes. The synthesis of the mesoporous phenolic
membranes was based on the self-assembly of resol/F127 supramole-
cules, where the resol and F127 were employed as the precursor and
structure-directing agent, respectively [17]. Once the ethanolic supra-
molecular solution was dripped onto the supporting PVDF membrane,
it would spread out and penetrate into the macropores of the PVDF
support easily without any external force. The viscosity of supramole-
cular solution was gradually increased with solvent evaporation,
leading to the filling of PVDF macropores. The self-assembly of resol
and F127 took place during the evaporation of ethanol. Further
thermal treatment crosslinked the resol to produce thermosetting PR
and thus solidified the polymeric frameworks. The mesoscopic phase
structures were thus formed with the phases of assembled F127
copolymers dispersed in the PR matrixes. Subsequently, H2SO4 with
48% concentration was adopted to degrade F127 since there are great
differences in chemical and thermal stabilities between the ether bonds
and the phenolic frameworks, generating mesopores in the phenolic
frameworks eventually [18]. The flexible mesoporous phenolic mem-
branes with well-preserved polar groups were thus obtained and ready
for size-sieving separation.

The desired supporting membranes were expected to tolerate the

extremely rigorous treatments including strong acid immersion at
elevated temperatures for the degradation of F127. We tried a number
of different porous substrates including also polyester nonwoven and
polyethersulfone microporous membranes, and identified that PVDF
microporous membranes survived H2SO4 challenge and maintained
remarkable stability after F127 removal. The original PVDF membrane
takes a white appearance (Fig. 2a), and it turns to be brown in color
after the penetration of PRs and H2SO4 treatment (Fig. 2b).
Interestingly, the maximum tensile strength is enhanced from 6.4 ±
0.37 MPa for the pristine PVDF supports to 8.6 ± 0.58 MPa for the
filled ones. However, the maximum elongation of the phenolic-filled
PVDF membranes (3.0 ± 0.28%) is much lower than that of pristine
PVDF membranes (38.0 ± 8.22%). However, as demonstrated in
Fig. 2c, the phenolic-filled PVDF membranes still present a reasonably
good bendability and flexibility after acid treatment appropriate for
their applications in pressure-driven separation which will be discussed
later. The enhanced strength and reduced elongation should be
ascribed to the filling of tough phenolic in the pores of the flexible
PVDF supports.

3.2. F127 removal of the mesoporous phenolic membranes

The FT-IR spectroscopy was used to record the changes in chemical
compositions in the F127 removal process. As shown in Fig. 3, the
peaks located at the wavenumber of 2870 cm−1 and 1100 cm−1

Fig. 1. The schematic illustration for the fabrication process of the mesoporous phenolic membranes.

Fig. 2. Optical photos of the pristine PVDF membrane (a) and the phenolic-filled
membranes after acid treatment (b, c).
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representing the C-H and C-O stretching vibrations of F127, respec-
tively [4,20], vanished after H2SO4 treatment, indicating the complete
elimination of F127 from the phenolic-filled PVDF membranes. The
broad peak appearing at the wavenumber of ~3400 cm−1 was origi-
nated from the overlapped phenolic hydroxyl groups and un-cross-
linked benzyl alcohols [21]. Besides, the weak peaks from aromatic C˭C
and the bending vibration of saturated CH2 at 1600 cm−1 and
1450 cm−1, respectively [18,22,23], as characteristic peaks of PRs,
remained discernible after acid treatment. These featured peaks
suggest well preservation of the chemical structure including the polar
groups in phenolic frameworks after H2SO4 treatment. Moreover, the
characteristic peaks of PVDF at 1400, 1214 and 1060 cm−1 [24–27]
also maintained unchanged in all disposal procedures, confirming
superior chemical stability of PVDF support in H2SO4 treatment.
Therefore, the IR results reveal that F127 was completely removed
through such a H2SO4 treatment while the mesoporous phenolic
membranes including both PRs and PVDF components, were well-
preserved.

The removal of F127 copolymers after acid extraction was further
confirmed by thermogravimetric analysis. As shown in Fig. 4, F127 was
completely degraded in the temperature range of 300–430 °C and
exhibited a mass loss of ~97.8%. The phenolic-filled membranes prior
to H2SO4 treatment experienced a mass loss of ~47.7% within this
temperature range, in contrast with a mass loss of only ~9.8% for the
membrane after H2SO4 treatment. Meanwhile the phenolic possessed a
neglectable mass loss. The mass of PVDF support in the phenolic-filled

membranes before and after F127 removal was ~40% and ~70%,
respectively. Considering that there was also a weight loss of ~6.1% for
the pristine PVDF membrane in this temperature range, the mass loss
caused by the F127 decomposition was calculated to be 45.3% and
5.5% for the phenolic-filled membranes before and after H2SO4

treatment, respectively. It implies that the majority of F127 (~93%)
was removed during the acid extraction process, which is in good
agreement with the FT-IR results discussed above.

The weight increment as well as the diametrical shrinkage of the
phenolic-filled membranes prepared with various supramolecular
solution dosages after F127 removal was further investigated. Weight
increment is defined as the percentage of the gaining weight of the final
membranes (after H2SO4 treatment) compared to that of the pristine
PVDF support before filling PRs. As shown in Fig. 5, the weight
increment grows with the rise of dosages, indicating that more PRs
were embedded in the macropores of the PVDF support. Mesoporous
phenolic membranes with tunable size-sieving performances were thus
fabricated, which will be discussed later. Meanwhile, the diameter
shrinkage of the PVDF support was very slight, which was in the range
of ~1–3% for all the membranes prepared at different supramolecular
dosages, indicating an excellent size stability over the polymerization
and acid treatment step. This size stability is because the PVDF matrix
confines the shrinkage caused by polymerization along the perpendi-
cular direction in the macropores, and also F127 was extracted at
relatively low temperature without damaging the PR framework. The
size stability is remarkable compared to resol/BCP-derived mesopor-
ous carbons which typically experienced a shrinkage larger than 20%
[7,11]. Because of the good size stability the phenolic-filled membranes
will maintain a smooth structure and are free of stress, which are
important in their applications.

3.3. Morphologies of mesoporous phenolic membranes

SEM characterizations were used to examine the morphologies of
the mesoporous phenolic membranes and also to determine the depth
of PRs infiltrated into the PVDF supports. After dripping 50 μL/cm2 of
the supramolecular solution onto the PVDF support followed by
polymerization, a dense layer of residual PR/F127 with a thickness of
~16 μm was observed on the membrane surface (Fig. 6a-1, b).
Meanwhile, from the cross-sectional SEM image we can also observe
that PR was infiltrated into interior of the PVDF membrane (Fig. 6a). A
closer SEM examination reveals that the macropores in the upper layer
of the PVDF support were completely filled by PR (Fig. 6a-2). This
complete filling was extended to the depth of ~50–70 μm of the PVDF
support, and under this depth the pores were only partially filled
(Fig. 6a-3). We also checked the bottom surface of the PVDF support

Fig. 3. FT-IR spectra of the pristine PVDF support (a) and the phenolic-filled PVDF
support before (b) and after (c) H2SO4 treatment. The peak at 1400 cm−1 was used to
normalize the IR spectra.

Fig. 4. TGA curves of the pristine PVDF membrane (a), the phenolic-filled membranes
before (b) and after (c) F127 removal, and triblock copolymer F127 (d).

Fig. 5. Weight increments and diameter shrinkages of the mesoporous phenolic
membranes prepared at different dosages of supramolecular solutions.
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after PR coating and polymerization, and it exhibited a porous
morphology (Fig. 6c) identical to that of the pristine one prior to PR
filling, confirming that PR did not penetrate through the entire
thickness of the PVDF support. We note that the PR filling depth is
dependent on the dosage of the supramolecular solution. At the dosage
of 20 or 30 μL/cm2 we cannot observe a noticeable depth of fully filled
macropores in the PVDF support and the solution is believed to be
coated along the pore walls, leaving unfilled empty spaces in the pores
(Fig. S1a, b). A dosage of 40 μL/cm2 produces a full filling depth of
~20–30 μm (Fig. S1c). During the acid treatment to remove F127, the
dense top PR/F127 layer was voluntarily detached from the membrane
surface (Fig. 7a) because of the weak connection between the top-
coated PR and the embedded PR and their volume expansion to
different degree in acid treatment at 95 °C. Fig. 7b shows the magnified
SEM image of several filled pores in the cross section of acid-treated
membrane. Compared to Fig. 6a-2 for the membrane before acid
treatment exhibiting a smooth and clear morphology, the acid-treated
membrane gives a rough morphology because of the presence of
disordered pores in the filled PR although the pores are too small to
determine their pore sizes under SEM. We note that molar ratios for
F127/phenol in the range of 0.8–1.2/100 leads to the hexagonally
ordered pores [3]. However, hexagonally ordered pores are not

interconnected with themselves, which makes them hard to be
accessible to foreign substances especially when they are embedded
in a framework like PVDF membranes. Consequently, they are not
suitable to be used as membrane pores to allow the flow of liquids. In
our present work, we purposely set the molar ratio to 1.8/100 to
generate disordered pores in the PR phases, and disordered pores have
more chance to be connected with each other, thus forming inter-
connected, accessible pores. Such a pore structure will favor enhanced
permeability in membrane separation.

3.4. Filtration performances of the mesoporous phenolic membranes

We investigated the permeability and rejection properties of the
mesoporous phenolic membranes prepared at different dosages of
supramolecular solutions, and PEG4000 was utilized for the rejection
tests. Firstly, we should note that no flux could be measured with
phenolic-filled PVDF membranes prior to F127 removal, indicating
that the macropores in PVDF supports were completely blocked. After
the removal of F127, mesopores were generated in the PR phases and
then we observed water permeance. As shown in Fig. 8, the membrane
prepared at the dosage of 20 μL/cm2 was observed with a PWP of
65.6 L/(m2 h bar) and a low rejection of 23.6% to PEG4000. With the

Fig. 6. SEM images of the mesoporous phenolic membranes prepared at the dosage of 50 μL/cm2 before F127 removal. Cross-sectional and corresponding enlarged morphologies (a),
top surface (b), and bottom surface (c).

Fig. 7. SEM images of the mesoporous phenolic membranes prepared at the dosage of 50 μL/cm2 after F127 removal. The top surface (a); the upper layer completely filled with PR of
the cross section (b).
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increase of the dosage, the rejection was gradually increased and the
PWP showed an inverse tendency. A PEG4000 rejection of 95.8% and a
PWP of ~5 L/(m2 h bar) were achieved when the dosage was increased
to 50 μL/cm2. Such a high rejection to PEG with the molecular weight
of 4000 implies a tight ultrafiltration property of the phenolic-filled
PVDF membrane. Membranes prepared with even higher dosages such
as 60 μL/cm2 produced very low PWP, for example, < 1 L/(m2 h bar),
which are not suitable for UF any longer.

We further determined the MWCO of the mesoporous phenolic
membrane prepared with a dosage of 50 μL/cm2 by filtrating the
membranes with PEGs with different molecular weights. Adsorption of
PEGs was firstly examined and we found that few PEGs were adsorbed
on the membranes which could be overlooked in the separation
experiments. As illustrated in Fig. 9a, the responsive peaks of PEGs
with molecular weights larger than 4000 Da located at responsive time
under 25 min in the filtrate disappeared completely. However, peaks at
~28 min corresponding to 600-Da PEG remained nearly identical
strength in the feed and filtrate. As PEG with higher molecular weights
give shorter response times, we conclude that the membrane showed a
low rejection towards the 600-Da PEG while the 4000-Da PEG was
completely retented by the membrane. In contrast, the responsive
value of the 1500-Da PEG in the filtrate was half lower than those in
the feed, indicating that PEGs with moderate molecular weights were
partly rejected. Fig. 9b showed the rejection curve of the membrane,
and a MWCO of 2350 Da was determined. Therefore, the efficient pore
diameter of this membrane can be estimated to be 2.5 nm according to
the relationship between molecular weights of PEGs and their Stokes-
Einstein radius [28]. We note that 4000-Da PEG shows slightly
different rejection rate in the rejection test of single (~95.8%) and
mixed (~100%) PEG molecules. Higher rejection in the latter case
should be attributed to the solute-solute interferences that occur in the
permeation of mixed PEGs through membrane pores, in other words,
larger PEGs hinder the movement of smaller PEGs resulting in higher
separation [29]. We repeated the MWCO measurements for several
times, and the results were quite stable. The average value for the
MWCO was reliably determined to be 2350 ± 200 Da.

The phenolic-filled PVDF membranes exhibit a MWCO of 2350 ±
200 Da, which is approaching the nanofiltration region. In this regard,
a water permeance of ~5 L/(m2 h bar) is appreciable and it is compar-
able to other membranes with similar MWCOs. For example, asym-
metric cellulose acetate membranes were reported to have a MWCO of
2300 Da and a permeability of 3.4 L/(m2 h bar) [30]. Polytriazole
membranes exhibited a MWCO of 2000 Da and a permeability of
5.5 L/(m2 h bar) [31]. Moreover, the water permeability of the phe-
nolic-filled PVDF membranes is expected to be upgraded, for example,
by reducing filling depth of phenolic resin. In addition to the upgrad-

able permeability, the membranes prepared by our method also hold
the advantage of a strong acid resistance because they are produced by
treating in 48 wt% H2SO4 at 95 °C for 12 h. They are expected to find
interesting applications in some harsh conditions. More importantly,
the pore sizes and geometries are dependent on the self-assembled
aggregates of the PR/BCP supramolecules, NF membranes may also be
produced through this method by regulating the molar ratio between
the PR precursors and BCPs as well as the molecular weight of the
BCPs.

3.5. Mechanical strength of mesoporous phenolic membranes

The relationship between water fluxes and TMPs is expected to be
linear in the absence of compaction or fouling for the ideal membrane
materials in the tolerance range [32,33]. However, nonlinear relation-
ship between the two was commonly observed at higher pressures
because of the pressure-induced compaction. Thanks to the mechanical
robustness of the PVDF supports, the produced phenolic-filled mem-
branes exhibited also quite good mechanical properties as we discussed
in Section 3.1. Fig. 10 reveals an excellent linear correlation between
water fluxes and TMPs in the range of 2–23 bar for the membrane
prepared at supramolecular solution dosage of 50 μL/cm2. This indicates
that, with the holding of the PVDF membranes, the embedded defect-
free PRs were stabilized against high pressure without any compaction
or fracture. This extraordinary mechanical stability under high TMPs
which is even far beyond the conventional operating pressure for
ultrafiltration made the mesoporous phenolic membranes competitive,
especially for the applications operated under high pressures.

Fig. 8. PWPs and PEG4000 rejections of mesoporous phenolic membranes prepared at
different dosages of the supramolecular solution.

Fig. 9. The chromatograms (a) of the feed, filtrate, retentate and adsorption test for the
mixture of PEGs with five different molecular weights, and the MWCO curve (b) of the
phenolic-filled PVDF membrane prepared at the dosage of 50 μL/cm2 of the supramo-
lecular solution.
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4. Conclusions

A pore-filling strategy has been demonstrated for the preparation of
flexible mesoporous phenolic membranes with tight ultrafiltration
properties. The preparation of the mesoporous phenolic membranes
contains three steps: (1) filling resol/F127 supramolecular solutions
into macropores of PVDF substrates, (2) thermopolymerizing the resol
to form PRs containing F127, and (3) removing F127 to generate
mesopores by extraction with H2SO4. A composite structure with
mesoporous PRs embedded in the macropores of PVDF substrates is
obtained. The filling depths of PRs into the PVDF pores are dependent
on the dosages of the supramolecular solutions, and determine the
separation performances of the composite membrane after acid treat-
ment. The mesopores possess a uniform pore size down to a few
nanometers and the pore walls are hydrophilic because the polar
groups in PRs survive from acid extraction. A dosage of 50 μL/cm2

leads to tight UF membranes with a MWCO as low as ~2350 Da.
Because PVDF tightly holds the mesoporous PRs, the composite
membranes are mechanically strong and ductile, which can tolerate a
filtration pressure of at least 23 bar. Importantly, considering that the
membranes are forged from hot H2SO4, it is expected these membranes
may find important applications in extreme conditions such as in
strong acids at elevated temperatures.
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