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Membranes with sub-10-nm pores are receiving growing interest in recognizing and separating nanocolloids,
biomolecules, and soluble salts from water, but suffer from difficulty of optimizing pore structures and inferior
stability. Herein, we report an efficient method for the preparation of robust nanoporous phenolic membranes
with widely tunable pore sizes in the range of nanofiltration and tight-ultrafiltration. Solutions of resol precursors
and poly(ethylene glycol)s (PEGs) are spin-coated to form thin films and then heated to thermopolymerize resols
into phenolics. Subsequently, the films are treated in H2SO4 solution to degrade PEGs, producing nanoporous
phenolic membranes. Thus-prepared phenolic membranes exhibit adjustable effective pore sizes and tunable
separation performances from nanofiltration to tight-ultrafiltration, which is otherwise inaccessible. Due to the
thin thicknesses and rich water channels, the membranes exhibit higher permeances than other tight-
ultrafiltration membranes and commercial ultrafiltration membranes with similar rejections. Furthermore,
thanks to the robust frameworks and good chemical resistance of phenolics, the membranes deliver stable
performances in long-term operations, elevated pressures, and acidic conditions. This work provides a facile and
universal strategy for the synthesis of membranes with sub-10-nm pores for nanofiltration and tight-
ultrafiltration.

1. Introduction

Global water scarcity due to rapid population growth and industri-
alization appeals for high-efficient water purification technologies [1,2].
Membrane-based separations have been widely used for water treatment
benefiting from their unique advantages including high efficiency, low
energy consumption, easy maintenance, and continuous operations [3,
4]. Precisely recognizing and separating sub-10-nm nanocolloids, bio-
molecules, and soluble salts from water are of huge significance in
wastewater purification and pharmaceutical recovery [5-7]. In general,
nanofiltration membranes with pore size smaller than 2 nm have been
extensively used in the efficient exclusion of salt ions, but exhibit low
fluxes in separation of solutes with larger sizes [8-10]. Alternatively,
tight-ultrafiltration membranes with pore size of 2-10 nm are emerging
as an indispensable solution for separating nanocolloids and bio-
molecules according to the size-sieving mechanism [11,12]. Therefore,
universal  methods for  synthesizing  nanofiltration  and
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tight-ultrafiltration membranes with sub-10-nm pores can greatly
facilitate the tunable separation of different solutes.

Typically, membranes with sub-10-nm pores can be constructed
using traditional polymers such as polyethersulfone and poly-
acrylonitrile through the well-developed phase inversion methods, and
ceramics through the sol-gel strategy [13-15]. However, simultaneous
optimization of the thickness and the pore size of selective skin layer is
difficult, leading to the trade-off effect between flux and rejection.
Narrowing the pore size of pre-prepared membranes down to sub-10 nm
is another strategy [16-18]. For example, electroless gold deposition
was developed to reduce the pore size of block copolymer membranes
from 20 nm to 3 nm, contributing to tunable size fractionation of
nanoparticles and biomaterials [19]. Nevertheless, thus-prepared
membranes suffer from sacrificed porosity, limiting the improvement
of fluxes. Recently, advanced two-dimensional (2D) porous nano-
materials have been explored to enable membranes with high porosity
and thus high flux. For instance, Jin et al. laminated the tobacco mosaic
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virus mutant nanosheets into membranes with intrinsic pore size of 4 nm
for precisely separating nanoparticles, quantum dots, and proteins while
exhibiting an ultrahigh permeance of 7000 L/(m?h-bar) [20]. Wang
et al. controlled the growth of crystalline covalent organic frameworks
on porous substrates to fabricate membranes with adjustable pore sizes
of 1.8-20 nm ranging from nanofiltration to ultrafiltration and enhanced
fluxes [21]. Unfortunately, these methods are challenged by tedious
operations and inferior stability of membranes, limiting their real-world
applications. Therefore, it is greatly challenging to develop membranes
with sub-10-nm pores by simple methods using robust raw materials for
high-performance separations.

Thanks to the highly cross-linked frameworks and the good me-
chanical and chemical stabilities, phenolics have been explored in
membrane separations as both selective sieves and substrates [22,23].
The soluble resols as the precursor of phenolics are capable of forming
supramolecules with templating polymers by hydrogen-bonding in-
teractions, favoring the processibility of phenolic-based membranes [24,
25]. For example, phenolic/polyether supramolecules can self-assemble
into cubic mesostructures, and the spin-coated dense membranes can
reject multivalent-anion salts derived from the strong charge repulsions
between the negatively charged membrane surface and anions [26]. Due
to the inertness of phenolic/polymer frameworks, the membranes
exhibit good resistance to acid and alkaline solutions with pH 3-9.
However, the relatively dense structure leads to an extremely low per-
meance (<1.5 L/(m?h-bar)). Owing to the significant differences in
stability between phenolics and templating polymers, various methods
such as pyrolysis [27,28], acid extraction [29], and hypercrosslinking
[30], have been developed to degrade templating polymers and produce
high-porosity phenolics. More importantly, the obtained porous phe-
nolics hold the pore sizes exactly in the range of 2-10 nm, and hence are
favorable to deliver tight-ultrafiltration performances [31,32]. Previ-
ously, we demonstrated that thus-prepared porous phenolics filled in
macroporous membranes can precisely restrain proteins, quantum dots,
and poly(ethylene glycol)s (PEGs) [33,34]. Nevertheless, the thicknesses
of membranes reach dozens of micrometers, which brings about high
mass transfer resistance and limits the improvement in fluxes. Further-
more, we presented a fast solvent evaporation pathway to design an
asymmetrically gradient nanoporosity in phenolic membranes with pore
size continuously increasing from several nanometers to hundreds of
nanometers across the membrane thickness [35,36]. Membranes exhibit
unprecedented high fluxes and can efficiently separate species with sizes
down to 5 nm. Frustratingly, the interspaces between closely packed
phenolic nanoparticles functioning as the nanopores are difficult to be
precisely tailored, hindering the application of such membranes in
separation of smaller species. To this end, some post-modification
methods such as surface coating can endow the membranes with
enhanced rejections to dyes for nanofiltration [37], but complicate the
fabrication processes. Therefore, simple and universal strategies are
highly desired for developing phenolic membranes with tunable
sub-10-nm pores for nanofiltration and tight-ultrafiltration while
retaining high fluxes.

Herein, we demonstrate a facile and universal method to synthesize
nanoporous phenolic membranes with tunable pore sizes and tailored
separation performances from nanofiltration to tight-ultrafiltration. The
nanoporous phenolic membranes are prepared by spin-coating resol/
PEG solution on silica wafers, thermopolymerizing resols to form cross-
linked phenolics, and then removing the templating PEGs by acid
treatment. The effective pore sizes of membranes can be regulated from
1.3 nm to 9.8 nm by conveniently changing the proportion of PEGs.
Membranes thereby exhibit adjustable separation performances to ions,
proteins, and nanocolloids with different sizes from nanofiltration to
tight-ultrafiltration. Moreover, such membranes show excellent stability
against long-term operations, elevated pressures, and strong acids.
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2. Experimental section
2.1. Materials

PEGs with molecular weights of 20000 Da (PEG-20000) and 600 Da
(PEG-600) were purchased from Sigma-Aldrich Corp. Phenol (99%),
aqueous formaldehyde solution (37%), sodium hydroxide (NaOH, 96%),
sodium sulphate (Na3SO4, 96%), hydrochloric acid (HCl, 36%), sulfuric
acid (H2SO4, 96%), hydrofluoric acid (HF, 40%), hydrogen peroxide
(H205, 30%), and ethanol (99%) were obtained from Sinopharm
Chemical Reagent Co., Ltd. Lysozyme (LZM, M,, = 14300 Da, 98%) and
bovine serum albumin (BSA, M,, = 67000 Da, 98%) were supplied by
Aladdin. Phosphate buffer solution (PBS) tablets were purchased from
MP Biomedicals. The aqueous solutions of monodispersed gold nano-
particles with the particle size of 2 nm and 10 nm (Au-2 nm and Au-10
nm) were obtained from British Biocell International (BBI). Silicon wa-
fers with a top layer of silicon dioxide (~1000 nm in thickness) were
provided by HF-Kejing Co., Ltd. Hydrophilic polyvinylidene fluoride
(PVDF) macroporous membranes with nominal pore size of 220 nm,
porosity of ~70%, and diameter of 2.5 cm were provided by Merck
Millipore Ltd. All chemicals were used as received. Home-made deion-
ized water was used in all the experiments.

2.2. Preparation of resol/PEG solution

Resols as the precursor of phenolics were synthesized by polymer-
izing phenol and formaldehyde in a base-catalyzed reaction [38].
Briefly, 0.61 g of phenol was mixed with 0.13 g of 20 wt% NaOH and
1.05 g of 37 wt% formaldehyde, followed by stirring at 75 °C for 1 h.
After cooled down to room temperature, the solution was titrated to pH
7 with 0.6 mol/L HCl and vacuum-dried at 45 °C for 12 h. The products
were redissolved in 4.4 mL of ethanol under stirring for 10 min and NaCl
precipitates were removed using syringe filters with the pore size of 200
nm, thus producing the resol solutions. Subsequently, PEGs were added
to the resol solutions at the PEG/resol mass ratios of 0.5, 1, 2, 3, and 4,
respectively. The concentration of the resol/PEG solutions was fixed at
16.2 wt% by adding ethanol. Before use, the resol/PEG solutions were
stirred at 40 °C for 10 min to yield homogeneous solutions.

2.3. Preparation of nanoporous phenolic membranes

To fabricate the nanoporous phenolic membranes, 100 pL of the
ethanolic resol/PEG solutions were spin-coated on clean silicon wafers
at the speed of 2000 r/min for 30 s. Afterwards, the as-coated resol/PEG
films were heated at 100 °C for 12 h, and then soaked in 48 wt% H2SO4
at 95 °C for 12 h. The nanoporous phenolic membranes supported on
silicon wafers were obtained after washing with deionized water and
ethanol followed by drying at room temperature for 3 h. To release the
nanoporous phenolic membranes from silicon wafers, the membrane-
coated silicon wafers were soaked in 5 wt% HF at room temperature
for 1 h. It should be noted that HF can cause severe skin burns and eye
damage, and is fatal if inhaled or in contact with skin. Wearing pro-
tective gloves, clothing, glasses, and mask is required, and the experi-
ment must be carried out in the fume hood. The released nanoporous
phenolic membranes were then transferred onto PVDF macroporous
substrates and dried at room temperature, producing composite mem-
branes for separation applications.

2.4. Characterizations

Fourier transform infrared spectroscopy (FTIR) spectra were ob-
tained on a ThermoFisher Nicolet 8700 infrared spectrometer at the
attenuated total reflection (ATR) mode. X-ray photoemission spectros-
copy (XPS) analysis was performed using a Thermo Scientific K-Alpha
spectrometer with an Al Ka radiation source (hv = 1486.6 eV). The
surface charges of the membranes were measured by an Anton Paar
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SurPASS electrokinetic analyzer with 1.0 mmol/L KCl solution as elec-
trolyte solution. Scanning electron microscopy (SEM) images were ob-
tained on a Hitachi S-4800 microscope operated at the voltage of 5 kV
and the current of 10 pA. The samples were sputter-coated with a thin
layer of gold to enhance the conductivity prior to SEM observations. The
pore sizes of the nanoporous phenolic membranes were measured using
the software Nano Measurer based on the corresponding SEM images.
The porosities of the nanoporous phenolic membranes were determined
using the software Image Pro Plus. The thicknesses of the resol/PEG film
during heat treatment were characterized using a J. A. Woollam Com-
plete EASE M-2000U spectroscopic ellipsometer with the incidence
angle of 65°.

2.5. Separation performances

The water permeances and rejection properties of the membranes
were tested using a stirred filtration cell (Amicon 8010, Millipore) under
the pressure of 1 bar. The effective membrane area was 4.1 cm?. Before
the water permeance tests, the membranes were prepressed under 1 bar
for 30 min to ensure a steady water flow. The water permeance was
calculated by equation (1):

p__V ¢h)
AXTxp

where P (L/(m?-h-bar)) is the water permeance, V (L) is the volume of
water permeated through the membrane, A (mz) is the effective area of
the membrane, T (h) is the operation time, and p (bar) is the trans-
membrane pressure. NapSO4, Au-2 nm, LZM, BSA, and Au-10 nm were
separately used for determining the rejection property of the mem-
branes. To prepare the feed solutions, Na,SO4 was dissolved in water at
the concentration of 0.1 g/L. A PBS tablet was dissolved in 100 mL of
water, and the obtained solution (pH = 7.4) was used to prepare the feed
solutions of LZM and BSA at the concentration of 0.5 g/L, respectively.
Aqueous solutions of Au-2 nm and Au-10 nm were diluted to the con-
centration of 0.02 g/L, respectively. Concentrations of LZM, BSA, and
Au-10 nm solutions were measured using a UV-vis absorption spec-
trometer (NanoDrop 2000c, Thermo). Concentrations of Na;SO4 and Au-
2 nm solutions were calculated from an electrical conductivity meter
(S230-K, Mettler-Toledo) and an inductive coupled plasma emission
spectrometer (ICAP TQ, Thermo), respectively. The rejection rate was
calculated by equation (2):

R= (1 7%«) x 100% 2

Je

where R (%) is the rejection rate, C; and Cf, are the concentrations of
solutes in the filtrate and feed solutions, respectively.

2.6. Performance stabilities

The long-term performance stability of the membranes was evalu-
ated by testing the water permeances and rejection rates to Au-10 nm
within 48 h. The pressure resistance test was performed by recording the
water fluxes of the membranes under elevated pressures. The chemical
stability of the membranes was determined by comparing the water
permeances and rejection rates to Au-10 nm of the membranes before
and after soaking in 0.1, 0.5, 1.0, and 1.5 mol/L HCI for 120 h,
respectively.

3. Results and discussion
3.1. Formation of the nanoporous phenolic membranes
The nanoporous phenolic membrane was fabricated by spin-coating

the ethanolic resol/PEG solution on a silicon wafer, followed by ther-
mopolymerization of resols to form phenolics and acid treatment to
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remove PEGs (Fig. 1). As the precursor of phenolics, the low-molecular-
weight and soluble resols possessing abundant hydroxyl groups can
interact with the ether groups of PEGs though strong hydrogen bonds
[39], forming the resol/PEG supramolecules. The resol/PEG supra-
molecules with high molecular weight and high viscosity can enable the
generation of the uniform resol/PEG film after spinning the resol/PEG
solution on a silicon wafer and evaporating the solvent (Fig. 1a-b).
Resols were in-situ stabilized and confined because of the gelation of
PEGs and the strong hydrogen bonds with PEGs, thus leading to the
uniformly dispersed resol domains and PEG domains in the resol/PEG
film after microphase separation [40]. During the subsequent heating
treatment, resols were thermopolymerized by forming methylene
groups between benzene rings [41] and turned to insoluble thermoset-
ting phenolics with highly cross-linked frameworks (Fig. 1c). After-
wards, the phenolic/PEG film was subjected to acid treatment to remove
templating PEGs by degrading the ether bonds while phenolic matrix
was chemically stable and conformal. Consequently, nanopores were
generated in the positions previously occupied by PEGs, leading to the
nanoporous phenolic membrane (Fig. 1d). Further, the nanoporous
phenolic membrane was released from the silicon wafer by HF soaking
for dissolving the silicon dioxide layer and transferred onto a macro-
porous PVDF substrate (Fig. 1€). The obtained composite membrane was
used for the evaluation of separation performances.

3.2. PEG removal of the nanoporous phenolic membranes

We firstly used PEG-20000 to prepare the nanoporous phenolic
membranes and investigated the changes in chemical compositions of
the membranes before and after acid treatment by FTIR spectroscopy to
monitor the removal of PEGs. As shown in Fig. 2a, the peaks located at
the wavenumbers of 1080 cm ™' and 2860 cm™! in the spectrum of the
membrane before acid treatment are ascribed to the stretching vibra-
tions of C-O-C and C-H in PEGs, respectively [42,43]. These peaks
almost disappear in the spectrum of the membrane after acid treatment,
indicating the removal of PEGs. Moreover, phenolics show characteristic
peaks located at the wavenumbers of 3360 cm™}, 1645 cm™?, and 1475
em ™! originated from vibrations of -OH, -C=0, and —~CH»-, respectively
[44]. These peaks are intact after acid treatment, suggesting that phe-
nolics are acid-resistant and well-preserved. In addition, the peak
initially located at the wavenumber of 1610 cm™! corresponding to ar-
omatic C=C of phenolics is shifted to 1595 cm™* after acid treatment
[45]. This is because the thermopolymerization of phenolics was
continued when membranes were acid-treated at 95 °C, leading to the
enhancement of 1,2,4- and 1,2,6-trisubstitution of aromatic rings and
highly cross-linked framework structures [24]. Therefore, the FTIR re-
sults reveal that PEGs are removed after acid treatment while phenolics
are chemically stable, ensuring the fabrication of nanoporous phenolic
membranes.

The removal of PEGs after acid treatment was further investigated by
XPS analysis. As shown in Fig. 2b, the O 1s peak located at the binding
energy of 532.0 eV exhibits significantly weakened intensity in the
spectrum of the membrane after acid treatment. Specifically, the atomic
ratio of O/C is calculated to be ~0.46 for the membrane before acid
treatment, which is decreased to ~0.28 after acid treatment. The
decreased proportion of O element indicates the elimination of oxygen-
containing groups in the membrane after acid treatment. As shown in
Fig. 2c—d, the peak located at the binding energy of 286.3 eV attributed
to the C atoms from C-O bonds is greatly reduced after acid treatment,
verifying the degradation of C-O-C of PEGs. Therefore, these results
confirm the removal of PEGs, which is consistent with the FTIR results.
The obtained nanoporous phenolic membrane exhibits negative zeta
potentials at pH 3-10, which is indicative of the negatively charged
surface property (Fig. S1).



Q. Lan et al.

Resol

PEG
Phenoclic
Silicon wafer
Oxide layer
PVDF

Composite membrane for separation

Journal of Membrane Science 640 (2021) 119858

Phenolic/PEG film

Acid treatment

d

Nanoporous phenolic membrane

Fig. 1. Schematic illustration for the preparation process of the nanoporous phenolic membranes.
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Fig. 2. The compositional changes of the nanoporous phenolic membrane fabricated at the PEG/resol mass ratio of 2 before and after acid treatment. (a) FTIR
spectra, (b) XPS survey scan spectra, and high-resolution XPS Cls spectra of the membrane (c) before and (d) after acid treatment.

3.3. Morphologies of the nanoporous phenolic membranes

We firstly examined the morphologies of phenolic/PEG films pre-
pared using PEG-20000 before acid treatment. The as-coated resol/PEG
film fabricated at the PEG/resol mass ratio of 2 is in the thickness of
~577 nm (Fig. S2). During the subsequent heating process, the thickness
of the resol/PEG film is gradually decreased to ~490 nm due to the

thermopolymerization of resols. The obtained phenolic/PEG film after
thermopolymerization is dense without pores (Fig. S3).

After acid treatment, PEGs are removed and nanoporous phenolic
membranes are generated. We tailored the mass ratios of PEG/resol and
prepared a series of nanoporous phenolic membranes. As shown in
Fig. 3a-e, when the PEG/resol mass ratio is increased from 0.5 to 4, the
obtained membranes exhibit nanopores with enlarged pore sizes. For
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Fig. 3. Morphologies of the nanoporous phenolic membranes. Surface SEM images of the membranes fabricated at the PEG/resol mass ratios of (a) 0.5, (b) 1, (c) 2,
(d) 3, and (e) 4. The scale bar in (e) applies to (a—e). (f) Relationship between the average pore size of membranes and the PEG/resol mass ratio.

example, when the PEG/resol mass ratio is 0.5, the obtained membrane
shows a relatively dense surface morphology without obvious pore
structures. A lot of small round pores can be observed on the surface of
the membrane fabricated at the PEG/resol mass ratio of 1. Further, when
the PEG/resol mass ratio is increased to 4, the membrane shows a highly
pronounced porous structure. The porosities of the membranes fabri-
cated at the PEG/resol mass ratios of 1, 2, 3, and 4 are determined to be
5.4%, 9.4%, 18.0%, and 28.0%, respectively. We further determined the
average pore sizes of the membranes and correlated them with the PEG/
resol mass ratios. The average pore sizes of the membranes are 2.3 nm,
6.7 nm, 9.2 nm, and 13.2 nm when the PEG/resol mass ratios are 1, 2, 3,
and 4, respectively (Fig. S4). As shown in Fig. 2f, the average pore sizes
of the membranes are proportional to the PEG/resol mass ratios. With
the increase in the PEG/resol mass ratios, the microphase separation of
resol/PEG supramolecules leads to larger PEG domains and therefore
larger pores after PEG removal. The enlarged pore sizes and well-defined
porous structures can also be recognized in the cross-sectional SEM
images of the membranes (Fig. S5). Notably, the thicknesses of the
membranes are gradually increased with the increase in PEG/resol mass
ratios mainly due to the increased viscosities of PEG/resol solutions.
However, the influence of thickness on the porous structure is indis-
cernible since the membranes with varied thicknesses fabricated at the
same PEG/resol mass ratio exhibit similar porous structure (Fig. S6).
Moreover, if the PEG/resol mass ratio is further increased to 5, we
cannot obtain an integrated membrane because PEGs are excessive and
continuous phenolic matrix is disturbed into disperse phase (Fig. S7). In
addition, when the spin-coating speed is decreased to 300 r/min, the
obtained membrane is ununiform in thickness due to the non-Newtonian
fluid property of the coated solution before complete gelation (Fig. S8).

Moreover, the molecular weight of PEGs influences the formation of
the nanoporous phenolic membranes. When we used PEG-600 at the
PEG/resol mass ratio of 2, the obtained membrane exhibits a porous
structure with an average pore size of 7.0 nm (Figs. S9a-b), which is
similar to that of the membrane prepared using PEG-20000 at the same
PEG/resol mass ratio. During the spin-coating process, the solvent
evaporates fast and the mobility of PEG chains is rapidly declined [46].
The influence of the molecular weight of PEG on the microphase sepa-
ration may be inconspicuous in the spin-coated film whereas the pro-
portion of PEG dominates the pore size of the membranes. However, the
membrane cannot remain integrated due to the low molecular weight

and thus poor film-forming ability (Fig. S9c). In addition, PEGs with
molecular weights higher than 20000 Da show decreased solubility in
ethanol, leading to poor processibility of their solutions for preparing
membranes. Therefore, PEGs play an important role in both porous
structures and integrality of the nanoporous phenolic membranes.

3.4. Separation performances of the nanoporous phenolic membranes

To evaluate the separation properties of the nanoporous phenolic
membranes, we used HF solution to dissolve the silicon dioxide layer of
silicon wafers for detaching the membranes and then transferred the
membranes onto macroporous PVDF substrates. As shown in Fig. 4a, the
nanoporous phenolic membrane is in the color of light yellow and
maintains intact after exfoliating from the silicon wafer. The cross-
sectional SEM image in Fig. 4b reveals that the nanoporous phenolic
membrane is tightly attached on the PVDF substrate. This is due to the
hydrogen-bonding interactions between phenolics and PVDF [34]. The
composite structure of thin nanoporous phenolic membrane as the se-
lective layer supported on macroporous substrate is expected to deliver
high separation performances.

We firstly measured the water permeances and rejection rates to BSA
of the membranes. As shown in Fig. 4c, the water permeances of the
membranes are increased with the increasing PEG/resol mass ratios,
while the rejection rates are decreased. The membrane fabricated at the
PEG/resol mass ratio of 0.5 exhibits a water permeance of 3.7 L/(m2 h
bar), which increased to 163.7 L/(m? h bar) for the membrane fabri-
cated at the PEG/resol mass ratio of 1. When the PEG/resol mass ratio is
further increased to 2, 3, and 4, the water permeance of the membrane is
greatly enhanced to 867.1, 2283.7, and 3344.2 L/(m? h bar), respec-
tively. Moreover, the rejection rate of the membrane is gradually
declined from 99.8% to 31.1% with the PEG/resol mass ratio increased
from 0.5 to 4. The increase in water permeances and the decrease in
rejection rates with increasing PEG/resol mass ratios are mainly due to
the enlarged pore sizes and rich water channels of the nanoporous
phenolic membranes. Larger pore sizes lead to lower mass transfer re-
sistances, resulting in higher water permeances and weaker size-sieving
rejection properties.

We then measured the water permeances and rejection rates to BSA
of the nanoporous phenolic membranes with varied thicknesses fabri-
cated at the PEG/resol mass ratio of 2. The membranes with thicknesses
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Fig. 4. Separation performances of the

a nanoporous phenolic membranes. (a)
Photograph of the membrane fabricated
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on water. (b) Cross-sectional SEM image
of the membrane fabricated at the PEG/
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substrate. (c) Water permeances and
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varied from 265 nm to 650 nm can be easily obtained by changing the
spin-coating speed in the range of 4000-1000 r/min (Fig. S6). As shown
in Fig. S10, the membranes exhibit decreased permeances and increased
rejection rates with the increase in thicknesses. For example, the
membrane with the thickness of 265 nm shows a high permeance of
1146.7 L/(m>h-bar) and a relatively low rejection rate of 70%. When
the thickness is increased to 650 nm, the permeance decreases to 701.6
L/(m%h bar) due to the higher mass transfer resistances, while the
rejection rate increases to 92%. Consequently, tunable separation per-
formances can be realized by manipulating the thicknesses of the
membranes.

In addition, we further tested the rejection properties of the mem-
branes to solutes with different sizes ranging from 0.76 nm to 10 nm
including NaySO4, Au-2 nm, LZM, and Au-10 nm besides BSA. As shown
in Fig. 4d, the membrane fabricated at the PEG/resol mass ratio of 0.5 is
capable of rejecting 82.1% of NaySO4 and over 99% of Au-2 nm, LZM,
BSA, and Au-10 nm. With the decrease in the PEG/resol mass ratio, the
membranes exhibit declined rejection rates to all these solutes. When the
PEG/resol mass ratio is decreased to 4, only 0.2% of NaSO4, 4.8% of Au-
2 nm, 20.7% of LZM, 31.1% of BSA, and 78.2% of Au-10 nm can be
rejected. According to the sizes of solutes and the rejection rates, we
determined the effective pore sizes of the membranes which defined as
the sizes of solutes with a rejection rate of 90% (Fig. S11). As shown in

Fig. 4e, the effective pore sizes of the membranes fabricated at the PEG/
resol mass ratios of 0.5, 1, 2, and 3 are 1.3 nm, 1.9 nm, 7.4 nm, and 9.8
nm, respectively. Consequently, tunable effective pore sizes ranging
from nanofiltration to tight-ultrafiltration are enabled simply by
adjusting the proportion of PEGs. Notably, because of the negative
charges of the nanoporous phenolic membranes, the Donnan theory also
contributes to the exclusion of negative charged solutes in the nano-
filtration range. Moreover, since the membrane fabricated at the PEG/
resol mass ratio of 4 shows a rejection rate of 78.2% to Au-10 nm, we
conclude that its effective pore size is bigger than 10 nm, which belongs
to the ultrafiltration range.

We compared the separation performances of the nanoporous
phenolic membranes fabricated in this work with other tight-
ultrafiltration membranes in terms of water permeances and effective
pore sizes. As shown in Fig. 4f and Table S1, our membranes possessing
thin thicknesses and rich water channels exhibit higher water per-
meances than traditional polyethersulfone and ceramic membranes re-
ported in literature in tight-ultrafiltration range. Moreover, in
comparison of mesoporous phenolic membranes with similar water
permeances, our membranes display smaller effective pore sizes, which
enables high-efficient separations of smaller solutes. In addition,
Table S2 shows the comparison of the separation performances between
our membranes and some commercial nanofiltration/ultrafiltration
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membranes. For example, our membranes can enable 8-20 times higher
permeances than commercial ultrafiltration membranes with the
molecular-weight-cut-off of 20000 Da. Although the nanofiltration
performances of our membranes are inferior to commercial polyamide
nanofiltration membranes, it is more important that phenolic mem-
branes for nanofiltration are achieved in this work, broadening the
application fields of phenolics. Improved nanofiltration performances
are expected to be achieved by further regulating the fabrication
parameters.

3.5. Separation performance stabilities

Considering the highly cross-linked frameworks and good chemical
resistance of phenolics, we expect that the nanoporous phenolic mem-
branes are highly potential in the real-world applications. To demon-
strate this, we firstly evaluated the long-term performance stability of
the membranes. As shown in Fig. 5a, the water permeances of the
membrane undergo a slight decrease within the initial 1 h due to the
pressure-derived compaction. After that, the water permeances main-
tain unchanged during the testing duration of 48 h. At the same time, the
rejection rates of the membrane are steady during the whole test. These
results suggest the good performance stability of the membranes.
Furthermore, we measured the water fluxes of the membranes under
elevated pressures to characterize their pressure resistance. As shown in
Fig. 5b, the water fluxes of the membrane are linearly increased under
the pressures of 1-5 bar, which is an indicative of the structural
robustness of the membranes. Moreover, considering the good acid
resistance of phenolics and PVDF, we evaluated the separation perfor-
mances of the membranes in acid conditions to highlight the potential of
the membranes in dealing with acidic industrial effluents. We soaked the
membranes in aqueous HCI solutions with different concentrations for
120 h and compared their water permeances and rejection rates to Au-
10 nm before and after acid soaking. As shown in Fig. 5c-d, both
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water permeances and rejection rates are stable before and after soaking
in 0.1, 0.5, 1.0, and 1.5 mol/L HCL. In addition, the pore structures of the
membranes are unchanged after acid soaking (Fig. S12). These results
manifest the good chemical stability of the membranes in acid condi-
tions. Therefore, we conclude that the nanoporous phenolic membranes
are structural stable against long-term operations, elevated pressures,
and strong acids, facilitating the application of the membranes in
practical processes. Prospectively, large-scale production of the nano-
porous phenolic membranes can be enabled by altering the unfavorable
HF-etching process, for example, using water-soluble substrates for
transferring the membranes or directly preparing the membranes on
porous substrates.

4. Conclusion

In conclusion, we report on the preparation of nanoporous phenolic
membranes with tunable pore sizes by using resols as the precursor and
PEGs as the templating polymer. The hydrogen-bonded resol/PEG can
form thin films after spin-coating, and transform to phenolic/PEG film
after heating to thermopolymerize resols. The templating PEGs are then
removed by acid treatment, leading to the nanopores in phenolic ma-
trixes. The prepared nanoporous phenolic membranes show adjustable
pore sizes by simply changing the mass ratio of PEG/resol. Accordingly,
membranes exhibit tunable separation performances with high water
permeances and effective pore sizes of 1.3-9.8 nm ranging from nano-
filtration to tight-ultrafiltration. Thanks to the robust frameworks and
good chemical stability of phenolics, membranes are resistant against
long-term operations, elevated pressures, and strong acids. This work
suggests an easy method to fabricate high-performance phenolic mem-
branes for nanofiltration and tight-ultrafiltration, and reveals the pos-
sibility of such membranes in real-world applications.
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Fig. 5. Separation performance stabilities of the nanoporous phenolic membrane fabricated at the PEG/resol mass ratio of 2. (a) Water permeances and rejection
rates to Au-10 nm of the membrane in long-term operation. (b) Water fluxes of the membrane under elevated pressures. (c) Water permeances and (d) rejection rates
to Au-10 nm of the membrane before (blue) and after (red) soaking in HCl solutions with different concentrations for 120 h, respectively. (For interpretation of the
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